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a b s t r a c t

Au/TiO2–CeO2 photocatalysts were studied in the photodegradation of the 2,4-dichlorophenoxyacetic
acid (2,4-D) in aqueous medium under UV light emission source. The TiO2–CeO2 supports (2.5–10 wt.%
CeO2) were prepared by the sol–gel method using titanium alkoxide and cerium nitrate as starting precur-
sors. Gold nanoparticles were prepared by the deposition–precipitation method with urea and deposed
on the supports to obtain Au/TiO2–CeO2 photocatalysts. The BET area increases as function of the CeO2

content from 64 m2/g for the bare TiO2 solid to 71–137 m2/g for the TiO2–CeO2 mixed oxides. TEM and
,4-D photodegradation
HRTEM images showed Au nanoparticles ranking from 8.1 to 3.4 nm. Additionally well defined gold plas-
mon and a red shift in the Eg band gap energy (3.14–2.47 eV) was observed by UV–vis spectroscopy on the
mixed oxides. For the photodegradation of 2,4-D it has been observed an important effect of cerium oxide
in the photoactivity, it varies from 78 to 99% of 2,4-D conversion and from 61 to 88% of total organic car-
bon conversion for the Au/TiO2 and Au/TiO2–CeO2 photocatalysts respectively. A synergetic effect where
gold plays the role of electrons tramp and the cerium oxide the role of oxidizing agent is proposed.
. Introduction

Due to health problems caused by the herbicide 2,4-
ichlorophenoxyacetic acid (2,4-D) in people and animals, the
,4-D was considered by EPA [1] as a recalcitrant pollutant. This
ollutant can be found in wastewater from agricultural regions and

ts elimination has attracted the attention of researchers dedicated
o the preparation of semiconductor materials with photocat-
lytic properties [2–6]. In this way new semiconductors materials
ith applications in the photodegradation of polluting compounds,

rganic compounds have been reported recently. By instance tita-
ia basis mixed oxides as TiO2–In2O3 [3] and TiO2–CeO2 [7] had
een reported as good photocatalysts for the degradation of the
erbicide 2,4-D. Nevertheless, it has been found that gold nanopar-
iculated supported on TiO2 greatly promotes the photoactivity
8–11] and important applications of gold in solar cells have been
eported [12–14]. In this way, we decide to study the photocat-

lytic properties of the Au/TiO2–CeO2 solids, and with the objective
o determine the main variables controlling the photoactivity in
hese materials, the photodegradation was studied as a function

∗ Corresponding author. Tel.: +52 55 58044668; fax: +52 55 58044666.
E-mail addresses: gdam@xanum.uam.mx, gloria.del.angel@hotmail.com

G. del Ángel).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.09.009
© 2010 Elsevier B.V. All rights reserved.

of the CeO2 content. In the present study, we deposited gold onto
TiO2–CeO2 to obtain Au/TiO2–CeO2 photocatalysts to degrade 2,4-
D under UV light irradiation in an aqueous suspension.

In the present work due to its photoactivity properties the com-
bination of TiO2–CeO2 supports and Au forming Au/TiO2–CeO2
photocatalyst is reported. The TiO2–CeO2 supports were pre-
pared by sol–gel method at different contents of the cerium
oxide (2.5–10 wt.%) and the gold nanoparticles (2.0 wt.%) were
prepared by deposition–precipitation method with urea to obtain
Au/TiO2–CeO2 photocatalysts. The characterization was done by
nitrogen adsorption UV–vis diffusion reflectance spectroscopy
(DRS), HAADF–STEM and the photocatalytic activity was tested in
the the 2,4-D photodegradation under UV light emission.

