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Size-, shape-, and phase structure-controlled synthesis of TiO2 nanocrystallites has long been one of the
main themes in TiO2 research. Many synthetic techniques have been utilized in the preparation of TiO2

nanocrystals, among which hydrothermal treatment has been drawing much attention because it directly
produces well-crystallized nanocrystallities of a wide range of compositions of crystal phases within
a short reaction time. In this study, we carried out hydrothermal growth of rutile TiO2 rods by using
aqueous titanium trichloride (TiCl3) solutions containing NaCl. Uniform ultrafine rutile TiO2 particles
hotocatalyst
xposed crystal surface
utile crystal phase
eparation of reaction site
mprovement of charge separation

were obtained, and developed crystal faces were observed by TEM, SEM, XRD, and specific surface area
measurements. The obtained rutile fine particles showed high levels of activity for degradation of 2-
propanol and acetaldehyde under UV irradiation compared to the activity levels of anatase fine particles
(ST-01) developed for environmental clean-up. The surface chemistry of the rutile TiO2 particles was also
investigated. From photodeposition of Pt and PbO2, we suggest that the (1 1 0) face provides reductive
sites and that the (1 1 1) face provides oxidative sites. These results indicate that the crystal faces facilitate
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the separation of electron

. Introduction

TiO2 photocatalysis has been intensively investigated for envi-
onmental remediation and energy conversion [1–5]. Because the
fficiency of TiO2 photocatalytic reactions is largely determined by
nterfacial charge transfers, various surface modification methods
ave been developed to facilitate the charge transfer. TiO2 exists

n three crystal structures: rutile, anatase and brookite. Each crys-
alline structure exhibits specific physical properties, band gap,
urface states, etc. [6]. Rutile TiO2 has some advantages over anatase
uch as higher chemical stability and higher refractive index. It is of
undamental significance to explore mild synthetic techniques by
hich particle shapes, nano- and micro-meter-scale morphologies,

nd crystallinity are well defined and controlled [7–9]. Moreover,
urface chemistry of single-crystalline rutile particles has been the
ubject of intensive studies because their chemical activity depends
reatly on surface structures [10].
TiO2 can be prepared by various methods, including sol–gel [11],
ydrothermal [10,12–14], combustion synthesis [15], and gas-phase
16,17] methods. Much attention has been paid to the hydrother-

al method because of its high productivity and convenience. In

∗ Corresponding author. Tel.: +81 93 884 3318; fax: +81 93 884 3318.
E-mail address: tohno@che.kyutech.ac.jp (T. Ohno).
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holes, resulting in improvement of photocatalytic activity.
© 2008 Elsevier B.V. All rights reserved.

eneral, the hydrothermal method is carried out by changing the
hysicochemical parameters of the system, such as temperature,
H, and concentration of reactants. Recently, it has been reported
hat rutile TiO2 nanoparticles could be uniformly coated on the
urface of glass using TiCl3 and NaCl as starting materials by the
ydrothermal method [7,18].

Photocatalytic reaction on TiO2 is induced by excited electrons
nd positive holes. However, recombination may occur on the sur-
ace or in the bulk, which is promoted by impurities or defects. All
actors are introduced into the crystal by generation of bulk or sur-
ace imperfections [19]. Well-crystallized faceted particles showed
nhanced photocatalytic activity compared to powders with poorly
rystalline surface and the photocatalytic activity increased with
ncrease in crystallite size, the surface itself being an intrinsic defect
20]. All of the TiO2 nanorods investigated in the present study were
ell-crystallized and well-faceted as a consequence of the ripening
rocesses occurring under hydrothermal conditions.

It has been shown that individual crystal faces on TiO2 par-
icles play an important role [21]. The importance of the crystal
aces of photocatalyst particles should be related to the fact that
xidation and reduction occur simultaneously on each particle.

ecause of their different atomic arrangements, the presence of
ell-developed faces on TiO2 nanorods is favorable for providing
oth oxidation and reduction sites [22]. It is also expected that the
fficiency of electron–hole separation is enhanced due to the dif-
erence in energy levels between different crystal faces. Ohno et al.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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ocused on rutile TiO2 rods in a mixture of anatase and rutile par-
icles provided by Toho Co. Ltd., Japan and have demonstrated that
he (1 1 0) face provides reductive sites and that the (0 1 1) face pro-
ides oxidative sites [23]. Here, we report that each crystal face of
utile TiO2 provides reduction and oxidation sites. This suggests
hat rutile TiO2 nanorods should have higher spatial separation
etween oxidation and reduction sites with lower probability of
ecombination.

