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Abstract

The effects of various physical properties (particle size, shape, surface area, crystal structure, and phase composition) on the photocataly
performance of nanosized Ti@vere studied through the photodegradation of Congo Red. Kinetic results showed that anatasesEHQuperior
photocatalyst to rutile Ti@due to the inherent difference in the two crystal structures. AnataseriEi@rods with predominantly (10 1) surface
exhibited low activity because the non-dissociative adsorption,@f té this surface retarded the generation of*Q@&bicals required for facile
photocatalytic oxidation. It was found for the first time that the shape of M&docrystals significantly affected their photocatalytic activities. The
previously reported anatase—rutile synergetic effect in commercialized mixed-phas@®égssa P25) was not observed in this study, perhaps,
due to poor contact between the two phases and the extremely small sizes, as well as the not-optimized phase compositions in the current work
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction separation upon photoinduced generation of electron—hole
(e~/h™) pairs. Small particle size and high specific surface area
Nanoscale materials possess distinctive properties differintend to increase the photocatalytic activity of 3i@ue to the
from their molecular and bulk forms, such as quantum confinelarge number of surface sites for adsorption and subsequent des-
ment[1,2], superparamagnetisfB], superior catalytic perfor- orption of reactant molecules, although there might be limits to
mances including the high selectivity and high reactijdty7].  this beneficial effect since the recombination rate ohé may
The use of nanocrystalline Tidn the photocatalytic oxidation be high in extremely small particlg$48—21] Efficient charge
of organic molecules represents a promising remediation straseparation is particularly critical since photogenerated holes are
egy for wastewater systems. In the past decades, hundreds refjuired for oxidation of adsorbents, usually through the medi-
reports have been published on %i@ediated destruction of ation of an adsorbed OHgroup that reacts with a hole to form
organic pollutants such as polychlorobiphenyls, toluene, surfadhe powerful oxidant OPradical[22].
tants, pesticides and their precursors, herbicides, phenols and It is widely accepted that the anatase 7if® a more effi-
phenolic compounds, carboxylic acids, halogenated hydrocacient photocatalyst than the rutile Ti®ecause of the former’s
bons, aromatic sulfides, and organic dy8s17]. Given the relatively high adsorptive affinity for organics and the superior
enormous variety of organic compounds that can be photocahole-trapping abilityf22—-27} However, it has also been shown
alytically degraded by Ti@ there has naturally been a great that a commercialized mixture of the two phases (Degussa P25)
interest in finding ways to improve the efficiency of Bi@h exhibited much superior photocatalytic activity to pure-anatase
such processes. and rutile TiQ [28-35] This enhanced activity in mixed-phase
In general, the efficiency or activity of a photocatalyst catalysts results from a synergetic effect involving prolonged
increases with its adsorptive capacity and the extent of chargeeparation of photogenerated electrons and holes through inter-
facial electron transfer from the conduction band of rutile phase
to the trapping states of anatase ph&sg.
* Corresponding author. Tel.: +1 713 348 3489; fax: +1 713 348 2578. Despite the vast body of knowledge about the effects of
E-mail address: wyu@rice.edu (W.W. Yu). TiO2's physical properties on its photocatalytic behavior, a num-

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.07.034



R.K. Wahi et al. / Journal of Molecular Catalysis A: Chemical 242 (2005) 48-56 49

rather than harmful nitrates. Thus, photocatalysis is a promising
O way to eliminate Congo Red and similar organic pollutants from

NH, .
O the environment.

_N
Hh¥R-0p3 N O 2.1. Chemicals
O i e An anatase-rutile mixture TiO powder (P25) was
NT S kindly supplied by Degussa Corporation. Ultrapure water
P (18.2 M2 cm) was obtained from a Millipore purification sys-
tem. Tetramethylammonium hydroxide (TMAH), titanium(IV)
S0y Na* isopropoxide (99.999%), titanium(lV) chloride (99.995%),

Congo Red (85%), and 2-propanol (99.5%) were purchased
from Aldrich; titanium(1V) ethoxide (97%) was from Fluka; dry
ber of ambiguities questions remain. It is unclear that if theethanol was from Pharmco; hydrochloric acid, sodium hydrox-
particle size (and therefore, the specific surface area) plays ange, and sodium chloride were from Fisher. All chemicals were
effect when anatase is usually a better photocatalyst than rutilesed as-received.

