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Abstract

Zirconium ions (Zf+)-doped titanium dioxide (Tig) nanocrystal was prepared by sol-gel method. The structure and surface morphology
of the samples were characterized by X-ray diffraction (XRD), infra-red (IR) spectra and transmission electron microscopy (TEM), and
moreover the specific surface area of the samples was investigated by Brunauer—Emett—Teller (BET) method. The photocatalytic efficiency
and the anti-inactivation stability of pure and doped Jifas tested by decolorizing methyl orange and degrading nitrobenzene solution.
The results showed that low-amount presence 6f Zould suppress the growth of Ti@rains, raise the surface area, and accelerate surface
hydroxylation, which resulted in the higher photocatalytic activity of the doped.Ti@e first degradation results of doped samples were all
higher than pure Ti@and TiQ, Degussa R, and when the Zt content was 6 mol%, the photocatalytic efficiency afghZros0. was 1.5
times as high as that of pure TiGwestigated by spectrophotometry and gas chromatography; however the Degyssaéhted the highest
anti-inactivation stability.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction fully at low temperaturg9,10]. But little attention was paid
to Zr*+-doped TiQ used as photocatalyst.
Nanometer scaled Ti©is a quite stable photocatalyst In this paper, Zt*-doped TiQ nanocrystal was prepared

with the virtues of nonpoisonous, cheap, easy obtainment, by sol-gel method and Zt was introduced in the form of

etc. In addition, TiQ photocatalyst has the functions of inorganic salt ZrOGl. And the photocatalytic efficiency of

sterilize, desodoration, surface self-cleaned. So, it is usedthe samples was investigated by spectrophotometry and gas

extensively in the air purification and sewage treatment chromatography. At the same time, by analysing its struc-

fields [1-3]. However, because of its big forbidden band ture and surface morphology the effects ofZon photo-

only ultraviolet with the energy of more than 3.2eV can catalysis properties were studied.

stimulate its photocatalytic action, which limits its applica-

bility to great extent. In order to enhance its applicability

and photocatalytic property, undoubtedly, ion doping and 2. Experimental

composite semiconductors are important measures, &0

an important material widely used in ceramics technology  Samples of Zt+ doped TiQ were prepared by sol—gel

[4] and in heterogeneous catalyfst]. TiO2 and ZrQ are method using Ti(OGHg)4 (C.R), ZrOCh(C.R) as raw ma-

both n-type semiconductors. So, in recent yearsFa0, terials and hydrochloric acid (HCI A.R) as catalyst. The

system used as potential photocatalyst has been reportedio, sol was obtained by the following: Ti(QElg)s was

[7,8] and the solid solution ZrTipwas obtained success- dissolved in GHsOH (about 2/3 vol.) forming the solu-
tion of precursor. Secondly, the mixture ofldsOH (about

* Corresponding author. Tel:86-5318605148; fax+-86-5318619798.  1/3 vol.), HCl and HO was mixed dropwise into the pre-
E-mail address: swliu@icm.sdu.edu.cn (S.W. Liu). cursor solution under magnetic stirring. The molar ratio
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of Ti(OC4Hg)4:CoHsOH:H,O:HCI was 1:20:1:0.1. At the  tometer at a wavelength of 465 nm. The discoloration ratio
same time, ZrOGlwas decentralized in £H50H and HO (n) and the concentratiorC] of the degraded methyl or-
was mixed dropwise into the suspension according to the ange solution could be obtained accordind1a] and the
molar ratio of ZrOC$:CoH50H:H20 (1:40:5). The Zr@ sol results were shown ilable 2 Afterwards, in order to ver-
was also obtained. Finally, adding Zr®ol to TiO, sol the ify their photoactivity, we degraded nitrobenzene solution.
mixing sol was obtained after 3 h stirring at room tempera- The illuminant, the amount of catalyst used and the illumi-
ture. The sol could solidify after about 24 h aging, and after nation distance were same to methyl orange solution; the
5h drying at 100C the xerogels were obtained. Then the initial concentration and the pH value of nitrobenzene solu-
xerogels were annealed at 50D for 15min and the pure tion were 20 mg/l and 5.1, respectively. The concentration
and doped TiQ powders were obtained after grinding. The (C) and the degradation ratg)(of the nitrobenzene were
doping molar ratio of Zt* wasx (x = 0, 0.02, 0.04, 0.06,  detected by SP-6800 gas chromatography.
0.08, 0.10, 0.12) and the correspondent samples were ex-
pressed as Ti,Zr,0,.