We report here the results of an extensive investigation on the
ydrothermal synthesis of TiO2 using aqueous TiCl3 and NaCl as
eactants. The resulting products were fully characterized, and the
ffects of temperature and reaction time on crystallinity, crystal
ize, and crystal shape were determined. The photocatalytic activ-
ties of the different samples in the oxidation of acetaldehyde and
-propanol were determined and were found to be correlated with
rystallinity and crystal shape of the rutile TiO2 nanorods. We
emonstrate that the crystal surface structure of TiO2 nanorods
an be controlled by adjusting the concentration of NaCl and reac-
ion time. These TiO2 nanorods are expected to show high levels of
hotocatalytic activity due to the different crystal faces.

. Experimental

.1. Chemicals

All chemical reagents were commercial products used without
urther treatment. Titanium trichloride (TiCl3), sodium chlo-
ide (NaCl), 2-propanol ((CH3)2CHOH), hexachloroplatinic acid
H2PtCl6·6H2O), lead nitrate (Pb(NO3)2), and nitric acid (HNO3)
ere purchased from Wako (all of reagent grade), and acetaldehyde

CH3CHO) was purchased from Aldrich. TiO2 (ST-01, Ishihara), an
natase with an average surface area of 300 m2 g−1, and TiO2 (MT-
00B, Tayca), a rutile with an average surface area of 25–35 m2 g−1,
ere used as reference photocatalysts.

.2. Synthesis of TiO2

In a typical synthesis procedure, a chemical solution was put in
sealed Teflon-lined autoclave reactor containing 50 ml aqueous

olution of titanium trichloride (TiCl3, 0.15 M) and sodium chloride
NaCl, 1 M, 3 M and 5 M). The solutions were then put into a 200 ◦C
ven for 3 or 6 h. The substrate was centrifuged and rinsed with
eionized water and then dried in a vacuum oven. Throughout this
aper, samples are referred to as SH1 (NaCl 1 M), SH3 (NaCl 3 M)
nd SH5 (NaCl 5 M).

.3. Photocatalytic deposition of Pt and PbO2 on TiO2 powder

For Pt/TiO2 preparation, an aqueous TiO2 suspension (SH3)
2 g/L) containing 0.52 M 2-propanol and 1 mM hexachloroplatinic
cid (H2PtCl6·6H2O) was irradiated with a 300 W mercury UV lamp
Wacom Model XDS-501S) for 24 h. N2 gas was purged through
he suspension prior to UV irradiation to remove oxygen. The light
ntensity was about 1 mW cm−2. After irradiation, the color of the
owder changed from white to silver, and the suspension was cen-
rifuged and washed with distilled water and then collected as
owder after drying at 70 ◦C under reduced pressure for 3 h.

Using this platinized TiO2 powder, Pb2+ ions were oxidized into
bO2. This reaction was carried out in an aqueous Pt/TiO2 suspen-
ion (2 g/L) containing 0.1 M Pb(NO3)2 under aerated conditions.

he pH of the solution for this reaction was adjusted to 1.0 by the
ddition of nitric acid according to the literature [23,24]. After pho-
oreaction using a 500 W Hg lamp (Ushio Co. Ltd., SX-UI501HQ) for
4 h, the color of the powder changed from silver to brown, indicat-
ng that PbO2 had been deposited on the surface. The light intensity
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sis A: Chemical 300 (2009) 72–79 73

as about 0.1 W cm−2. Pt and PbO2 particles deposited on TiO2 were
bserved in SEM, EDX and TEM images.

.4. Characterization

Phase identification was performed via X-ray diffraction (XRD)
ith Cu K� radiation. The mean grain size was determined from

cherrer’s equation. The morphology of the samples was observed
y field emission scanning electron microscopy (FE-SEM) and
ransmission electron microscopy (TEM). The specific surface area
as determined by using the Brunauer–Emmett–Teller method

25].