2. Experimental

2.1. Photocatalysts preparation

The preparation of TiO2 and titania–ceria TiO2–CeO2 supports
was made as it has been reported elsewhere [15] in brief fol-
lows: the appropriate amount of Ce(NO3)3·6H2O (Strem Chemicals

99.9% Ce) was added to a vessel containing an ethanol/water
solution (2:1 molar ratio) in order to obtain 0.0, 2.5, 5.0 and
10 wt.% CeO2 in the doped titania. Then, 1 mol of titanium butox-
ide (Aldrich 97%) was added drop wise for 1 h. After gelling, the

dx.doi.org/10.1016/j.cattod.2010.09.009
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:gdam@xanum.uam.mx
mailto:gloria.del.angel@hotmail.com
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ample was dried in air at 373 K over night and calcined at 773 K
or 4 h. On the other hand, Au/TiO2 and Au/TiO2–CeO2 solids
ere prepared by deposition–precipitation with urea [16]. To 5.0 g

f support was added 125 mL of an aqueous 4.2 × 10−3 M solu-
ion of HAuCl4 (Aldrich 49% Au) and urea (0.42 M). Afterwards,
he suspension was centrifuged, washed, dried and calcined with
ir flow at 300 ◦C. After this treatment, gold is in the metallic
tate [17]. The nominal concentration of gold was 2.0 wt.%. The
u content of the materials was determined by inductively cou-
led argon plasma–atomic emission spectrometry (ICAP–AES). The
lemental analysis, by ICAP–AES, showed gold contents on the
atalysts around 2.0–2.1 wt.%. The photocatalysts were labeled as
u/TiO2–CeO2-X where X is the CeO2 content.

.2. Characterization

.2.1. Adsorption measurements
The determination of the specific surface area was carried out in

n automatic Quantachrome Autosorb 3B instrument. The Nitrogen
dsorption isotherms were carried out at 77 K on outgassed sam-
les overnight at 573 K. The specific surface areas were calculated
rom the desorption isotherms by using the BET equation, the BJH

ethod was used to calculate the mean pore size distribution [18].

.2.2. UV–vis absorption spectra
The UV–vis absorption spectra were obtained with a Varian

ary-III UV–vis spectrophotometer coupled with an integration
phere for diffuse reflectance studies. A sample of MgO with a 100%
eflectance was used as a reference.

.2.3. HAADF–STEM characterization
High angle annular dark field (HAADF) and scanning trans-

ission electron microscopy (STEM) analysis of the samples was
erformed in a JEE-2200FS transmission electron microscope with
n accelerating voltage of 200 kV. The microscope is equipped with
Schottky-type field emission gun and an ultra high resolution

UHR). Configuration (Cs = 0.5 mm; Cc = 1.1 mm; point to point res-
lution = 0.19 nm); and an in-column omega-type energy filter. The
amples were ground, suspended in isopropanol at room temper-
ture and dispersed with ultrasonic agitation; then, an aliquot of
he solution was dropped on a 3 mm diameter holey copper grid.

The mean particle size (ds) of the Au particles was calculated by
eans of the following equation:

s =
∑n

i=1nid
3
i∑n

i=1nid
2
i

here di is the diameter measured directly from the electron micro-
raphs; and ni is the number of particles having the diameter di.

.2.4. Photocatalytic activity
Photodegradation experiments were carried out at room tem-

erature (at 298 K) as follows: 125 mg of catalyst were added to
flask containing an aqueous solution (200 mL) with 17.6 ppm of
,4-dichlorophenoxyacetic acid. The solution was fluxed with air
Air-Pump BOYU S-4000B, pressure: 0.012 MPa, Power: 9 W and
utput: 3.2 L/min) and maintained under stirring for 15 min in dark
ntil reach the adsorption–desorption equilibrium, then it was irra-
iated in a closed box with an UV lamp Pen-Ray (UVP), which emits
radiation � = 254 nm with a emission of 2000 �W/cm2. The reac-

ion rate was followed by taking samples every 15 min and then

nalyzed in a UV–vis spectrophotometer Varian, model Cary-III.
he concentration of 2,4-diclorophenoxyacetic acid was calculated
rom the adsorption band at 282 nm, applying the Lambert–Beer
quation.
Fig. 1. UV–vis spectra for the TiO2–CeO2 supports.

