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bstract

Titanium dioxides (TiO2) nanoparticles with one-dimensional (1D) geometry, nanorods and nanostripes, were used as photocatalysts to pho-
odegrade Rhodamine B (RhB) under ultraviolet (UV) and visible irradiation. The nanorods catalyst exhibited very interesting photocatalytic
roperties: under the UV irradiation its catalytic activity was slightly below that of the well-known TiO2 catalyst P25, while under visible light it
xhibited a better activity than P25.

This fact indicates that the nanorods have a superior ability to utilize less energetic but more abundant visible light. Moreover, the 1D TiO2

anoparticles can be readily separated from aqueous suspensions by sedimentation after the reaction. With these advantages the 1D TiO2 catalysts
ave a great potential for environmental applications. Various analytical techniques were employed to characterize TiO2 catalysts and monitor the
hotocatalytic reaction. It was found that the catalytic performance of the catalysts is greatly dependent on their structures: The superior activity

f P25 (consists of anatase and rutile nanocrystals) under UV light results probably from the interfacial interaction between anatase and rutile
anocrystals in this solid, which do not exist in the nanorods (only anatase). The titanate nanostripes (titanate) can absorb UV photons with shorter
avelength only.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In the past three decades, the application of semiconductor
eterogeneous photocatalysts in the photodegradation of toxic
rganic pollutants has been extensively investigated [1–6]. Tita-
ium dioxides (TiO2) are the most often used catalysts for such
pplications because they are non-toxic, relatively cheap, chem-
cally stable throughout a wide pH range and robust under UV
llumination. It is known that synthetic dyes released from their
anufacturing and application processes, even at a low concen-
ration (a few tens to a hundred parts per million), can cause
erious water pollution [7–9]. These dyes are generally refrac-
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ory (non-biodegradable) and cannot be removed from water
ia routine wastewater treatment process. Therefore, removal of
he dyes from water by photocatalytic technique is an important
nvironmental issue [7–14].

The degradation mechanism of the organic pollutants on TiO2
nder UV light is as follows [10]:

iO2 + hν → e− + h+ (1)

H− + h+ → •OH (2)

2O + h+ → •OH + H+ (3)

2 + e− → •O2
− (4)

− + •
O2 + H → OOH (5)

The radicals formed in the above process are powerful oxi-
ation agents, which oxidize the organic pollutants to carbon
ioxide, water and other mineralized products. However, UV
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ight in sunlight accounts for a small portion of the solar energy,
nly 3–5% of the overall energy of sunlight, and artificial UV
ight is expensive. It seriously limits the practical application
f this photocatalytic reaction. Recently, we reported the pho-
odegradation of dyes under visible light using TiO2 [11–19].
he mechanism of such a degradation process is shown as fol-

ows:

ye + hν → dye∗ (6)

ye∗ + TiO2 → dye
•+ + TiO2(e) (7)

iO2(e) + O2 → TiO2 + O2
•− (8)

2
•− + TiO2(e) + 2H+ → H2O2 (9)

2O2 + TiO2(e) → OH
• + OH− (10)

dye
•+ + O2(orO2

•−or
•
OH)

→ peroxylatedorhydroxylatedintermediates

→→ degradedormineralizedproducts (11)

Such a process is of significance for both fundamental and
ractical studies because of the special mechanism and the per-
pective in treatment of dye pollutants under sunlight, respec-
ively. Besides, for the photocatalysis processes in which fine
iO2 powders are used as catalysts, an important issue is to
ecover fine TiO2 powders from aqueous suspensions. Since the
hotocatalytic reactions take place on the catalyst surface, the
atalysts with a large specific surface area are expected to have
igh catalytic activities. Nanoparticles have significant advan-
ages in these applications because of their small and uniform
article size and large surface area. But it is extremely difficult
o recover the fine TiO2 powders from water, leading to a poten-
ial difficulty in downstream separation. Continuing efforts has
een made to synthesize the TiO2 structures which can be sep-
rated readily, and exhibit superior catalytic performance. For
xample, we used composite catalysts of anatase nanocrystals
nd layered clays to degrade sulforhodamine (SRB) and found
hat they exhibited a good catalytic activity and were easy to
ediment from aqueous suspensions [13,14].