.5. Photocatalytic activity test

The photocatalytic activities of the samples were evaluated by
he degradation of 2-propanol in the liquid phase and acetaldehyde
n the gas phase. The photocatalytic generation of acetone by 5 g/L
iO2 dispersed in 2-propanol (50 mM, in acetonitrile) was mea-
ured in a Pyrex test tube reactor. The TiO2/2-propanol suspension
as illuminated by a 300 W Xe lamp (Eagle LX 300). The light beam
as passed through a UV-35 filter to cut off wavelength shorter

han 350 nm. Fine stainless meshes were used as neutral density
lters to adjust the irradiation intensity (150 mW cm−2). During
he reaction, the suspension was continuously stirred. Samples of
he reaction mixture were centrifuged to remove TiO2. The acetone
ontent was analyzed on a gas chromatograph (Hitachi Model G-
500). Reference samples were selected to test the generality of our
esults and include ST-01 as anatase and MT-600B as rutile.

The photocatalytic activity of TiO2 nanoparticles was evaluated
y measuring the change in concentration of acetaldehyde and
volved CO2 as a function of irradiation time. A Tedlar bag (As One
o. Ltd.) was used as the photoreactor vessel. One hundred mg of
iO2 powder was spread on the bottom of a glass dish, and this was
laced in the reaction vessel. Five hundred ppmv of acetaldehyde
as prepared in the vessel by injection of saturated gas acetalde-
yde. The irradiation was conducted at room temperature after
quilibrium between the gas and adsorbed acetaldehyde had been
eached. The light source was a 500 W Xe-lamp (Ushio Co. Ltd.,
X-UI501XQ). The light beam was passed through a UV-35 filter
o cut off wavelength shorter than 350 nm. Fine stainless meshes
ere used as neutral density filters to adjust the irradiation inten-

ity (10 or 30 mW cm−2). After starting the irradiation, the decrease
n acetaldehyde concentration and evolved carbon dioxide concen-
ration was measured using a gas chromatograph (Shimadzu Model
C-8A and GC 14A, FID detector).

. Results and discussion

.1. XRD patterns and specific surface area of rutile nanorods

Fig. 1 shows the XRD patterns of samples treated at 200 ◦C for
h. All of the diffraction peaks agree with those of TiO2 in the rutile

orm and no other phases were detected. The intensity of diffrac-
ion peaks of the rutile TiO2 becomes stronger with increase in NaCl
oncentration, indicating improvement in crystallinity of the rutile
od as shown in Fig. 1. The mean grain size was determined from
cherrer’s equation. By applying Scherrer’s formula to the rutile
1 1 0) diffraction peaks, the average crystallite sizes of the sam-
les were found to be 66.0, 72.7 and 97.2 nm for samples SH1, SH3

nd SH5, respectively (as shown in Table 1). These results indicate
hat the crystal sizes of the resulting rutile nanorods increased with
ncrease in the concentration of NaCl. The specific surface areas of
amples are shown in Table 1. The BET surface area was decreased
ith an increase in the concentration of NaCl. A similar tendency
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Fig. 1. XRD patterns of samples obtained from a TiCl3 solution with various concen-
trations of NaCl after hydrothermal treatment for 6 h at 200 ◦C.

Table 1
Physical properties of rutile TiO2 nanorod samples and reference TiO2.

Sample Synthesis conditions (M) Mean crystallite
size (nm)

BET surface
area (m2/g)

TiCl3 NaCl

ST-01 7.0 300
MT-600B 50 25–35
SH1 0.15 1 65.95a 32.79
S
S

w
F
c
T

3

l

Fig. 2. SEM images of (a, b) SH1
H3 0.15 3 72.67a 25.94
H5 0.15 5 97.20a 12.11

a Calculated as weighted mean value of the crystallite size (XRD) of TiO2.

as observed for TiO2 treated at 200 ◦C for 3 h (see Table 1S and
ig. 1S, Supporting Information, as an example). Furthermore, the
rystal size of TiO2 treated at 200 ◦C for 6 h was larger than that of
iO2 treated at 200 ◦C for 3 h.
.2. SEM observation of rutile nanorods

Fig. 2 shows SEM images of samples SH1, SH3 and SH5. Flower-
ike aggregation structures were observed in sample SH1 (Fig. 2a).