To verify that we are in the presence of a photocatalytic process
a dark test in the presence of catalysts but without UV irradiation
was made and any reaction took place after 2 h in the 2,4-D solution.

3. Results and discussion

3.1. Textural and structural properties

The calculated specific surface area and the mean pore size
diameter for the various TiO2 and TiO2–CeO2 supports were
reported in Table 1. In comparing with the bare TiO2 solid, the
specific surface area increases from 64 to 71–137 m2/g for the
TiO2–CeO2 samples. Large specific surface areas were obtained on
the TiO2–CeO2 mixed oxides they increase from 64 to 71–137 m2/g
for the TiO2 and TiO2–CeO2 samples respectively. The cerium effect
on the specific surface area of the TiO2–CeO2 could be due to a
modification by the cerium nitrate on the hydrolysis–condensation
reactions rates of the titanium alkoxide [19–21].

In a recent paper it has been reported that for the TiO2–CeO2
samples only tiania anatase phase was identified by XDR, reflec-
tions identifying cerium oxide and gold particles are not observed
even in the sample containing 10 wt.% CeO2 suggesting that cerium
oxides and gold are highly dispersed on the titania surface [15]. On
the other hand, the study of the samples by XPS showed that the
binding energy (BE) for Au4f7/2 core level [22] on the Au/TiO2–CeO2
catalysts indicates that Au is present as Au0 83.8–84.0 eV; and
as oxidized gold Au+ 85.6 eV in proportions which are com-
prised between 74 and 87% of reduced gold, Au0. For cerium the
Ce3d5/2 level binding energy showed the presence of Ce3+/Ce4+ (BE
881.9–886.2 eV) and Ce4+ (BE 916.15 eV) in proportions Ce3+:Ce4+

of 49:51 and 60:40 for the catalysts containing 2.5 and 10.0 wt.% of
cerium oxide respectively [15].

3.2. Photophysical properties-UV–vis absorption spectra

The band gap energy (Eg) of the samples was estimated from the
UV absorption spectra (Fig. 1) taking into account that:
˛(E) = (E − Eg)m/2

where ˛(E) is the absorption coefficient for a photon of energy E
and m = 1 for an indirect transition between bands [23].
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Table 1
Specific surface area, mean pore size, energy band gap and Au particle size for the Au/TiO2–CeO2 catalysts.

Catalyst Pore size (Å) Surface area (m2 g−1) � (nm) Eg (eV) TEM Au (nm)

Au/TiO2 33 64 388 3.14 8.1
Au/TiO2–CeO2-2.5% 53 71 403 3.00 4.4

�

t
t
I
p
b
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n
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t
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v
n
a
w
A
o
s

3

t

Au/TiO2–CeO2-5.0% 58 117
Au/TiO2-CeO2–10% 68 137

: wavelength; Eg: band gap energy.

The band gap energies calculated by a linear fit of the slope to
he abscissa are reported in Table 1; it diminishes from 3.14 eV, for
he bare TiO2, to 2.47 eV, for the TiO2–CeO2 (at 10 wt.%) sample.
t is evident that cerium oxide modifies the bulk semiconductor
roperties of TiO2. The shift of the Eg band gap to a lower energy can
e attributed to the incorporation of Ce4+ cations, which substitute
ome Ti4+ cations.

On the other hand, the diffuse adsorption spectra of the
u/TiO2–CeO2 photocatalysts it appears ca. of 560 nm a broad
bsorption band assigned to the gold plasmon surface resonance.
amat and Dawson [24] reports that the surface plasmon reso-
ance of metallic nanoparticles is sensitive to the particle size,

oad and surrounding environment. In Fig. 2 it can be seen that
he surface plasmon resonance maximum is around 625 nm for the
u/TiO2–CeO2-10 and Au/TiO2–CeO2-5.0 photocatalysts with a Au
article size of 3.40 and 3.80 nm respectively and around 600 nm
or the Au/TiO2–CeO2-2.5 and Au/TiO2 catalysts with Au particle
ize of 4.4 and 8.1 nm respectively. Thus, a particle size effect in the
u surface plasmon resonance can be observed.