[33]. A second concern is whether the anatase—rutile synergy

for Degussa P25 Ti@(particle size~20nm) would also be 2.2. Preparation of nanosized TiO, photocatalyst powders
observed in other mixed-phase Ti®ystems, especially those

with ultrafine particle sizes (<10 nm). It is also not clear that if  The reaction conditions used to prepare nine different nano-
the relative amounts of anatase and rutile inJo@talystswould  sized TiQ powders used in this study were summarized in
affect this synergetic effect. And, the influence of nanocrystallable 1 Symbol A for TiO, powder (catalyst) means anatase
shape and dominant crystallographic surfaces on the photocgthase, R means rutile phase, AR means the mixture of anatase
alytic activity of TiO, has not been thoroughly investigated. Forand rutile phases, and Rod means rod-like shapes (though they
example, it has been found that ZnO-mediated photocatalysis &e anatase).

more efficient on the (1 6-1 0) surface than th®(Q 0 2)surface

[36,37] If TiO2 were found to exhibit face-dependent activity, it 2.2.1. Anatase spherical dots of nanosized TiO; powders

would provide a valuable new way to optimize the photocatalytic Anatase spherical dots of nanosized Fidith different par-
performance of Ti@ through the tuning of surface orientation. ticle sizes (Al, A2, and A3) were prepared by hydrothermal
And thus, one could design a Ti@hotocatalyst with dominant method. A known amount of ultrapure water was mixed with
crystal faces that would be best for photocatalysis. Such a stra¢thanol and heated in a 450 mL Monel autoclave (Parr Instru-
egy would be especially useful to prepare oriented,Tiin  ments). Once the mixture in the autoclave reached the desired
films photocatalyst. temperature (sekable 1), a dry ethanol solution of titanium(1V)

A series of photocatalysis experiments with different particleethoxide was transferred into the autoclave. The total reaction
size, specific surface area, and phase composition of nanosizedlume was 100 mL and the molar ratio of water to titanium(lV)
TiO, were studied in this work in order to assess the effect®thoxide was 20:1. The reaction mixture was stirred at a constant
of each factor on the photocatalytic activity of both single- andtemperature for 2 h and then quenched by putting the autoclave
mixed-phase photocatalysts. Several techniques were modifiédto a coldwater bath. The product was filtered, washed twice
to synthesize Ti@ nanocrystals that allowed different physical with pure water, and dried overnight at 80.
properties to be tuned independently. This is in contrast to pre-
vious studies in which calcination was almost the only means tQ.2.2. Ultrafine rutile and mixed-phase nanosized TiO;
make TiQ nanocrystals, with the result that changes in particlepowders
size were accompanied by changes in such as phase compositionOne TiQ, powder of pure rutile (R1) and two anatase—rutile
and vice versg38]. In addition, the effects of particle morphol- mixtures (AR1 and AR2) were prepared using a modified
ogy on photocatalytic performance were studied for the first timenethod reported by Cheng et #3] Typically, titanium(IV)
by comparing the activities of isotropic and anisotropic anatasehloride (47.0 g, 0.25 mol) was added slowly to ultrapure water
nanocrystals with different proportions of (1 0 1) surface sites. (450 mL) to produce a white suspension. Hydrochloric acid

(37.5%, 50 mL) was added to the suspension as a peptizing agent,
2. Experimental and stirred overnight to get a clear solution. The peptized TiO
suspension was adjusted to the desired pH (pH 1 for R1, pH 0.25

Photodecomposition of aqueous Congo Recheme Jwas  for AR1 and AR2) by addition of agueous sodium hydroxide;
used as a model reaction to characterize photocatalytic behavititen it was heated and refluxed for 2 h. The Ffgarticles were
of different nanosized Ti@ Congo Red is a recalcitrant azo dye precipitated out of the suspension by adding solid sodium chlo-
foundintextile wastewater. It has been the subject of several phaide. The TiQ powder was collected by centrifugation, washed
tocatalysis studies including TgJ17,39-42] Photocatalytic twice with ultrapure water, and dialyzed in several successive
degradation of Congo Red proceeds in a way that nitrogen atomatrapure water baths for a total time of 24 h. The final powder
from the azo functionality are liberated as molecular nitrogerwas dried overnight at 6QC.