, (c, d) SH3 and (e, f) SH5.
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igher magnification revealed that these flower-like structures
ere composed of many nanorods with triangular tips. These
anorods were 60–100 nm in diameter and 300–400 nm in length
Fig. 2b). When the concentration of NaCl was increased from 1 M to
M, the aggregated nanorods dispersed and particle size increased

Fig. 2). The concentration of NaCl therefore played an important
ole in the growth of nanorods. When the concentration of NaCl was
M, most of the particles were agglomerated (Fig. 2a). When the
oncentration of NaCl was increased, the particles became larger
nd were well dispersed, as shown in Fig. 2. During hydrother-
al treatment, rutile nanorods grew significantly with time. With a

ecrease in hydrothermal treatment time (3 h), the nanorods aggre-
ated to form a flower-like structure as shown in Fig. S2 (Supporting

nformation). Although the results of 3 h of treatment were simi-
ar to those of 6 h of treatment, the particle size and dispersion of
anorods were decreased after 3 h of treatment compared to those
fter 6 h of treatment. Therefore, NaCl is crucial for the formation
nd dispersion of rutile TiO2 nanorods.

(
c
o
o
N

Fig. 3. TEM images (a, c, e) and SAED patterns (b
sis A: Chemical 300 (2009) 72–79 75

.3. TEM and SAED observations of rutile nanorods

Fig. 3 shows TEM images and selected area electron diffrac-
ion (SAED) patterns taken from nanorods shown in TEM images
n various conditions. TEM images showed the rod-like shape

ith a triangular end and tetragonal rutile structure and single-
rystalline quality of the TiO2 nanorod. TEM images (Fig. 3a, c and
) showed that the shape of end of the rod changed from a sym-
etric triangular tip to an asymmetric triangular tip when the

oncentration of NaCl was increased from 1 M to 5 M. The SAED
atterns of the exposed surface of the end of the rod and side sur-

ace of the rod are assigned to (1 1 1) and (1 1 0), respectively. The
rowth of the TiO2 rod occurs in the (0 0 1) direction. In addition,

0 0 1) crystal faces are exposed gradually with an increase in NaCl
oncentration. A spot pattern indicates a single-crystalline nature
f the rutile TiO2 nanorods. Fig. 3 shows that surface morphol-
gy of rutile TiO2 is controlled by changing the concentration of
aCl.

, d, f). (a, b) SH1, (c, d) SH3 and (e, f) SH5.
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Fig. 5. Time profiles of decomposition of acetaldehyde on TiO2 at different con-
centrations of NaCl at light intensity 10 mW cm−2. (a) Acetaldehyde, (b) CO2. The
experimental conditions were: [acetaldehyde]i = 500 ppm, [TiO2] = 10.4 mg/cm2, UV
light (� > 350 nm) irradiated.
ig. 4. Time profiles of decomposition of acetaldehyde on TiO2 at different concen-
rations of NaCl at light intensity of 30 mW cm−2. (a) Acetaldehyde, (b) CO2. The
xperimental conditions were: [acetaldehyde]i = 500 ppm, [TiO2] = 10.4 mg/cm2, UV
ight (� > 350 nm) irradiated.

.4. Photocatalytic activity

Fig. 4 shows photocatalytic evolution of CO2 by decomposition
f acetaldehyde on reference TiO2 and SH1, SH3 and SH5 at light
ntensity of 30 mW cm−2. Photocatalytic activity levels of rutile TiO2
repared by using NaCl are much higher than those of MT-600B
nd ST-01. The photocatalytic activity level of SH3 was the highest.
hese results suggested that the photocatalytic activity of the sam-
les for acetaldehyde degradation is affected by exposed crystal
urface of rutile TiO2.

Fig. 5 shows photocatalytic evolution of CO2 by decomposi-
ion of acetaldehyde on reference TiO2 and SH1, SH3 and SH5
nder the condition of low light intensity (10 mW cm−2). Pho-
ocatalytic activity levels of rutile TiO2 prepared using NaCl are
igher than those of MT-600B and ST-01. SH5 showed the highest
hotocatalytic activity. The order of photocatalytic activities was
H3 > SH5 > SH1 > MT-600B > ST-01 in the case of high light inten-
ity (as shown in Fig. 4b) and SH5 > SH3 > ST-01 > SH1 > MT-600B in
he case of low light intensity (as shown in Fig. 5b).

According to the literature [26–28], it was assumed that reac-

ions via two pathways occur: direct oxidation of acetaldehyde to
volve CO2 (1) and evolution of CO2 by oxidation of acetaldehyde
ia acetic acid, (2) and (3).