In the present study, we used novel TiO2 nanorods and TiO2
anostripes as photocatalysts to degrade Rhodamine B under
V and visible light irradiation. The catalytic performance of

he 1D-nanoparticle catalysts was compared with that of P25, the
ell-known photocatalyst of titanium dioxide fine powder from
egussa AG, Germany. TiO2 nanorods have large BET specific

urface areas and regular morphology on nanometer scale. Due
o their 1D morphology, the nanorods sediment readily from
queous dispersions, compared to P25, and thus they are easy
o be separated for reuse. Absorption spectra, chemical oxy-
en demand (CODCr), total organic carbon (TOC) and electron
aramagnetic resonance (EPR) spetroscopies were employed
o monitor the photooxidation process of RhB. The TiO2 cat-

lysts were characterized by UV–vis diffuse reflectance spec-
ra, Raman spectra, surface photovoltage spectra (SPS), X-ray
iffraction (XRD) and transmission electron microscope (TEM).
he results provide us useful information for understanding the
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elation between the structure and catalytic properties of the 1D
iO2 nanoparticles.

. Experimental section

.1. Materials

Commercial titania powder of P25 was kindly supplied by
egussa AG Germany, which contains about 80% of anatase

nd 20% of rutile and has a BET specific surface area of about
0 m2 g−1. The TiO2 nanorod catalysts were prepared from tita-
ium hydroxide precipitate, which was obtained from TiCl4 as
escribed in literature [20,21]. Briefly, the fresh titanium hydrox-
de and 15 M NaOH solutions were mixed and transferred into an
utoclave and kept at 110 ◦C for 48 h. The obtained white solids
ere recovered by centrifugation and washed with deionised
ater for three times, 0.1 M HCl solution once, and finally with
istilled water until a pH value about 7 was reached. In the wash-
ng process the wet cake was dispersed into 100 ml of water (or
cid solution) whilst stirring and then the solid was recovered
y centrifugation. The samples were dried at 110 ◦C for one day
nd then calcined at 400 ◦C for 3 h in air. The TiO2 nanostripes
ere prepared under the same procedure but using P25 as the

tarting material to react with NaOH solution. The BET specific
urface area of the calcined nanorods and nanostripes are 314
nd 469 m2/g, respectively, and the pore volumes are 1.51 and
.37 cm3/g, respectively.

The 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was pur-
hased from the Sigma Chemical Co. Rhodamine B (RhB, its
tructure is shown below.) and other chemicals involved in this
tudy were analytical reagent grade and were used without fur-
her purification. Deionized and doubly distilled water was used
hroughout this study. The pH of aqueous solutions was adjusted
y diluted NaOH or HClO4 aqueous solutions.

.2. Photoreactor and light source

The UV resource was a 100 W Hg lamp (λ > 330 nm, Toshiba
HLS-1002A). A 500 W halogen lamp (Institute of Electric
ight Source, Beijing), used as visible light source, was posi-

ioned inside a cylindrical Pyrex glass vessel surrounded by a
irculating water jacket of Pyrex glass to cool the lamp. A cut-
ff filter was placed outside the Pyrex jacket to completely filter
ut the light with wavelengths shorter than 410 nm and to ensure
hat the irradiation entering the reaction system was visible light
nly.