Scheme 1. Molecular structure of Congo Red.
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Table 1

Synthesis of nanosized TiO2 photocatalysts

R.K. Wahi et al. / Journal of Molecular Catalysis A: Chemical 242 (2005) 48-56

Catalyst Precursor (concentration, Solvent Temperature Reaction Particle shape Phakse Average diameter  Surface area
molL™1) (°C) time (h) (nm) (m2g™1
P25 N/A N/A N/A N/A Spherical dot A/R (80/20) 21 50
Al Ti(OEt) (0.02) EtOH 140 2 Spherical dot A 55 251
A2 Ti(OEt)4 (0.32) EtOH 150 2 Spherical dot A 10.1 153
A3 Ti(OEt); (0.02) EtOH 220 2 Spherical dot A 15.1 83.5
R1 TiCls (0.5) HO 100 2 Spherical dot R 5.4 110
AR1 TiCls (0.5) H0 100 2 Spherical dot  A/R (40/60) 5.2 (A) 5.4 (R) 232
AR2 TiCl4 (0.5) HO 100 2 Spherical dot A/R (70/30) 5.2(A)5.0(R) 123
RodP Ti('OPrY (0.76°) H,0 90-100 6d Short rod A 56 94.5
180-196 5f
Rod2® Ti('OPrY (0.76°) H,0 90-100 6d Long rod A 206 28.0
180-196 5f

2 A: anatase; R: rutile. Mass ratios of A/R were listed in the parathesis.

b Synthesized with 0.17 mmol! tetramethylammonium hydroxide (TMAH).
€ In the unit of mmol 1.

d First reaction temperature with 6 h.

€ Long axis.

f Following reaction temperature with 5 h.

9 Synthesized with 0.91 mmoH! TMAH.

2.2.3. Anatase TiO; nanorods with different lengths whereD is the crystallite size), is the X-ray wavelength (1.58
Anatase TiQ nanorods were synthesized with a surfactantfor Cu Ka radiation), andj is the Bragg angle. The parameger

[44]. Briefly, a water solution of TMAH (1500 mL) was pre- s defined ag = (B? — %), whereB andb are the linewidths

pared in a 2000 mL, three-neck flask and was cooled t0'@-5 ofthe mostintense Tigreflection ((1 0 1) for anatase, (1 1 0) for

in an water—ice bath; then a solution of titanium(IV) isopropox-rytile) and the (11 1) line of the silicon standard, respectively.

ide (3.33mL, 1.14 mmol) in 2-propanol (100 mL) was pouredCalculation of average particle sizes from XRD linewidths was

into the flask. The resulting turbid white Suspension was Stirre@dapted in the case of the anatase dots, the rutile dots, and the

at ~8°C for 10min first, and then heated at 90-X@for  |aphoratory-synthesized anatase—rutile mixtures. Crystallite sizes

6h. Coarsening of the TiOnanoparticles to obtain rod-like inthe other samples with larger than 20 nm was done using TEM

nanocrystallites was accomplished by heating the suspension f{stead.

another 5h at 180-19C. The reSUlting nanorods were crashed BET surface areas were measured froﬂ'ﬂﬂsorption using

out of the suspension, centrifuged, washed, dialyzed, and driegimicromeritics ASAP 2010 apparatus. Samples were degassed

as described above. TMAH was Completely removed from th@or 5h prior to the N adsorption ana|ysisl

nanorod Samples, which was confirmed by Fourier Transform TEM pictures were taken on a JEOL 2010 microscope_ TEM

Infrared (FT-IR) spectroscopy (seéeg. Sand the related discus-  sample was prepared by dropping one to two drops of sonicated

sion). suspension of Ti@onto a 300-mesh carbon-coated copper grid

and then evaporated the solvent. The average particle sizes were

obtained by measuring 500-1000 individual particles from the

TEM images using Image-Pro Plus 5.0 (Media Cybernetics Inc.)

