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Abstract

Anatase-type Ti@ (titania) doped with cerium up to 5mol% was directly formed as nanometer-sized particles from E)RHNO
Ce(NG;),—NH4NOs—citric acid complex compound system by sol-gel auto-igniting synthesis process. The precursor gel was character-
ized by infrared spectroscopy and TG/DSC analysis. The XPS measurement showed that Ce(lll) was easily oxidized to Ce(1€) at 550
and above. The XRD data, XPS spectra, and TEM selected-area diffraction patterns confirmed that cerium(IV) formed a solid solution in the
anatase-type TiPpowders. Doping of Ceginto TiO, shifted the phase transformation from anatase- to rutile-type structure to a high tem-
perature. On the other hand, Ceflas segregated on the surface of 7&dd the rutile formation was accelerated during phase transformation
from anatase to rutile at elevated temperature. When the cerium content was increased in the anatase phase, onset of optical absorption shifte
to longer wavelengths, and absorption in the UV-light region and in the visible-light region over 400-500 nm clearly appeared in the diffuse
reflectance spectra of the as-prepared Ce-dopeg TiO
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction light region for better photocatalytic performance. Metal
ion dopants in TiQ modifies strongly the anatase—rutile
Titanium dioxide has been the subject of numerous stud- phase transition temperatiutehanges the photoreactivity of
ies because of its many useful optical, electrical, and pho- TiO» nano-sized particle 13 and enhances the catalytic
tocatalytic properties, which depend on the phase compo-properties of supported metals or oxidésVarious syn-
sition, microstructure, and chemical compositiof.It is thetic routes like the mixed-oxide procé4st®hydrothermal
well known that titania has three crystalline forms of anatase route’ sol-gel routé%-1%and wetimpregnatict?®have been
(tetragonal), rutile (tetragonal), and brookite (orthorhombic). studied for doped Ti@ powders. Among those, the sol—gel
Among these crystalline forms, anatase phase has receivegrocess leads to the greatest possible homogeneous distribu-
considerable attention because of its photochemical prop-tion of the dopant in the host matrix and high surface area
erties as catalysts for photodecomposition and solar energyTiO; particlest?13However, the drawback of the mentioned
conversior’~® Because Ti@ absorbs only near-ultraviolet — sol-gel route is the application of expensive raw material of
(UV) light, doping of metal ions into Ti@ has been in-  tetra-isopropylorthotitanate and organic solvent, which was
vestigated to extend the absorption threshold to the visible- limited.
In this work, we focus on the synthesis of pure and
doped TiQ powders by a sol-gel autoignition synthesis
* Corresponding author. Tel.: +86 62332472; fax: +86 62332472. (SAS) process—a novel way and unique combination of the
E-mail address: yqz_2007@sina.com (Q.-Z. Yan). combustion process and the chemical gelation process. This
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method has been used successfully for the preparation ofing silicon as the internal standard. The amount of rutile
Ce®,2! BaTiOz,22 and Ni-YSZ cerme®3 The SAS process  phase formed in the heated samples were calculated from
exploits the advantages of inexpensive precursors, mixing ofthe equatiof’

compositions at the level of atoms or molecules, synthesiz-

ing of ultrafine, homogeneous highly reactive powder, and yp — # (1)
simple preparation method. Starting with the solution of all 1+ 0.790/1r

components, the best process conditions and various ratios Of/vhereXR is the mass fraction of rutile in the samples; and

. . . . . . 6
the intimately mixed materials can be readily ach|e%'(§_. . Iyandl, the integrated 101 intensities of anatase and 110 of
Besides, we chose cerium ion as dopant because it is ary e respectively: these lines were at226°.