The crystalline structure of the samples annealed at3. Results and discussion
500°C for 15min was investigated by XRD on Japan
RigaKu D/MAX 2200PC diffractometer with Cu K ra- From the XRD patterns of the samples annealed at600
diation @ = 0.15418 nm) and graphite monochromator. (shown inFig. 1), all the diffraction lines are assigned to
Transmission electron microscopy (TEM) was carried out tetrahedral configuration anatase and there are no diffrac-
on a TEM-100CXIl transition electron microscope. The tion lines of new phases of ZrTidand ZrGQ. According
IR spectra were carried out on NEXUS 670 FT-IR in- to the Scherrer equatiod (= kA/B cost), we can evaluate
strument. The specific surface area was investigated bythe grain size (the grain size of pure BiOTig.94Zrp.0602
Brunauer—Emett—Teller (BET) method on ST-08A metering and Th ggZro 1202 are 13.3, 10.3 and 11.4 nm, respectively),
equipment. which show the doping of the Zr can suppress the grain

First, the photocatalysis property and anti-activity stability growth and lead to the smaller grain size. Comparing to
were investigated by decolorizing methyl orange under the that of pure TiQ broadened diffraction peaks and diffrac-
illumination of 20 W/220V UV lamp for 0.5h. The amount tion Bragg angles moving to low-angle range can also be
of catalyst used was 3 g/l, the illumination distance was 8 cm, observed, that is to say, the introduction of Zcontributes
the initial concentration and the pH value of methyl orange to the lattice deformation.
solution were 20 mg/l and 5.8, respectively. In ordertoinves- TEM micrographs of pure Ti@and Tb.94Zrg0602 an-
tigate the catalysts’ anti-inactivation stability, the degraded nealed at 500C for 15 min are shown iRig. 2 Itis observed
suspension was centrifugally separated on LG10-2.4A cen-that the nanoparticles are spherical and grain agglomeration
trifugation instrument; afterwards the precipitated catalyst appears. According to the micrographs, the grain size can
was washed by distilled water for several times and the dried also be estimated (the average grain size of pure &l
catalyst was used repeatedly. The absorbance of the methyTip g4Zrg.0602 is 14 and 10 nm, respectively), which is con-
orange solution was investigated on a U-3500 Spectropho-sistent with the XRD results.
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Fig. 1. The XRD patterns of the samples annealed at’80fbr 15min: (a) pure Ti@; (b) Tio.94Zro.0602; and () Th.gsZro.120o.
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Fig. 2. TEM micrograph of the samples annealed at ®D@or 15 min:

(@) pure TiQ; and (b) Tb.94Zr0.0602.

Fig. 3 shows IR spectra of Ti§ Tig.94Zrp0602 and
Tig.04Zr0,0602 powder heat-treated at 50Q for 15 min. In
all spectra, bands appear at around 3384, 2920, 2850, andnner is different from that of interface for the surface atoms

1620cmr!. The bands at 3384 and 1620chrepresent

Table 1

The surface area of different samples

X (Zr*t mol%) Sset (M2/g)
0 35.4941
0.02 65.8654
0.04 74.9432
0.06 84.6582
0.08 87.1300
0.10 90.4418
0.12 93.7712
Pas 47.4502

the stretching and bending vibrations of O—H bond, and
in Fig. 3b the adsorption intensity strengthens obviously
implying the surface hydroxyl amount of gld4Zro 0602