: : : [3,46]

Al TiO2 powders were characterized using X-ray = pyawas performedin air ona Thermal Advantage SDT 2960
diffraction (XRD), transmission electron microscopy (TEM), apparatus from 25 to 60C at a heating rate of 2@ min~1.
Brunauer—-Emmett—Teller (BET) surface area analysis, and dif-
ferential thermal analysis (DTA). . 2.4. Photocatalytic degradation of Congo Red with

XRD patterns were taken through a Siemens platform—mod%anosized TiO,
general area detector diffraction system (GADDS) with a Cu

Ko source. The powder samples were run with silicon powder 1,4 adsorption isotherms for Congo Red onto Aj@wders
(as an internal standard) to account for instrumental line broadsy, \ved that it took considerably long time (>20 h) for Congo
ening Whgn calculating particle sizes from the FiDewidths.  peq g reach adsorption equilibrium onto all the nine self-made
Particle sizes were calculated according to the Debye—Scherrﬂo2 catalysts, while less than 1h onto PZEg( 1). So, the
formula with Warren's correction for instrumental broadening,, 5¢ar suspens’ions of Congo Red and nanosized Mm’ders

2.3. Characterization of nanosized TiO2 powders

[45]: was stirred in the dark for 24 h (1 h for Degussa P25) to ensure
the adsorption equilibrium was established prior to irradiation.

DA) = o8 (1) Photocatalytic reactions were then carried out inside a Luzchem
B costp model 4-V photoreactor equipped with a magnetic stirrer and
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Fig. 1. Adsorption isotherms of Congo Red (Zfol L~1) on nanosized Ti@
photocatalysts. Fig. 2. X-ray diffraction patterns of nanosized TiPhotocatalysts.

14 UV-A lamps with an emission maximum a&350nm. In  ayer, one can treat [Ofl as essentially a constant if [OH

all cases, the Ti@ concentration was 1.0g1 and the total s much larger thanCo, and therefore [OM, can be left
water s_uspensipn volume was 10.0 mL. Initigl Congo Red congt of the rate expressiof#7]. As will be seen below, the
centrations varied from 1.0 to 30 mgL The disappearance of ynimolecular Langmuir—Hinshelwood analysis was good at
Congo Red was monitored using the UV-vis absorbance feggwer initial Congo Red concentration€’g) but failed at
ture ath =496 nm as a function of irradiation time. Congo Red higher Cg values in the present study. Although a bimolecu-
concentrations were then calculated from the absorbances of thg | angmuir—Hinshelwood analysis would be more appropriate
Congo Red-TiQ@ suspensions (the contribution of @ the  than the unimolecular analysis at higb, there is no good way

UV-vis spectra of Congo Red was subtracted). to quantify the OM concentration on the TiDsurfaces.

The photocatalytic efficiency (activity) of each Ti©atalyst
for the degradation of Congo Red was quantified in two WaYySy  pecults and discussion
measurement of Congo Red half-life time under standard condi-
tions and Langmuir—Hinshelwood kinetic analysis. In this study, . . .
the Congo Red half-life timey 2, was defined as the amount 3'OIV'V dih;lmm”wnon of nanosized TiO; photocatalyst
of time required for photocatalytic degradation of 50% of the” 4

i 1 -1

Congo Redina 10. mgL" (14 umol L") aqueous Congo Re_d Characteristic properties of all the nanosized TiO2 photo-
solution when a Ti@ catalyst was present at a concentration

of 1gL~1. Surface catalyzed reactions can often be ade uatelCatalyStS were summarized fiable 1 XRD patterns of TiQ
9- - ; Y U q Bowders Fig. 2 indicate that Rod1, Rod2, and Al, A2, and
described by a unimolecular Langmuir—-Hinshelwood mecha’,

) . ) . : A3 were pure-anatase structure (Al and A3 not shown), while
nism, in which an adsorbed reactant with fractional surfac .
. o : i 1 was pure rutile structure. Degussa P25, AR1, and AR2 were
coverage is consumed at an initial rate given by:

mixed-phase powders with anatase/rutile mass ratios of approx-
dc kKCo imately 80/20, 40/60, and 70/30, respectively. Small amounts of
Tdr |y ro =kt = 1+ KCo @ brookite (<5%) were also detected inthe AR1 and AR2 samples.
None of the DTA profiles exhibited an exothermic peak between

wherek is a rate constant that changes with photocatalytic activggg gng 450C, thus, confirmed the 100% crystallinity of all the
ity, K the adsorption equilibrium constant, afd is the initial powders Fig. 3).

