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Abstract

A new method to dope Zfi ions only onto the surface of titanium dioxide is proposed here. The photocatalygtZnpexhibits higher

photocatalytic activity than pure TiCfor the degradation of methyl orange in water. The activity increases when separate ZnO phase is

removed via an acid treatment. The results of FT-IR, XRD, AAS and XPS analysis show thafttier&nare located on the surface of FiO
nanoparticles and bonded with oxygen atoms around it. TR& ims on the surface inhibit electron—hole pair recombination as a charge

separation center.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium dioxide has received a lot of attention as a
promising material for photocatalysj&], liquid solar cell
[2] and degradation of pollutan{8]. The photocatalylic
efficiency of TiG; depends partially upon the relative de-
gree of branching of the reactive electron—hole pairs into
interfacial charge-transfer reactiof#§. In order to enhance

[18,19] have prepared 21 metal ions-doped Jiblloids
using this method and conducted systematic studies on them.
This method allowed the metal ions located both inside and
outside the lattice. In this doping system, the charge trapped
by metal ions in lattice needs to transfer to the interface to
initiate the photoreaction, therefore, the charge release and
migration in the lattice are equally important as well as the
charge trapping.

interfacial charge-transfer reactions, the catalyst has been Here, we report a new doping method, by which metal

modified by selective metal ion doping of the crystalline
TiO, matrix [5-19]. For example, F& - and Ag"-doped
TiO» were shown to increase the efficiency of the oxida-
tion of sucrose to carbon dioxidd4]; Ti1_,Zr,O, solid
solution exhibited higher photocatalytic activity than pure
anatase Ti@ [16]; Mo°t-doped TiQ enhanced photode-
composition of Rhodamine BL7]. The presence of metal
ion dopants in the Ti@ crystalline matrix significantly in-

ions are doped on the TiGsurface rather than in the lattice.

In this system, the transfer of charge trapped by metal ions
from the inside of lattice to interface can be neglected be-
cause there is no metal ion doped in lattice. The metal ions
(zinc ions) act as a charge separation center on the Ji®
face to enhance the photocatalytic activity. Surface-doped
TiO» is prepared via a ligand exchange reaction between
zinc acetylacetonate and hydroxide radicals orp BQrface.

fluences photoreactivity, charge carrier recombination ratesThe approach is also applicable to prepare other transition

and interfacial electron-transfer rates.
Generally, the transition metal-doped Bi@as prepared
by adding metal salt into the Tirolloid [5-19]. Choi et al.
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metals surface-doped TOThis is not the first report on
Zn-doped TiQ [19], but actually a yet-unreported method
for preparing surface-doped Ti@o the best of the author’s
knowledge.

The photocatalytic activity of the new system for degra-
dation of methyl orange was determined. The characteriza-
tions were also done using FT-IR, XRD, AAS and XPS.
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In addition, a photocatalytic mechanism of this new system performed in a light reactor. The catalysts were dispersed in
was proposed here based on the experimental results an@é 20 mg/L methyl orange aqueous solution. The weight of
theoretical considerations. the photocatalyst used in each experiment was kept at 0.2 g.
The reactor was sparged with air at 0.%mand illuminated
by a 400 W high-pressure mercury lamp. The concentrations
2. Experimental of methyl orange solution were quantified by a VIS-7220
spectrophotometer at 464 r20].
2.1. Synthesis of TiO, nanoparticles

A sample of tetrabutyl titanate (98%, Beijing Chemical 3, Results
Factory, Beijing, China) dissolved in absolute ethanol at a
volume ratio 1:14 was added dropwise under vigorous stir- 3.1. Analysis of FT-IR results
ring to a mix solution which contained acetic acid, abso-
lute ethanol and distilled water at a volume ratio 3:10:10.  The FT-IR spectra are shown ifig. 1L The reaction
The resulting transparent colloidal suspension was evapo-between TiQ nanoparticles and Zn(acac)esulted in the
rated (35'C) and dried under vacuum, and finally annealed white powdered product. From its spectra, three peaks at

at 500°C for crystallization. 526cnTl, 1411 cnt! and 1570 cmt can be observed. Ac-
_ _ cording to the standard spectra of acetyl acetone and, TiO
2.2. Synthesis of zinc acetylacetonate two peaks should be attributed to the ligand acac, 1411tcm