.3. Transmission electron microscopy (TEM)

The gold particle size obtained from the Z contrast images for the
arious photocatalysts is reported in Table 1, more than 200 gold
anoparticles supported on the TiO2–CeO2 catalysts were counted
nd measured. In Fig. 3 the gold particles can be observed as small
hite spots. Gold nanoparticles were found from 8.1 to 3.4 nm for
u/TiO2 and Au/TiO2–CeO2-10 respectively. The small particle size
btained on the TiO2–CeO2 support could be due to the high specific
urface area obtained in these supports (Table 1).
.4. Photocatalytic activity

The activities of the catalysts were evaluated in the pho-
odegradation of 2,4-dichlorophenoxyacetic acid (2,4-D) at room

Fig. 2. UV–vis spectra for the Au/TiO2–CeO2 catalysts.
491 2.52 3.8
502 2.47 3.4

temperature. The photodegradation of the substrate was followed
by the UV absorption band of the 2,4-D at 282 nm. The evolution of
the 2,4-D as a function of time is represent in Fig. 4. From the data
of these curves, the apparent rate constant K was calculated by
the Integral Method for an irreversible monomolecular first order
reaction [25]:

−rA = −dCA

dt
= KCA

If the batch reactor works at constant density, then:

ln
[

CA

CAo

]
= −kt

where CA is the concentration at time t and CAo is the initial con-
centration.

An acceptable linearity was obtained by applying the first order
kinetic equation (Fig. 5). The values calculated from selected slopes
are reported in Table 2. The highest rate constant was obtained
for the catalyst with 10 wt.% CeO2 (k = 0.0765 s−1) to which corre-
sponds the small gold particle size.

A representation of the gold particle size and kinetic constant
as a function of the cerium oxide content is presented in Fig. 6,
where it can be seen that the highest kinetic constant corresponds
to the catalysts showing the lowest gold particle size (3.4 nm). In
the same way the gold particle size and total organic carbon (TOC)
as a function of the cerium oxide is presented in Fig. 7, the highest
TOC abatement corresponds to the samples with 5.0% of cerium
oxide and gold nanoparticles of 4.2 nm (k = 0.06 s−1). It must be
expected that in samples with the small particle size, the photo-
catalytic activity must be more efficient due to the large contact
between the gold particles and the substrate. The results in Table 2,
showed that the gold particle size plays an important role in the
photodegradation rate and specially in the total mineralization of
2,4-D. Thus, the better correlation for the 2,4-D photodegradation
was obtained when the gold particle size was related to the total
organic carbon (TOC%) eliminated in the irradiated solution.

On the other hand the stability of the catalysts were evaluated by
measuring the initial activity after 4 cycles of reaction. The results
are presented in Fig. 8, where it can be seen a high stability of the
catalysts since the loss in activity after 4 cycles of reaction under UV
irradiation is around 12%. Additionally ICP analysis of the solution

after photodegradation was made in order to discard the probably
gold or CeO2 leaching during the photocatalytic reaction. In the
solution after reaction the analysis report <5 ppb for Au and 90 ppb
for Ce.

Table 2
Photoactivity for the 2,4-D on Au/TiO2–CeO2 catalysts.

Catalysts K (s−1) Convesiona (%) TOCa (%)

Photolysis 0.0020 34.00 –
Au/TiO2 0.0034 78.23 61.0
Au/TiO2–CeO2-2.5% 0.0700 99.00 82.2
Au/TiO2–CeO2-5.0% 0.0600 98.50 88.0
Au/TiO2–CeO2-10% 0.0765 99.00 81.6

K: kinetic constant; TOC: total organic carbon.
a After 3 h of reaction.
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Fig. 3. HAADF image for: (a) Au/TiO2, (b) Au/TiO2–CeO2-2.5 and (c) Au/TiO2–CeO2-
10.