concentration of the reactant (Congo Red in this case). Inversion |; can pe seen from TEM imageBig. 4) that the particles

of the above rate equation gives: prepared in the presence of TMAH surfactant (Rod1 and Rod2)
1 11 1 were significantly less aggregated than those prepared without
o = kK Co + % ) surfactant. The use of HCI as a peptizing agent during the syn-

thesis of the rutile and mixed-phase powders could not prevent

Thus, a plot ofrg1 againstcg1 should be a straight line with a from the aggregation in these materials (R1, AR1, and AR2). In
slope of (k) and aninterceptdf1[23]. Suchanalysis allows fact, aggregation among the rutile nanocrystals was so prevalent
one to quantify the photocatalytic activity of a Ti®@atalyst that many of the particles in R1 formed large, loose, striated
through the rate constahtwith largerk values correspondingto structures. And, in contrast to the spherical morphologies of
higher photocatalytic activity. Adsorption equilibrium constant TiO, prepared without TMAH (A2, R1, AR1, and AR2), the
K accounts for the adsorptive ability of a Ti@atalyst. Rod1 and Rod2 nanocrystals exhibited striking rod-like mor-

It is important to note that the above unimolecular anal-phologies, and larger aspect ratios and larger particles produced
ysis does not take into account the concentration of thavith high surfactant concentrations (Rod2) than low surfactant
OH° radicals involved in the photocatalytic oxidation. How- concentrations (Rod1).



52 R.K. Wahi et al. / Journal of Molecular Catalysis A: Chemical 242 (2005) 48-56

0.1

Rod2

—_
o
o

04 AN . —
10 200 300 400 500 600 700

-0.1 TMAH

o]
o

-0.24

o))
o
T

-0.3+

-0.4

AT (°C mg™)

Transmittance (%)
S
o

-0.5

N
o
T

-0.6

-0.7 0 . . . .
Temperature (°C) 3000 2000 1000
Wavenumber (cm™)

Fig. 3. DTA profile of A2 nanosized Ti@photocatalyst. The endothermic peak
near 100 C corresponds to the evaporation of adsorbed water, while the absengdg. 5. FTIR spectra of TMAH and Rod2. The absence of characteristic TMAH

of a sharp exothermic peak between 350 and°45thdicates the 100% crys- resonancesin Rod2 confirms that TMAH was completely removed from nanorod
tallinity (i.e., no amorphous phase) of the nanosized,TpGwder. surfaces.

BET surface areas ranged from 28 to 25gmt in the  the influence of surface area on a catalyst’s performance, while
10 nanosized Ti@ powders studied here. Generally, powder activities expressed on a unit surface area basis (i.e., specific
with smaller particle size had higher surface area. But R1 andctivities) reflected the effects of physical properties other than
AR2 had only about 50% surface area (110-128mM) of A1 surface area.

(251 n?g~1) with similar particle size-¢ 5nm), largely due to The Congo Red decomposition curves indicate that the A2,
the extensive aggregation of those particlég(4). A3 and P25 catalysts had similar activity/§ m=1.5-3.5min g)

The absence of any characteristic TMAH peaks in the FTIRon a mass basis, while the mixed-phase powders AR1 and AR2
spectrum of anisotropic Rod1 indicated that the TMAH surfachad a little longer half-life timet{;, m = 5ming) Fig. 6 and
tant was completely removed from the nanocrystal surfaces byable 2. In contrast, the photocatalytic reaction was consider-
washing and dialyzingHig. 5). The same spectrum as Rod1 was ably slower {1/ m=15-30 min g) over Rod1 and Rod2 anatase

also observed for Rod2 (not shown). nanorods. And, very slow photodegradations of Congo Red
were observed over rutile R&fo,m=120ming). The mass-

3.2. Photocatalytic decomposition of Congo Red over based activitiest{> m) of the TiO, catalysts increased in the

nanosized TiO2 photocatalysts order R1<Al<Rod2<Rodl<ARZAR2<P25<A3(A2.

The surface area-based activitiego() of TiO, catalysts
The photocatalytic activity of each Ti@atalyst was quanti- were also calculated and had basically the same trend as the
fied using the half-life timer{,,) fora 10 mg L1 (14 wmol L—1) mass-based activitieSdble 2.
Congo Red solution and the Langmuir—Hinshelwood rate con- The initial rate (o) of Langmuir—Hinshelwood analysis pro-
stant ). The values oft1> and k were expressed on both a vides an additional quantitative comparison of the photocat-
unit mass basist{> m, km) and a unit surface area basig{s  alytic activity of TiO,. An important issue to address first,
ks). Activities evaluated on a unit mass basis reflected largelyrowever, is the initial Congo Red concentratiaty) limits