_ for -CHz and 1570cm? for a combined C-C and C-O

Acetyl acetone (99%, Beijing Chemical Factory, Beijing, stretching vibrations, and the other strong peak at 526'cm
China) was added to the ethanol solution of Zn¢Aejder  should be attributed to Ti—O in T After annealing, the
stirring. The white product was produced after 8 h and sepa- two characteristic peaks of —acac disappear, and there is only
rated from solution by filtration. After washing with ethanol  a strong peak at 495 cm. It indicates that the organic lig-
and dried .under vacuum, the pure Zn(agagas ready for  and was completely eliminated after annealing at3D0At
next reaction. the same time, the metal oxide Ti(2Zn) was formed by

thermolysis of the powdered prodyetl].
2.3. Synthesis of TiOz(-Zn) nanoparticles
] o 3.2. Analysis of XRD and AAS

TiO2 nanopowders were added to an acetonitrile solu-
this solution was centrifugalized and washed with distilled Tjo,(-zn) and that with HCI solution treatment are shown
water to obtain the powdered product. The powdered prod- j, Fig. 2 XRD results show that the oxide T}3Zn) formed

uct was dried under vacuum and annealed at"&DAs it in annealing procedure is mainly in anatase phase, and some
cooled down naturally, it was treated with 1 M HCI aqueous

solutions under stirring for 4 h. The acid treatment was re-
peated several times until the pH value of HCI solution had
no change any more after treatment. The final product was
washed with distilled water and dried under vacuum.

526 cm™t

2.4. Characterization of TiO2(-Zn) nanoparticles

The FT-IR analysis was carried out by a Nicolet AVATAR
360. X-ray diffraction patterns were recorded with a Rigaku
Model D/max 2400 diffractometer using CuaKradia-
tion. The elementary composition was determined by an
atomic absorption spectrometer (AAS, WFX-10) using
flame method. XPS measurements were performed in an
X-ray photoelectron spectrometer PHI-5702 using the Al
Ka X-ray beam. All the binding energies were referenced
to the Gs peak at 284.8 eV. S T O S R T
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2.5. Measurement of photocatalytic activity Wavenumbers(cm™)

Relative absorbance
51411 cm™
»1570 cm™

. L. . . Fig. 1. FT-IR spectra of: (a) the product obtained from the reaction
Photocatalytic activity experiments of T33Zn) nanopar- between TiQ and Zn(acag) and (b) the metal oxide obtained after
ticles for the degradation of methyl orange in water were annealing.
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Fig. 2. XRD patterns of: (a) the metal oxide TiZn) and (b) that with Binding energy (eV)
HCI treatment.
Ti2p (b)

ZnO is also present in Tig)-Zn) powder. To remove these
ZnO, the TiQ(-Zn) powder was treated with HCI solution. 458.30eV
The XRD pattern of TiQ(-Zn) with HCI treatment shows

that the final product is in pure anatase phase and there
is no separate ZnO phase or other phase in it. The result

of AAS analysis shows that 0.75mol% Zn of T@s still 0
found in the final product. Therefore, we can exclude the &
possibility of Zrf+ substituting the lattice position of 4 464.056V

in TiO, crystalline; otherwise the XRD peaks for anatase
would be shifted to some extef22]. It can be inferred
from the results of XRD and AAS that 2h ions in pure
TiO2(-Zn) (without separate ZnO) should be located on the
surface of TiQ particles.

1 . 1 . 1 . 1 . 1
470 465 460 455 450

3.3. Results of XPS measurements Binding energy (eV)

According to XPS measurement on the final prod- M9 3 XPS spectrum of: (2) Zp and (b) Thp in final product.

uct (Fig. 3), a binding energy of Ziz, is observed at

1021.17 eV, which is typical of Zt that bonds with oxy- product under UV light irradiation are shown fig. 4. For
gen atoms. The binding energies fopgl» and Thpy» are pure TiQ, the residual methyl orange are 0.859, 0.748 and
at 485.3eV and 464.0eV, respectively. These values are0.685 corresponding to irradiation time 1 h, 2h and 3 h. For
consistent with those reported for titanium in piBased final product, there remain 0.742, 0.542 and 0.403 methyl
on the peak area ratio, there is about 5.65 mol% Zn obTiO orange after irradiated for 1 h, 2h and 3 h. The final prod-
in the final product, which was much larger than the result uct (pure TiG(-Zn)) had highest activity among the three
of AAS analysis. Because the XPS result corresponds to thecatalysts. The metal oxide T3Zn) without HCI treating
surface composition, while AAS result gives the average showed lower activity than pure Tg3Zn) did, and the resid-
composition of the sample, it can be concluded that'Zn  ual methyl orange are 0.799, 0.637 and 0.528 for the same
ions are primarily located on the TiOsurface. The XPS irradiation time.