efficient electron acceptor to remove photogenerated elec-
trons from the electron—hole recombination sites, increasing
quantum vyield raté€’ Wide compositional Ce-doped T30
powder with single-phase anatase form structure was directly
formed as nanometer-sized particles by simple SAS process,
from TiIO(NOg)>—Ce(NQ)—citric acid (CA) based complex '
com_pound system. The valence of cerium in the p_owder gnd Thermogravimetric and diffraction scanning calorimetry
the influence of cerium contents on the crystal size, lattice TG-DSC) (STA 409C, Netzsch Co., Germany) were per-
parameters, phase transformation from anatase to rutile, an ormed in air at a heatir’lg rate of IC/rr’ﬂn. The DSC curve
diffuse reflectance spectra of samples were systemically in'(Fig. 1) indicated that the Ti@precursor gel with 1.25 mol%

vestigated. cerium decomposed exothermally, with sharp peaks at 228,
449 and 585C. The sharp and intense exothermic peak at
228°C stems from a thermally induced anionic redox reac-
tion of the gel wherein the citrate ion acts as reductant and
nitrate or oxynitrate ions act as oxidant. The exothermic peak
at 449°C can be assigned to the further decomposition of
residual carbonaceous material. The small exothermic peak
at 585°C without further weight loss can be thought to coin-
cide with the formation of crystalline anatase phase. From the
TG graph, it was observed that the metal-citric acid precur-
sor gel exhibited weight loss up to 550, and above 550C

3. Results and discussion

1. Precursor gel characterization

2. Experimental procedure

The raw materials TiGl Ce(NG)2 and GH70g-H20
(citric acid, CA) used are reagent grade purity. TIO@YO
as the source of titanium was prepared from Ti&@cording
to the following procedure: TiGlwas dissolved in cold dis-
tilled water to hydrolyze, then Ti&nH,O was precipitated
by the addition of excess aqueous ammonia. After filtration,
thei precipitate was vyashed Wit.h distilled wa'ter until free of the weight became almost constant. Below 550the metal
Cl~ ions. The precipitate was dlssolve(i I_oy dlffe_rent amount complex decomposed.
of _concentrated HN@ The content of'ﬁ_ m_the_tltanyl So- The IR spectrum (670 FT-IR, USA) (using KBr pellets)
lution was measured by complexometric titratih. of the precursor gel powder with 1.25 mol% cerium showed

i (.:A was d_|tsstolved| '? dlst_pLed Walter a?d m';(eCdA\/A_lll_th t'('j (Fig. 2) the strong bands at around 1600cmwhich are
anium oxynitrate solution. the moiar ratios o 1and - ejated to a COO! stretching mode for a bidentate com-

NO3/CA were kept constant at 2 and 3. After adjusting the plex of Ti and Ce metallic catior®®. The bands appearing

PH valu? \é\”tr,: ?g‘ ngi 0 6_d7' 'Tlhefmlxturelsolutlon Was in the region 3300-2300 cm are characteristics of citric
evaporated at 7= 0 gradually form a clear organic ;g stretching mode for OH groups and CH groups. The

or brown—colored g_el, I.e., precursor gel. In case of dop.ed bands appearing at 1080 and 830¢ntould be attributed
titania, the syqthey_s starFs with the d|ssoIV|qg of respective to the presence of nitrate ions in the precursor gel. Below
amount of cerium nitrate in the mixture solution of CA and

TiO(NO3)2. For the preparation of the powders, the precur-
sor gel was baked at 15C in muffle furnace and expanded,
then was auto-ignited at about 280. The puffy, porous
gray powders as-combusted were calcined at the tempera- 80
ture of 550—1000C for 2 h in air. By this procedure pow- o
ders with cerium concentration from 0 to 100 mol% were E

obtained. These powders are characterized by X-ray diffrac- 2 40
tion, infrared spectroscopy, field emission scanning electron o 21 MG

microscopy, transmission electron microscopy, X-ray photo-

100

585°C réo

(%) B1

electron spectroscopy, UV-vis absorption spectra and various sk Lo
-4 T T T T T T
thermal analys_es. _ _ ) 0 200 400 600 800 1000
The crystallite size of anatase was estimated from the line Temperature (°C)

broadening of the (2 00) diffraction peak, according to the
Scherrer equation. The lattice parameters were measured us- Fig. 1. TG-DSC curves of the precursor gel with 1.25 mol% cerium.
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Fig. 2. IR spectra of the precursor gel with 1.25 mol% cerium.
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700cnt! bands associated with metal oxygen stretching

were observed. Fig. 4. Detail of the region around 5@¢ of the XRD patterns of powders