.3. Procedures and analyses

An aqueous dispersion of TiO2 catalyst and RhB dye was
repared for the photocatalytic test by dispersing 25 mg of TiO2
owder to a 25 ml solution containing the RhB at given con-
entrations. This reaction dispersion was magnetically stirred

n the dark for ca. 30 min prior to irradiation to establish the
dsorption/desorption equilibrium of the dye on the catalyst sur-
ace. At given irradiation time intervals, specimens (4 ml) were
aken from the dispersion, centrifuged, and subsequently filtered
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hrough a Millipore filter (pore size, 0.22 �m) to separate the
iO2 particles. The filtrates were analyzed by UV–vis spectra
ith a shimadzu-160 A spectrophotometer. Chemical oxygen
emand (COD) of the dispersions was measured by the dichro-
ate titration method [22] (referred to as CODCr). Total organic

arbon (TOC) of the filtrates was determined by TOC analyzer
Tekmar dohrmann Apollo 9000). Electron paramagnetic reso-
ance signals of radicals spin-trapped by DMPO were recorded
n a Brucker EPR 300E spectrometer [23,24]. The settings for
PR were: center field 3480 G, sweep width 100 G, modula-

ion frequency 100 KHz and power 10.02 mW. Raman spectra
ere measured with Renishaw 2000 spectrograph. Surface pho-

ovoltage spectra (SPS) were recorded with a homemade SPS
easurement system. X-ray diffraction (XRD) was measured on
igaka D/max-2500 using Cu K� radiation and a fixed power

ource (45 kV, 300 mA). The powder samples were scanned at
rate of 1◦ (2θ)/min over a range of 2–80◦. The microstructure
nd morphology of the samples were examined using a transmis-
ion electron microscope (FEI Tecnai 20) with the acceleration
oltage of 200 kV.

. Results and discussion

.1. The degradation of RhB

The changes in the concentration of RhB under UV and visi-
le irradiation in aqueous TiO2 nanorod dispersions are shown in
igs. 1 and 2, respectively. The adsorption of dye (the initial con-
entration of 2 × 10−5 M) on the catalysts was about 10–14%.
he absorption band of RhB at 554 nm decreased rapidly under
oth UV and visible irradiations and had a slight blue shift (see
ig. 1 inset), indicating the formation (or presence) of some N-
e-ethylated intermediates during the photocatalytic oxidation

f RhB. Similar phenomenon was observed in the SRB/TiO2
ystem [11,12].

From the results shown in Fig. 1 one can derive the rate
onstants of a pseudo-first-order reaction. For P25 and TiO2

ig. 1. RhB concentration decreases with UV irradiation time. Inset figure:
V–vis spectra of RhB (2 × 10−5 M, 25 ml, pH 3.5) in aqueous TiO2 nanorod
ispersions at different intervals of the irradiation time. Spectra from the top
o the bottom refer to before addition of TiO2 nanorod particles; equilibrium
stablished after addition of TiO2 nanorod particles (1 g/l); irradiation for 10,
0, 30, 45, 70, 100 min, respectively.
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ig. 2. RhB concentration decreases with irradiation time under visible light
rradiation.

anorods under UV irradiation, the constants are 3.72 × 10−2

nd 2.64 × 10−2 min−1, respectively. The pseudo-zero-order
ate constant was 6.84 × 10−3 M min−1 when TiO2 nanostripe
as used as a catalyst under the otherwise identical conditions.
he degradation rate on TiO2 nanorods is slightly lower than

hat on P25, while the degradation on TiO2 nanostripes is sub-
tantially slow, compared with those on the TiO2 nanorods and
25 catalysts under UV irradiation. There are several reasons
or this phenomenon. One reason is the amount of •OH pro-
uced on TiO2 nanostripes is relatively low under UV irradiation
according to the EPR spectral assays in Section 3.2). The •OH
adicals are the oxidation agent, which oxidizes organic com-
ounds [7–10]. Besides, the recombination of e− and h+ on
iO2 nanostripes could be much faster than that on P25 and

he nanorod. Blank experiments show that the degradation of
hB was negligible without UV irradiation or in the absence of
atalysts.