results lead to the conclusion that the dopant zinc presents

as Zrft on the surface of Ti@ and bonds with oxygen

atoms. 4. Discussion

3.4. Photocatalytic activity for degradation of methyl 4.1. Synthesis process of TiOz(-Zn)
orange in water
TiO2 nanoparticles have a large number of dangling bonds
The percent of residual methyl orange at different stages —OH on its surface and these dangling bonds have high reac-
over pure TiQ, the metal oxide Ti@(-Zn) and the final tivity [4]. On the other hand, the ligands of Zn(acdaave
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Fig. 4. The residual methyl orange at different irradiation time for: (a)
pure TiQ, (b) the metal oxide Tig(-Zn) and (c) the final product (pure
TiO2(-Zn)).

protophilia which can make the proton in —OH more ac-
tive [21]. Therefore, it is possible that ligand exchange takes
place between the dangling bongs and ligands of Zn(acac)
The exchange reaction is proposed as follows:

Zn(acag, + Ti-OH — Zn(acag(—O-Ti) + Hacac (1)

According to the results of FT-IR analysis, the reaction
product between Ti®@and Zn(acag)is the precursor of the
oxide TiOy(-Zn). When annealed at 500C, the precursor

takes a thermal decomposition and the organic ligands are

burnt away. The oxide Tigf-Zn) formed in annealing pro-
cedure consists of pure anatase A[{@n) and separate ZnO.

The separate ZnO we find in XRD patterns is the resultant

of thermolysis of the Zn(acag)adsorbed on Ti@ by ph-

ysisorption. Since the separate ZnO is removed, according

to the results of XRD, AAS and XPS, it can be concluded
that Zrf+ ions in pure TiQ(-Zn) are primarily located on
the surface of TiQ nanoparticles and bonded with oxygen
atoms around them. The brief synthesis process of (FKD)

is illustrated byFig. 5.

oD

@ Zn(arac),
s

Q

Fig. 5. The synthesis process of Bin) catalyst.
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4.2. The photocatalytic mechanism

The results of degradation experiments shows that both
TiO2(-Zn) with and without HCI treatment have higher pho-
toactivities than pure Ti@for the degradation of methyl
orange. That should be ascribed to the doping &tZithe
foreign metal ions, in the surface of Tibecause the for-
eignh metal ions are helpful for inhibiting electron—hole pair
recombination[4,23,24] and enhancing interfacial charge
transfer reaction§l8]. It can be seen that the photoactiv-
ity of TiO2(-Zn) was increased when treated with HCI so-
lution. The reason for that is primarily because the excess
ZnO in TiOz(-Zn) shield the photocatalyst from UV light.
When the excess ZnO is removed, the photoactivity is en-
hanced. Additionally, the acid treatment promotes the sur-
face acidity, which also increases the photocatalytic activity
of TiO, [25—27] Based on experimental results, we propose
that the photocatalytic reactions of Ti(®Zn) nanoparticles
take place by the following mechanism:

TiOp +hv — € +ht (2
TiY +e - Ti%t (3)
Zn*t e - znt (4)
>OH™ + ht — >OH* (5)
e (orTi*t, znt) + 0 — O~ (6)
h*(or>0OH*,) + R — R" (7)

where O is an electron acceptor (oxidant) and R is an elec-
tron donor (reductant). Choi et dll8] suggested that the
charge release and migration in the lattice should not be ne-
glected and was equally important as well as the charge trap-
ping because the trapped charges need to be transferred to
the interface to initiate the photoreactions. In this J{#2n)
system, the dopant 2 ions are located on the surface of
catalyst rather than in TiQlattice, therefore, the charge re-
lease and migration in the lattice can be neglected for the
charge trapped by 2 in the TiOx(-Zn) system. The Z#"

ions on the surface of catalyst enhance the charge trapping
and inhibit the e/h* pair recombination as a charge sepa-
ration center. It should be noticed that the hole trapping of
Zn?t after the photoexcitation is less efficient than the elec-
tron trapping of ZA*, because it is difficult for Z%Iglo(ls())

to lose a more electron. However, the?Znions enhance

the photoactivity by trapping electron that enhance the sep-
aration of photogenerated electrons and holes, leaving holes
available for oxidation of organic molecules.

5. Conclusion
TiO nanoparticles doped with 2h on its surface can be

successfully prepared via a ligand exchange reaction and a
further thermal treatment. The nanoparticles exhibit higher
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