CH3CHO + 2OH• + O2 → 2CH•
3 + 2CO2 + 2H2O (1)

Fig. 6. Time profiles of decomposition of 2-propanol on TiO2 at different con-
centrations of NaCl. The experimental conditions were: [2-propanol]i = 50 mM,
[TiO2] = 10 g/l, UV light (� > 350 nm) irradiated (150 mW/cm2).
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H3CHO + OH• + O2 → CH3COOH + HOO• (2)

H3COOH + h+ → CO2 + CH•
3 + H+ (3)

Fig. 4a and b shows photodegradation of acetaldehyde on TiO2
hotocatalysts under UV light irradiation with a light intensity of
0 mW cm−2. After complete degradation of acetaldehyde in the gas
hase, CO2 was continuously evolved as shown in Fig. 4b. In addi-
ion, the rate of evolved CO2 rapidly decreased in the case of SH3

nd SH5 after complete disappearance of acetaldehyde in the gas
hase (Fig. 4b). These results suggest that CO2 was directly formed
y the reaction between acetaldehyde and OH radicals according
o route (1) at the initial stage of the reaction. After disappearance
f acetaldehyde in the gas phase, CO2 was evolved via acetic acid

1
p
p
s

ig. 7. TEM image (a) and EDX analysis (b) of rutile TiO2 nanorod (SH3) on which Pt part
iO2 nanorod (SH3) on which Pt and PbO2 particles were deposited.
sis A: Chemical 300 (2009) 72–79 77

route (2) and (3)) because oxidization of acetic acid is difficult com-
ared to that of acetaldehyde. Therefore, the reaction rate of evolved
O2 remarkably decreased after disappearance of acetaldehyde in
he gas phase [26]. However, the rates of evolved CO2 on SH1, ST-01
nd MT-600B increased linearly even after complete disappearance
f acetaldehyde. These results indicate that the evolution of CO2
ver SH1, ST-01 and MT-600B proceeded mainly via route (2) and
3) during photoirradiation.
Under weak photoirradiation with a light intensity of
0 mW cm−2, the rate of CO2 evolution increased linearly on all
hotocatalysts (MT-600B, ST-01, SH1, SH3, SH5) even after disap-
earance of acetaldehyde as shown in Fig. 5a and b. These results
uggested that evolution of CO2 may proceed via acetic acid (route

icles were deposited. TEM image (c), EDX analysis (d) and SEM image (e) of rutile
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2) and (3)). As mentioned above, the order of photocatalytic activ-
ty in the case of low light intensity is slightly different from that in
he case of high light intensity.

Electron–hole pair production depends on irradiation intensity
29]. In illuminated semiconductor photocatalysts, charge-carrier
e−, h+) recombination and interfacial charge transfer are second-
nd first-order processes, respectively. The charge-carrier density
ncreases with an increase in the absorbed light intensity. As a
esult, at a higher relative absorbed light intensity, the rate of
harge-carrier recombination is increased compared with inter-
acial charge transfer. Therefore, quantum efficiency of reactions
ecreases with an increase in light intensity [30]. However, the
elationship between the rate of charge-carrier recombination with
ncident light intensity and improvement of photocatalytic activity
y separation of reaction sites of rutile fine particles (SH1, SH3, SH5)
s not clear. This relationship will be discussed in another paper.

Fig. 6 shows photo-oxidation of 2-propanol. Acetone is the dom-
nant intermediate product. Photocatalytic activity levels of TiO2
anorods are higher than those of MT-600B as a reference TiO2,
xcept for degradation of 2-propanol of SH1. The order of photo-
atalytic activities was SH3 > SH5 > MT-600B > SH1 in the case of
-propanol. Among the photocatalysts used in this study, SH3 was
he most active. This result is the same as the order of photocat-
lytic activity of acetaldehyde under the condition of high light
ntensity.

In these cases, it was observed that an increase in particle size
ed to an increase in activity except for reference TiO2 (as shown in
able 1). As shown in Figs. 4–6, a decrease in surface area resulting
rom crystal growth did not cause a decrease in photocatalytic activ-
ty, indicating that the photodegradation process is not affected by
urface properties of photocatalysts. However, control of exposed
rystal surfaces of rutile nanorods is also one of the important fac-
ors for improving photocatalytic activity of TiO2.

The large specific surface areas and small crystal sizes as well as
igh crystallinity of TiO2 might usually play important roles in the
nhancement of photocatalytic activities. However, separation of
eaction sites on the photocatalyst particle by the exposed crys-
al surface of the rutile nanorod is a more important factor for
mprovement of photocatalytic activity because a rutile nanorod
aving a small surface area (10–30 m2 g−1) showed a higher level
f photocatalytic activity than ST-01 having a large surface area
300 m2 g−1). These results indicate that the charge separation
etween photoexcited electrons and holes should be improved by
ptimization of the exposed crystal surfaces for reactions resulting
n an increase in the photocatalytic activity.