is higher than the other samplgE2]. The bands at 2920
and 2850cm! are due to the C—H bonds of the or-
ganic compounds. The absorption peaks in the range of
1300-1500 cm? are the vibrational fingerprint lines of or-
ganic bond. InFig. 3b and ¢the band around 2970 cth
represents the stretching vibrations of H-Cl bond and no
band appears iffig. 3aat around 2970 cm', which are
due to Zf* ions introduced by ZrOGlbringing more Ct

to the sample. In the range of 400-700¢mthe adsorp-
tion band broadens into a absorption terrace. There are two
reasons for the terrace. Firstly, the dimension of the grains
distributed in a range can result in the different surface
tension and the different lattice deformation. So, the bond
length has a distribution range. In addition, the interface
volume of nanomaterial holds a big ratio and the bond of

coordination number is inadequdtis].
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Fig. 3. The FT-IR spectra of the samples annealed at60fdr 15 min: (a) pure TiQ; (b) Tip.94Zr0.0602; and (c) Tb.gsZro.1202.
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Table 2

The testing results of decolorizing methyl orange EUE —:—1:83430.0602
" —A— Ti0.882r0.1202
X (Zr** mol%) 30 v P2
000 002 004 006 008 010 0.12 P S 70 4
m (%) 5053 77.64 7820 87.70 814 763 7016 57.21 = g \
n2 (%) 617 529 629 678 664 595 56.6 46.2 e v -
ns (%) 248 144 273 322 239 169 142 39.6 & 501 ><
na (%) 139 120 244 254 234 156 81 351 @ ] ” ,
N ———
Notes: n1, 12, n3 and ns, respectively, represent the first, second, third 5 30 4 \ v
and the fourth decolorizing rate of methyl orange. § \\.
Q 20 \
A
For a better explanation of the photocatalytic results, the 10 4 \:
specific surface area of the samples was investigated and the : : : :
values are listed iable 1 FromTable 1 the values of doped 1.0 20 30 40
samples are obviously higher than that of pure sTehd Used Times

Degussa B and they increase with the increasing amount
of Zr*+ ion, and furthermore when the Zr content was
12 mol%, the value of BiggZro 1202 is 2.6 times as high as
that of pure TiQ and two times as high as that of Degussa matography spectra of the nitrobenzene solution. Ffagmb5
Pos. This shows that the presence of*Zrcan obviously andTable 3 we can observe the changes of the peak area,
raise the surface area of the samples. the degradation ratio;j and the solution concentratio@),

The results of decolorizing methyl orange are shown in implying the photocatalysis activity of the samples. We can
Table 2 FromTable 2 we can see that the decolorizing ra- see that)c is about 1.5 times ofi, that is to say, the photo-
tio of the doped powders is not only higher than that of the catalytic activity of Th 94Zr0.0602 is 0.5 times higher than
pure TiG, but also higher than that of Degussg.PThe that of pure TiQ at the same condition.
decolorizing ratio increases and then decreases with the in- The photocatalytic efficiency depends on the ratio of
creasing amount of 2t ions. When the Z¥t content is the photo-generated surface carriers transfer rate to the
6 mol% the decolorizing ratio of the samples is the highest. electron-hole (e/h™) recombinatior(1,15]. The increased
We can also observe that decolorizing ratio decreases withphotocatalytic activity of the doped powders has three as-

Fig. 4. The curves between used times and decolorizing ratio.

the increasing of used times, that ig, > n2 > n3 > na. pects. Firstly, according to the diffusing equations r/72D
In order to verify its changing tendency, we select the rep- (r represents the average diffusing timéhe grain size and
resentative results of Ti) Tig.94Zr0.0602, Tig.gsZro.1202, D the diffusing coefficient of carriers), the average diffusing