Under visible light irradiation, the pseudo-first-order rate
onstants for the photodegradation of RhB are 7.90 × 10−3,
.49 × 10−3 and 6.43 × 10−3 min−1 when P25, TiO2 nanorods
nd TiO2 nanostripes were used as catalysts, respectively
Fig. 2). The dye degradation under visible light was obviously
lower than that under UV light for all the three catalysts. How-
ver, the degradation rate achieved by the TiO2 nanorods was
bout 36% of the rate achieved by this catalyst under UV light,
hile the degradation rate on P25 under visible light was only
1% of the rate on the same catalyst under UV light. This leads
o interesting fact that under visible light the dye degradation
n TiO2 nanorods is the fastest. Moreover, the nanorod catalyst
as much easier to be separated from solutions compared to P25.
he nanorods sedimentated from an aqueous suspension in an

our. In contrast, the aqueous suspensions of P25 were unclear
fter several hours. This is a profound advantage when the cat-
lyst is used in practice because separating ultra-fine catalyst
owders has serious problem, which impeded the applications
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nanorods within 180 min of irradiation, respectively. Under vis-
ible irradiation, the COD variation values were 31% and 30%
within 720 min for P25 and TiO2 nanostripes, respectively. This
value for the TiO2 nanorods was 68% indicating a much faster
ig. 3. TOC changes in the course of the photocatalytic degradation of RhB
4 × 10−5 mol/L, 100 mL) in the presence of catalysts (100 mg) at pH 3.5 under
V irradiation.

f TiO2 photocatalysts at industrial scale [9]. Blank experiments
ndicate that RhB did not degrade in catalyst suspensions in the
ark, and the degradation of RhB under UV irradiation was neg-
igible in the absence of catalysts.

Why do P25 particles show almost the same dye degradation
erformance under UV light as nanorods in the light of the fact

hat the surface area of the latter has an additional contribution
o dye degradation under the visible light irradiation? We should
onsider their different reaction mechanisms. Under visible light
rradiation, electrons transfer from the excited dye to the con-

ig. 4. TOC changes in the course of the photocatalytic degradation of RhB
4 × 10−5 mol/L, 100 mL) in the presence of catalysts (100 mg) at pH 3.5 under
isible light.
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uction band of TiO2. A bigger BET surface area and a stronger
dsorption of dye are a necessary condition to finish this pro-
ess so that nanorods have a better reaction activity than P25.
nder UV light irradiation, TiO2 is excited to produce electron

nd hole pairs. The recombination of electron and hole pairs and
he reaction rate of interface decide the reaction efficiency. The
ecombination of electron and hole pairs of P25 is less likely
han nanorods so that the reaction activity of P25 is better than
anorods.

The changes of COD could also reflect the extent of the
egradation reaction of the dye. Under UV irradiation, the COD
ariation values for the irradiated RhB/catalysts suspensions
ere 62%, 22% and 77% for P25, TiO2 nanostripes and TiO2
ig. 5. (a) The intensities of hydroxyl radical signals under UV irradiation.
he inset figure is the hydroxyl radical EPR spectra of TiO2 nanorod/RhB sys-

em under UV irradiation (355 nm laser). The reaction conditions were pH 3.5
RhB] = 4 × 10−5 M. (b) The intensities of peroxide radical signals under UV
rradiation. The inset figure is the EPR spectra of peroxide radical in the TiO2

anorod system under UV irradiation (355 nm laser). The reaction condition is
RhB] = 4 × 10−5 M.
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ineralization on the nanorods than that on P25 and TiO2 nanos-
ripes.