.5. Photocatalytic deposition of Pt and PbO2 on TiO2 nanorods

In order to clarify the photocatalytic reaction mechanism, it is
mportant to identify the actual reactive sites of TiO2 particles.
t has been reported that oxidation and reduction sites on rutile
articles occur on the (0 1 1) and (1 1 0) faces, respectively [23].
herefore, the presence of well-developed faces on TiO2 particles
s favorable to providing both oxidation and reduction sites. More-
ver, it is expected that the efficiency of electron–hole separation
s enhanced because of the difference in the electronic band struc-
ure between different crystal surfaces. Fig. 7 shows TEM and SEM
mages of rutile TiO2 showing Pt deposits (a) and showing PbO2
eposits (c) which were loaded on the particles of Pt/TiO2. The
eposited metals were analyzed by EDX (Fig. 7b and d). Fig. 7e

hows SEM images of rutile TiO2 particles showing PbO2 deposits,
hich were loaded on the particles by UV irradiation of the Pt-
eposited TiO2 powder. Pt particles were deposited only on the
1 1 0) face as shown in Fig. 7a and b. This result indicates that
he reduction site of rutile TiO2 particles exists on the (1 1 0) face.

A

i

sis A: Chemical 300 (2009) 72–79

ig. 7c, d and e shows that the PbO2 particles were deposited on
he (1 1 1) faces. This means that the (1 1 1) face provides the oxi-
ation site for rutile particles. The results shown in Fig. 7 indicate
hat the oxidation site and the reduction site on the rutile parti-
les are on the (1 1 1) face and on the (1 1 0) face, respectively. Our
esults suggest that the (1 1 0) face of rutile particles provides an
ffective reduction site and that the (1 1 1) face works as the oxida-
ion site. Because of the synergistic effect between the (1 1 0) and
1 1 1) faces, rutile particles are considered to be very efficient for
ome kinds of photocatalytic reactions.

Different surface energy levels of the conduction and valence
ands are expected for different crystal faces of TiO2 because of
he atomic arrangements characteristic of these faces. The differ-
nce in the energy levels drives the electrons and holes to different
rystal faces, leading to separation of electrons and holes [23]. The
ffective separation of oxidation and reduction sites of rutile par-
icles, as shown in Fig. 7, suggests that the electronic energy levels
f the (1 1 0) face are lower than those of the (1 1 1) face [22]. Ohno
t al. suggested that the isolation of oxidation or reduction site on
he surface of TiO2 particles is large enough to drive the photocat-
lytic oxidation of water on rutile particles when suitable electron
cceptors are added to the solution [23]. The effective separation of
xidation and reduction sites on the surface of rutile TiO2 particles
hould be an important factor in obtaining the high efficiency of
hotocatalytic reactions.

. Conclusion

A systematic approach was applied to the hydrothermal synthe-
is of rutile TiO2 nanorods to gain an insight into the fundamental
actors controlling particle size, crystal phase, crystal shape, and
hotocatalytic activity. The hydrothermal treatment resulted in the
utile TiO2 nanorods being well-crystallized and well-dispersed
ithout formation of large aggregates. The morphology of rutile

rystals corresponds to faceted and elongated triangle-shaped
articles. The particle size can be controlled by changing the exper-

mental conditions and varies between 60 and 100 nm for rutile.
Well-crystallized nanosize rutile TiO2 possessed higher levels

f acetone and CO2 evolution activity than those of MT-600B and
T-01 under UV light irradiation. It has been found that the photo-
atalytic activity increases with an increase in crystallite size. This
uggests that electron–hole pair recombination plays an important
ole during the photodegradation of acetaldehyde and 2-propanol,
t least under the present experimental conditions. Recombination
s apparently slower in well-faceted and large rutile nanorods, thus
ncreasing the activity, despite a decrease in the specific surface
rea. The degradation rate, higher than that of the most com-
on reference material ST-01 and MT-600B, observed for faceted,
ell-dispersed, and relatively large triangle-shaped rutile crystals

esults from the combination of three factors: (i) an increase in
hotocatalytic activity with an increase in particle size, (ii) a high
spect ratio of the rutile crystals, and (iii) control of exposed crystal
aces.
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