Fig. 4. TEM pictures of nanosized Ti(hotocatalysts.
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shows curves ofg — Cg (Fig. 7a) andra1 — Cgl (Fig. ) for -
two TiO, catalysts (AR1 and R1) over a wide range of initial
Congo Red concentrations tested. The concentration ranges over
which the reciprocal plotsH{g. 7c) were linear in accordance
with Langmuir—Hinshelwood model were specifiedTizble 2
Langmuir—Hinshelwood model were good over wide ranges for
highly active photocatalysts, e.g., A2, A3, and P25, presumably,
because the generation rates of'Ofithose TiQ catalysts were
fast enough to meet the unimolecular Langmuir—Hinshelwood
model’'s assumption of a large, essentially constant concentra-
tion of OH* relative to the Congo Red concentration. On the
other hand, low-activity catalysts such as R1 generated OH
very slowly; the unimolecular Langmuir—Hinshelwood model's
requirement was only met whety was low.

The rate constarit and the adsorption equilibrium constant
K were obtained through linear fit&iy. 7c). For most TiQ
catalysts, the order of photocatalytic activity quantified by rate_
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ig. 7. Langmuir-Hinshelwood analysis of Congo Red photodegradation: (a)

constank was generally in agreement with the order of activity ro vS. Co on a unit surface area basis; (b) reciprocal plots on a unit surface

quantified byri, (Table 3. In cases where thk value con-

measurement of photocatalytic activity and used in the follow-

area basis; (c) fitting the linear portions of the reciprocal plots to determine the
tradicted thery/o result, 712 was assumed to be more reliable parameters andk.

Table 2

Kinetic parameters in Congo Red photodegradation over nanosizedhi@ocatalysts

Sample i (Ming) L (MnMAYIR  MaximumCo® (wmolL™)  kpd (wmolgtmin~1) ks (wmolm2min~1)/102 K (umolg™1)
P25 35 1.75 30 4.08 8.15 0.235
Al 40 100 - - - -

A2 15 2.30 >40 5.11 3.34 0.206
A3 1.75 1.46 - - - -

R1 120 - ~5 1.60 1.46 0.027
AR1 5 11.6 >40 3.57 154 0.199
AR2 5 6.15 - - 25 -
Rod1 15 14.2 15 1.80 1.90 0.068
Rod2 30 8.40 20 0.47 1.67 0.230

a Half-life time expressed on a unit mass basis.
b Half-life time expressed on a surface area basis.

¢ Maximum initial Congo Red concentration for unimolecular Langmuir-Hinshelwood analysis applicability.

d Rate constant expressed on a unit mass basis.
€ Rate constant expressed on a surface area basis.
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ing discussion, because the determination gfrequired fewer ence of two phases in P25 resulted in a remarkable increase in
calculations and approximations than the determinatign of  photocatalytic activity over pure-anatase %iO
However, this synergetic effect was not apparent in the ultra-

3.2.1. Effects of particle size and surface area fine anatase—rutile mixture AR1 and AR2%nm) despite

The kinetic data for the spherical dot-shaped anatase cattheir high surface areas (123-232gt1). They were even
lysts (Al, A2, and A3) indicated that particle size and surfacdess active than pure-anatase A2 and A3. The and
area were the two most important factors influencing the photoLangmuir—Hinshelwood rate constahtsupported this obser-
catalytic activity of nanocrystalline Tigcatalyst Table 9. The  vation.
12 mfor the 15.1 nm (A3) and 10.1 nm (A2) nanodots were both  There are several possible reasons for the absence of syner-
about 1.5 min g, while12 m for the 5.5 nm nanodots (Al) was getic effect in our anatase—rutile mixtures. First, the photocat-
40 min g. Thus, 10-15 nm nanodots with low to intermediate suralytic activity of such mixtures depends in part on the relative
face areas (80-1504g 1) were about 25 times more active than amounts of these two phases. Bacsa and Kiwi reported that a
5.5 nm nanodots with very high surface area (25gmt). This  highest activity fopp-coumaric acid degradation was observed
shows that despite the larger number of surface sites availabfer an anatase/rutile ratio of 70/3R9]. It is possible that AR1
for Congo Red adsorption onto smaller nanodots, the increaseazkhibited low photocatalytic activity because of not-optimized
recombination rate of @h* in very small particles resulted in anatase/rutile ratio (40/60). However, AR2 performed almost
an overall decrease in photocatalytic activity. The 10.1 nm nanthe same activity as AR1 even its anatase/rutile ratio (70/30)
odots of A2 {12,m=1.5ming) were slightly more active than was close to that of P25 (80/20) and equal to the optimal com-
the 15.1 nm nanodots of ABif> m=1.75min g), indicating that position reported by Bacsa and Kiwi.
A2’slarger surface area contributed more in photocatalytic activ- A more important factor is likely the anatase—-rutile interface
ity than electron—hole separation when the particle was bign these two catalysts. The enhancement of activity in Degussa
enough (>10nm). It appears to be an optimal particle size P25 has been attributed to efficient electron transfer from rutile
about 10 nm for a maximum photocatalytic activity of anataseo anatase, which increases the charge separation needed for