P25 to plot between the used times and discoloration ratio time is in direct proportion to the grain size. As such, the
(Fig. 4). From Fig. 4, we can observe when the samples smaller grain size contributes to the shorter diffusing time of
have been used two times their photoactivity decreases. Bythe photo-generated carriers from the inner to the surface. In
comparing the decreasing tendency, we can conclude theaddition, research displays that the electron and hole can be
following anti-inactivation stability order: B > TiO, > captured speedilii6]. Therefore, the smaller grain size can
Tig.04Zro.0602 > TigggZro.1202. The anti-inactivation sta-  enhance separation efficiency and cut down the combination
bility of TigggZro1202 is the poorest, and that of Degussa efficiency of the photo-generated electric charge. Secondly,
P,s is the best. This can be ascribed to the bigger surfaceZr** is isoelectronic impurity and belongs to deep energy
area of the doped samples, which have bigger adsorptionlevel doping[17]. So, the main function of 2t doped is
ability to the smaller molecules compared to pureJliend forming the traps, which can trap electrons or holes to sup-
as a result most of the active positions are blocKeq. press the combination of én™. According to the equation
Table 3shows the degradation results investigated by gas[18], Kcombination X eXp(—2R/ag) (K represents the combi-
chromatography anBig. 5 are the representative gas chro- nation velocity,R the distance of separating electron and

Table 3
The degradation results of nitrobenzene investigated by gas chromatography

X (Zr*t mol%)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 25P Standard solution
Retention time (min) 0.710 0.715 0.718 0.720 0.717 0.715 0.712 0.714 0.713
Peak area 2003 1833 1812 1777 1798 1844 1902 1932 2421
C (mg/l) 16.5 15.1 15.0 14.7 14.9 15.2 15.7 16.0 20.0

n (%) 17.3 24.3 25.2 26.6 25.7 23.8 21.4 19.9 -
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Fig. 5. Gas chromatograms of the nitrobenzene solution: (a) the standard solution; (b) the solution degraded 2h by, para T the solution
degraded 2h by ®ieaZro.0602. Chromatographic conditions: FID detection; carrier gas; iNjection amount: Lul; and column temperature: 19C.

hole, andag the resembling hydrogen wave equation radius Harada[24] has investigated the influence of light intensity

of the capture carriers), the velocity of &t combination on quantum vyield under different pH value. In this paper,

is determined by the distance of separating electron andwe have controlled the pH value of the methyl orange and

hole (that is the so-called average distance between captureitrobenzene solution to be 5.8 and 5.1, respectively.

traps). Therefore, when the doped concentration is less than

the optimum value, there are no enough traps to capture the

charge carriers. And when the concentration is more than4. Conclusion

the optimum value (in this paper is 6%), the smakecan

result in the exponential growth dfcompination Thirdly, Zr**t-doped TiQ nanopowder with higher photocatalytic

according to the IR spectra the surface hydroxyl amount of activity has been successfully prepared by sol-gel method.

Tio.94Zr0,0602 is the highest, which is not only favor for the  The photocatalytic activity of the doped samples is higher

trapping of electrons to enhance the separation efficiencythan that of pure Ti@, when the content of 2t is 6 mol%,

of electron-hole pair, but also favor for the forming of sur- the photocatalytic efficiency of the sample is 1.5 as high as

face free radical®OH) to oxidize the contaminants. So, the that of pure TiQ. The introducing of ZH leads to smaller

photocatalytic activity of Tg.94Zro.0602 is the highest. grain size, bigger surface area, larger lattice deformation
In addition, possessing bigger surface area is one ofand the forming of capture traps, which contribute to the

the basic terms of catalysts. Under normal conditions, the higher separation efficiency of the photogenerated carriers.

concentration of pollutants is very low, so the assembling However, the anti-inactivation stability of doped samples is

concentration around TiDis low. At the same time, the  poorer, and that of Degussad?s better. This can be ascribed

photo-oxidation process of TigOmust be carried out on its  to the bigger surface area of the doped samples, which have

surface, so it will take long time to accomplish the photo- bigger adsorption ability to the small molecules comparison

catalytic reaction and the photocatalytic efficiency is very to pure TiQ and Degussa43. And as a result most of the

low. Therefore, the doped samples with bigger surface areaactive positions are blocked when the doped samples are

have higher adsorption ability to the pollutants, which can used continuously.

contribute to the higher photocatalytic ability. However, if

the adsorption ability of carriers is too high and although

it can adsorb much more pollutants, it does not profit the Acknowledgements
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