doped with various amounts of cerium.
3.2. Formation and characterization of cerium-doped

anatase-type TiO; was observed with increasing cerium contdfig. 5 plots
the lattice parametes andcg of the anatase-type Tias
The X-ray diffraction (XRD; Rigaku D/Max-RB, Japan) a function of cerium content. The lattice parameteysnd
studies of as-prepared powders with various cerium contentcq increased with increased cerium content.
and calcined at 550C for 2 h revealedKig. 3) that for pure The valence state of cerium ion in the powder and the pow-
TiO2, anatase- and rutile-type structure were simultaneously der structure were determined by X-ray photoelectron spec-
present at 550C. The doped samples with cerium content of troscopy (XPS; VG ESCALAB MKII, UK) using the Al ik
1.25, 2.5 and 5 mol% were detected as single-phase anatasess an excitation source with the power of 12k\12 mA. The
type structure, and no trace of diffraction peaks due to anotherCe 3d XPS spectra of three samples—pure £8@0l% and
phase, such as cerium oxide, was detected. The@a@se 10 mol% cerium-doped Tigpowder obtained from different
was detected in the sample doped witthO mol% cerium.  starting compositions with 100, 5 and 10 mol% cerium(lll)
It was supposed that the solubility of the cerium ions in the nitrate are shown iffig. 6. For the three samples, the Ce 3d
anatase-type Ti@at 550°C is lower than 10 mol%. peaks had a binding energy of about 883 e\k(3dind about
Fig. 4 shows details of XRD patterns around=250" of 900 eV (3d/,), attributed to C&". There was no any fitting
the samples doped with 0, 1.25, 2.5, and 5 mol% cerium and peak of Cé* for all samples. This suggested that thedCe
calcined at 550C for 2 h. A gradual shift of the diffraction  was oxidized to C¥ at the calcining temperature of 550
peaks of the anatase-type Ti@ a lower diffraction angle or above. For pure Cefand 10 mol% cerium-doped TiQ
the Ce 3d peaks were similar and narrow (due to £s€gre-

— ©=Ce0,;A=Anatase;R=Rutile gation in 10 mol% cerium-doped TR For 5 mol% cerium-
-C 0 doped TiQ, the spectrum appeared in a wide range, due to
(f) Ce100mol% . 0 . . . .
j(_,\ A___A cerium dioxide being doped in the lattice of Hi¢P
- C (e) Ce10moi%
= ,\M, A or M . R — 9.8
' 3.84
g (d) Ce5mol% —
@ M» iy Pt ™ e 9.7
c 3.824
[
= (c) Ce2.5mol% 96
A = 3.80] Lo =
E o E
1 (b) Ce1.25mol% o 3.784 D/D a log &
0
; R (a) CeOmol% 3.761 ==y
ﬂ L9.4
. ‘\-.._MT.\.....A._/‘\.\..TA..M..I 3.74 ‘ . ‘
20 40 60 80 0 2 4 &
26 Cerium content, (mol %)

Fig. 3. XRD patterns of as-calcined powders with various amounts of cerium Fig. 5. Lattice parameterg andco of anatase-type of doped Ti@owders
at 550°C for 2 h. Vs. cerium content.
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they gradually decreased in size with an increase in cerium
content.

Fig. 9plots crystallite sizes estimated from the line broad-
ening of the (101) anatase peak in the XRD patterns as a
5mol% CeO, function of cerium contentin the as-prepared Ce-doped.TiO
The crystallite size decreased from 28to 11 nmwith increased
cerium content from 0 to 5mol%. This is consistent with Ul-
rich’s result that large amount of dopant retards coalescence
of TiO,, crystals in calcination, resulting in small crystals.
The particle sizes observed using FE-SEM were larger than
the crystallite sizes estimated from line broadening of the
XRD peak, suggesting multi-crystallite in the particle of as-
prepared powder.