Decreases in TOC can also reveal the extent of the dye degra-
ation in the photocatalysis systems. The TOC changes under
V and visible irradiation are shown in Figs. 3 and 4, respec-

ively. Under UV irradiation, TOC values decrease to 1.1, 2.1 and
0.9 ppm by P25, TiO2 nanorods and TiO2 nanostripes, respec-

ively, from about 13 ppm within 530 min of irradiation. These
esults are consistent with the kinetic data. Under visible irradia-
ion, the pseudo-zero-order rate constants for the degradation of
hB were 0.438 and 0.439 h−1 ppm when using P25 and TiO2

ig. 6. (a) The intensities of hydroxyl radical signals under visible light irra-
iation. Inset figure is the hydroxyl radical EPR spectra of TiO2 nanorod/RhB
ystem under visible light irradiation, 532 nm laser. The reaction conditions are
H 3.5 [RhB] = 4 × 10−5 M. (b) The intensities of peroxide radical signals under
isible light irradiation. Inset figure is the EPR spectra of peroxide radical in the
iO2 nanorod/SRB system under visible irradiation (532 nm laser). The reaction
ondition is in [RhB] = 4 × 10−5 M.
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Fig. 7. Raman spectra of TiO2.

anorods as catalysts, respectively, and TOC values decreased
o 1.8 ppm and 3 ppm after irradiation of 25 h. The pseudo-first-
rder rate constant for the degradation of RhB was 0.0958 h−1

or TiO2 nanostripes, being substantially smaller than those on
he other two catalysts.

.2. EPR spectral assays

The EPR spectra under UV irradiation are shown in Fig. 5. No
ignals were detected without irradiation. However, the charac-
eristic DMPO–•OH adducts with 1:2:2:1 quartet patterns [25]
ppeared in the presence of photocatalysts under UV irradiation
seen in Fig. 5a). P25 produced the largest amount of •OH, while
iO2 nanostripes produced the least. DMPO–O2

•− adducts with
ix characteristic peaks [26] can be obtained in methanol solvent
inset in Fig. 5b). P25 produced large amount of O2

•−, while the
ther two catalysts produced small amounts of these species.
OH and O2

•− are active species for the photooxidation of dyes
•
o that the amount of OH radicals produced by the catalysts

s crucial to their catalytic performance. Therefore, it is antic-
pated that the degradation rate of P25 is the fastest under UV
rradiation.

Fig. 8. XRD patterns of TiO2.
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Both DMPO–•OH and DMPO–O2
•− were observed in the

isible irradiation of the RhB/catalyst dispersion (Fig. 6). There
re two classes of EPR peaks in Fig. 6a: one is due to
MPO–•OH, and the other is due to DMPO–•H. This is in agree-
ent with the previous studies [27–29]. The systems of three

ifferent catalysts produce similar amounts of •OH (Fig. 6a).
iO2 nanostripes produced the largest amount of O2

•−, while
he smallest amount of O2

•− was produced by P25.
.3. Raman, XRD and TEM results

The Raman spectra of the samples are depicted in Fig. 7. The
aman peaks of anatase and rutile have been well documented

e
w
d
3

Fig. 9. TEM images of TiO2: (a) nan
s A: Chemical 261 (2007) 131–138

30], and thus the Raman spectra of the samples can provide
nformation of the crystal phases in the samples. The peaks of
natase phase can be observed in the Raman spectra of P25 and
iO2 nanorods, which consist mainly of anatase nanocrystals.
ut TiO2 nanostripes were neither anatase nor rutile but a sort
f titanate. These conclusions are supported by XRD results of
he samples (Fig. 8). The difference in structure could be the
eason for TiO2 nanostripes exhibited slowest the degradation
ate under UV irradiation. The nanorods we obtained had diam-

ter of ca. 3–5 nm and lengths of ca. 20–40 nm. The nanostripes
ere about 10 nm wide and over 100 nm long (Fig. 9). Both are
ifferent from P25, which are particles with a diameter about
0–50 nm.

orods; (b) nanostripes; (c) P25.
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ig. 10. UV–vis diffuse reflectance spectra of TiO2. Curves 1–3 denote P25,
iO2 nanorod and TiO2 nanostripe, respectively.