nanodots. efficient photocatalytic reaction at the particle surfaf2g3].
Well-contacted interfaces between the anatase and rutile phases
3.2.2. Effect of phase composition would thus be essential for an appreciable increase in photo-

3.2.2.1. Single-phase catalysts: anatase versus rutile. The  catalytic activity for any mixed-phase catalyf32,48] But the
single-phase anatase catalysts exhibited widely varied activitiemnatase—rutile interfacial contacts in AR1 and AR2 may not be
that appeared to depend not only on particle size and surface ar@&ll controlled as P25. And the smaller size (5 nm) in AR1 and
but also on the surface (crystal) structure. It can be concludedR2 may not be good for the electron-hole separation for a high
from 112, data that anatase TiJs a better photocatalyst than activity (see Sectio for Al).
rutile TiO. Thery o, values for the anatase TiQvere found to
be about 2-100 times smaller than that of the 5.4 nm R1 rutil8.2.3. Effect of morphology on the activity of anatase TiO;
nanodots, indicating that the surface of anatase is better to phearalysts
tocatalysis than the surface of rutile. Thus, the generally superior TiO, nanorods (Rodl and Rod2) performed significantly
photocatalytic activity of anatase is not merely a result of the typworse than the anatase nanodots (A2 and A8ble 9. Specific
ically easy-achieved larger surface areas, but rather aresult of tlaetivities, as quantified byi;» andk, indicated that nanorods
fundamental differences between the anatase and rutile surfacegre 5-10 times less active than the 10—15 nm nanodots. FTIR
(crystal structures). Specifically, the poor activity of R1 suggestspectroscopy confirmed the complete removal of surfactant from
that even a moderately high surface area (118g11) cannot  the nanorods samples prior to the photocatalytic experiments
compensate for the inefficient hole trapping and low adsorptivéFig. 5), so surfactant poisoning or retarding could be ruled
affinity that typically related with rutile’s inherent crystal struc- out as a reason for the poor performance of the Rodl and
ture. Rod2 catalysts. The surface areas accounted partially for the
The adsorption isotherms Ifig. 1 showed the low adsorp- differences in their per mass activities, but cannot account for
tive affinity of rutile TiO, for Congo Red, thus, lowered the all the activity difference. A (101) surface dominated 7iO
activity of R1 in photocatalytic degradation of Congo Red. Inwas obtained by selective binding of the tetramethylammo-
addition, the low apparent adsorption const&mibtained from  nium cation (N(CH)4*) to the (10 1) surface, which inhibited
Langmuir—Hinshelwood analysis for RK £ 0.027) confirmsits the growth in the [1 0 1] direction and promoted the growth in
low adsorptive affinity. perpendicular directionft4]. The higher the surfactant con-
centration, the more pronounced this anisotropic effect. So, the
3.2.2.2. Synergetic effect of anatase—rutile mixed-phase TiO; dominated (10 1) surface sites in Rod1 and Rod2 seemed unfa-
catalysts. Our experiments confirmed the strong synergeticvorable to the photocatalytic activity of T{O
effect in enhancing the photocatalytic activity of P25. In the The deleterious effect of (10 1) surfaces on photocatalytic
terms oft12 andk, it was found that P25, an anatase—rutile mix-activity could be derived from the water adsorption modes to
ture with an intermediate surface area (50gnt), was more different anatase surfaces. Theoretical calculations have indi-
active than A2, a pure-anatase powder with higher surface aremted that water molecules tend to adsorb dissociatively (i.e., as
(153 g~1), by a factor of 2.5. Thus, it is clear that the pres-H* and OH") to anatase (00 1) but non-dissociatively (i.e., as
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