The UV-vis absorption spectra (UV-2401PC, Japan) were
Fig. 6. XPS fitting spectra of Ce 3d on pure Ge®and 10 mol% Ce-Ti@ measured to correspond to the optical absorption proper-

ties of as-prepared Ce-doped Bi@QFig. 10. When the

Further information on the chemical state of ceriuminthe cerium content was increased, onset of absorption shifted
powder was obtained from transmission electron microscopy to Jonger wavelengths, and absorption in visible-light region
selected-area diffraction (TEM, H'800, Japan). The electron over 400-500nm and in the UV_“ght region was C|ear|y Ob_
diffraction patterns of as-prepared i@oped with 1.25and  served. A more likely explanation is as follows. The quantity
5mol% cerium Eig. 7(a) and (b)) indicated that the parti-  of photons reaching the core of a spherical particle depends
cles of doped TiQ were crystalline and corresponded to the o, the size of the particle and the optical properties of the
anatase phase, which suggested the absence of a small volfjo, crystals. The smaller crystals are generally poorer light
ume fraction of secondary phases. scatterer than larger crystals. Also, the penetration of light

From Fig. J(f) and Fig. 6, it can be seen that Ce(lll)  intothe particle isinfluenced by the superficial morphology of
can be easily oxidized to Ce(IV) under high temperature the particles? Particles formed from large Tigzrystals have
(=550°C) condition. If cerium exists in the powder as a smoother surface than the particles made from small crystals.
separate phase from anatase, it must exist as cubie; CeO on the smooth surface, the incident photons are scattered and
structure by the combustion reaction of gel It was concluded |ost most|y by reﬂection' The rougher surface formed by the
that cerium formed a solid solution with Tiresentinthe  small crystals allows a greater number of scattered photons to
as-prepared Ce-doped anatase-typezTi@hich was sup-  penetrate into the particle. Frofigs. 8 and 9it can be seen
ported by XRD data, XPS measurement results, and TEM that the crystallite size and particle size of Fi@ecreased
selected-areadiffraction patterns. Yue efakportedsimilar  jth increased cerium content. This suggests that photon pen-
result. etration into TiQ particles is a more likely explanation for

Field emission scanning electron microscopy (FE-SEM; the observed dependence of the optical absorption property
LEO-1450, UK) micrographs of the TgOpowders doped  on the dopant content.
with 0, 1.25, 2.5, and 5mol% cerium are shown in

Fig. 8(a)—(d), respectively. The average particle sizes of pOW- 3 3 Apatase-rutile phase transformation of
der estimated from FE-SEM micrographs were <30 nm, and ccrjym-doped TiO»

3d3/n 10mol% CeO,

3ds/o

Intensity,(cps)

Pure CeQ,

860 880 900 920 940
Binding Energy. ( ev)

Polymorphic transformation of ceramic materials gener-
ally depends on the nature of dopant, amount of the dopant,
and the processing route. The additions of ¢, AlCI333
have been found to enhance the anatase-rutile transforma-
tion. On the other hand, @053, Ce®6, and SiG3* have
been reported to retard the anatase—rutile transformation.
Phase stability of cerium-doped anatase-type;ThiGwders
by SAS was investigated.

Fig. 11 displays XRD patterns of the samples doped
with various amount of cerium after they were calcined at
550-1000C for 2 h. These patterns showed the evolution of
the anatase—rutile transformation when the calcination tem-
perature was raised. For samples of pure and doped with
1.25 mol% cerium Ti@ powders, only diffraction peaks due

Fig. 7. TEM selected-area diffraction patterns for as-prepared Ce-doped {0 anatase and rutile crystalline phases oszia:Dpegred at
TiO, powders: (a) 1.25 mol% and (b) 5 mol% cerium. 550-1000C. For sample doped with 2.5 mol% cerium and

80 pesss LENATRY
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Fig. 9. Crystallite size of Ce-doped Ti@owder calcined at 550C for 2 h
plotted against cerium content in the powders.

t

BEOOKY 30

Aaqgn

Det WD |—| 200 nm

200000x TLD 4.4 blem.ac.cn

Magn

200000x TID 46

Det WD F—— 200nm

blem e cn

Fig. 8. FE-SEM micrographs of TiDpowder with various cerium contents: (a) 0 mol%; (b) 1.25mol%,; (c) 2.5 mol%; and (d) 5 mol% calcined°&a &50

for sample doped with 5mol% cerium, diffraction peaks of in the metastable anatase ph&sehe anatase—rutile trans-
CeQ, (cubic phase) were observed after the powders wereformation ratio for the present samples as a function of heat
calcined above 800 and 75Q, respectively. It was sup-
posed that residual cerium component separated from theperature of the phase transformation from anatase to rutile
structure increased with the increase of cerium content. For
much lower solubility of cerium in the rutile phase than that sample of pure Ti@, anatase and rutile were simultane-

treatment temperature is plottedrig. 12 The starting tem-

ously present from 550 to 75, while for samples doped

Fig. 10.
tent.