.4. UV–vis diffuse reflectance spectra

UV–vis diffuse reflectance spectra of the catalysts are shown
n Fig. 10. Both 1D-nanoparticle catalysts had a slight blue shift,
ompared to P25.This blue shift can be attributed to the fact
hat the anatase crystal size in 1D-nanorods is smaller than that
n P25. The decrease in the size of semiconductor crystals at

scale of 10 nm or below causes increase in the band gap of
he crystals [31]. The TiO2 nanorod sample has a large specific
urface area (314 m2/g) and a small crystalize size of anatase.
ecause the photocatalytic reaction takes place on the surface of

he catalysts. Therefore, the TiO2 nanorod sample has a larger
natase surface available for the degradation reaction, and it
hould exhibit superior photocatalytic activity under visible light
rradiation.

.5. Surface photovoltage spectra (SPS) results

A blue shift can be observed for TiO2 nanorods and nanos-
ripes in relative to that for P25, and the peak intensity of the
wo samples is smaller than that for P25 (Fig. 11). These results
mply that larger energy is required for exciting TiO2 nanorods
nd nanostripes than exciting P25. In other word, the photons
ith shorter wavelength can activate the degradation. The pho-

oresponse of P25 was stronger than that of TiO2 nanorods and
anostripes as the spectra illustrated. The results suggest that
nder identical UV irradiation more excited electrons and holes
re generated on P25 than on the other two catalysts. Therefore,
he photocatalytic activity of TiO2 nanorods and nanostripes is
ower than that of P25 under UV irradiation. The difference in
hotoresponse between the three materials could be attributed

o their difference in crystal phases in the samples. P25 contains
bout 80% of anatase and 20% of rutile, nanorods are anatase
nd nanostripes are titanate. Anatase is generally regarded as the
ost active for the photocatalysis among the TiO2 polymorphs

s
r
i
h

Fig. 11. Surface photovoltage spectra (SPS) of TiO2.

9,32], however, this argument could not provide convincing
nterpretation to our results in this study. Recently, it has been
uggested that the interfaces between nanocrystals of different
hases could make a very large contribution to the catalytic activ-
ty [33]. It appears that the interfaces between anatase and rutile
anocrystals in P25 result in the strong photoresponse and thus
he better catalytic performance under UV light. The anatase
anorod sample has a large specific surface area but not such
nterfaces, while nanostripes are titanate, which absorb light of
hort wavelength as illustrated in Fig. 10.

. Conclusions

TiO2 nanoparticles with one-dimensional (1D) geometry
re effective catalysts for photodegrading Rhodamine B (RhB)
nder both ultraviolet (UV) and visible light irradiation. In
articular, the nanorods catalyst exhibit an performance even
etter than that of the well-known TiO2 photocatalyst P25
nder visible light. This is an important property, which allows
o utilize less energetic but more abundant visible light. The
hotodegradation of the dye under visible light follows the
echanism we previously proposed [7–10]. These radicals

re oxidation agent, which oxidizes the dye to CO2, H2O
nd mineral substances. In addition, the 1D dimension of the
anoparticles has an important advantage in the separation after
eaction. These advantages greatly enhance potential of the
atalyst for environmental applications. Under UV irradiation,
he catalytic activity of the anatase nanorods is slightly below
hat of P25, and the activity of the titanate nanostripes is sub-
tantial lower. This can be attributed to the crystal phase and the
nterface between the nanocrystals of the catalysts. The anatase
anorods have a large surface area but no interfaces between
natase and rutile nanocrystals which could be response for the

trong photoresponse observed in surface photovoltage spectra
esults, and thus for the superior catalytic activity under UV
rradiation. The titanate nanostripes can absorb UV photons with
igher energy (shorter wavelength) only. This study illustrates
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hat the structure and morphology of the TiO2 nanoparticles
ave important effect on their catalytic performance and the
esults are useful for the design of new TiO2 photocatalysts.
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