Reflectivity,(%)
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Fig. 11. XRD patterns of Ti@pure and doped samples obtained after cal-
cinations for 2 h in air at: (a) 55CC; (b) 600°C; (c) 650°C; (d) 700°C; (e)
750°C; (f) 800°C; (g) 850°C; and (h) 900C. A, anatase (1 0 1) reflection;
R, rutile (110) reflection; and’, cerium dioxide (11 1) reflection.

with 1.25, 2.5 and 5 mol% cerium, the phase transformations
were in the range of 600-1000, 600-850, and 7002800
respectively. This proved that doping of cerium into 7iO

retarded the anatase-type to rutile-type transformation and™
shifted the transformation to higher temperature. The sample

with cerium content of 1.25 mol% showed a slow increase

in rutile phase concentration over a wide range of tempera-
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Fig. 12. Phase transformation from anatase- to rutile-type structure far TiO
powder with various cerium contents plotted against calcining temperature.
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ture (~350°C), and the phase transformation was completed
at 1000°C. On the other hand, the 5.0 mol%-doped FiO
showed a narrow range of phase transformation tempera-
ture, and phase transformation started at “@@&nd com-
pleted at 800C. The completing temperature of transforma-
tion shifted from 1000 to 800C (with respect to sample with
1.25mol% cerium) showed that cerium dioxide segregation
accelerated the phase transformation of anatase to rutile due
to the surface nucleation of this polymorph.

The influence of the dopant on the structure and textu-
ral properties of the samples can be explained based on the
changes caused by the dopant on the defect structure of the
TiO2 lattice. The above XRD, XPS and TEM selected-area
diffraction measurements have confirmed that cerium(IV)
forms a solid solution with Ti@. Because the ionic radius
of Ce(IV) (0.092 nm) is larger than that of Ti(IV) (0.064 nm)
but smaller than oxygen (0.132 nm), the cerium ions can be
introduced substitutionally into the matrix, producing some
deformation of the lattice structure and deformation enéfgy;
this deformation energy retards the transition from anatase to
rutile, producing a stabilization of the anatase phase. This
can be confirmed by the above-mentioned changes of the
lattice parameters afp andcg. Though cerium ions intro-
duced substitutionally into the matrix can produce an oxygen
deficiency in the crystal, which results in some extra space
available to promote the anatase—rutile phase transition, the
excess of oxygen deficiency produced by the dopant ions
is negligible3®> When cerium dioxide segregation occurred
(samples with cerium contents of 2.5 and 5.0 mol% after cal-
cination above 800 and 75Q), the transformation to rutile
completed at a lower temperature because the surface nucle-
ation is favored for the dopant.

4. Conclusions

A new procedure was developed for the preparation of
highly photoactive nano crystalline Ce-doped Tigho-
tocatalysts with anatase single-phase. One advantage of
the method should be the relative ease and uniformity with
which dopants and major substitutions are introduced at
the solution stage. It can thus be used to prepare doped
and multicomponent Ti@based powders.

. The existence of (& in the as-prepared anatase samples
and the absence of cerium dioxide as secondary phase
without making a solid solution with Ti@in the sam-
ples were confirmed using XRD, XPS, TEM selected-area
diffraction patterns.

. Doping CeQ into TiO, not only suppressed the crys-
tal growth of TiQ, but also prevented phase transition of
anatase to rutile. When cerium dioxide segregation oc-
curred, the rutile formation was accelerated during phase
transformation from anatase to rutile.

. The Cé*-doped TiQ samples showed strong absorption

in the UV—vis range and a red shift in the band gap tran-

sition.
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