Fig. 4. Photodegradation of the 2,4-D on the Au/TiO2–CeO2 catalysts as a function
of time.

Fig. 5. Kinetic constant for the 2,4-D decomposition on the Au/TiO2–CeO2 catalysts.

Fig. 6. Gold particle size and kinetic constant as a function of the cerium oxide
content on the Au/TiO2–CeO2 catalysts.
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Fig. 7. Gold particle size and TOC as a function of the cerium oxide content on the
Au/TiO2–CeO2 catalysts.
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ig. 8. Initial conversion for the 2,4-D photodegradation as a function of the number
f cycles under irradiation.

In a recent paper it has been reported that for the total pho-
odegradation of 30 ppm of 2,4-D with UV light source on the
iO2–CeO2 mixed oxides more than 4 h were required [7]. For com-
arative results in Table 3 the rate constant for the TiO2–CeO2
ixed oxides is reported. It can be seen that the titania–ceria oxides

re an order of magnitude less active than the Au/TiO2-CeO2 cata-
ysts.

As mentioned above XPS studies of the initial samples showed

he presence of the redox couple Ce3+/Ce4+ pair in the tiania-
eria photocatalysts and hence the oxygen exchange properties of
erium oxide enhanced the oxidative properties on the TiO2–CeO2

able 3
hotoactivity for the 2,4-D decomposition on TiO2–CeO2 supports.

Substrate K (s−1) (%) Conversion after 4 h

Photolysis 0.0020 34 (3 h)
TiO2 0.0036 60
TiO2–CeO2-2.5% 0.0030 74
TiO2–CeO2-5.0% 0.0044 87
TiO2–CeO2-10% 0.0040 68

= kinetic constant.
Fig. 9. UV–vis absorption spectra for TiO2 and Au/TiO2–CeO2-5.0% photocatalysts
fresh and used.

photocatalysts. To speak for a true catalytic effect of cerium oxide
as oxidizing agent the Ce3+/Ce4+ pair must be found in the ini-
tial and used photocatalysts. To prove that both oxidation states
of cerium oxides are present in the initial and used catalysts dif-
fuse reflectance spectroscopy (DRS–UV–vis) studies were made on
both photocatalysts in the UV 200–400 nm region. The identifica-
tion of cerium oxide coordination by UV–vis has been reported
by Bensalem et al. [26] on CeO2–SiO2 solids; absorption bands at
265 and 280 nm were observed and assigned to LC (low coordina-
tion) surface Ce3+–O2− and to LC surface Ce4+–O2− oxygen transfer
bands respectively. On the other hand on CeO2–ZrO2 mixed oxides
the Ce3+ and Ce4+ charge transfer bands were localized at 250 and
297 nm respectively [27]. Thus the resolution and shift of the LC
oxygen charge bands for cerium oxide depends on the environment
in which cerium oxide is placed. In Fig. 9 the absorption spectra
for the fresh and used photocatalysts are almost identical, a broad
band in the 265–280 nm regions can be assigned to the oxygen
charge transfer bands for the redox Ce3+/Ce4+ pair. The low reso-
lution of the spectra can be due to the presence of titania which
spectrum showed also absorbance in this region. To resolve the
presence of the redox Ce3+/Ce4+ pair we put our attention to the
215 and 320–340 nm bands. They are assigned to f → d transitions
of Ce3+ species and interband transitions in CeO2 [26,27]. Thus the
analogous spectra obtained on the fresh and used Au/TiO2–CeO2
photocatalysts showed real oxidizing role of the redox Ce3+/Ce4+

pair.
The high efficiency of the combined Au and TiO2–CeO2 sup-

ports forming the Au/TiO2–CeO2 photocatalysts of the present work
suggest the presence of a synergetic effect where gold plays the
role of tramp of generated electrons retarding the re-combination
electron–hole produced by the irradiated photons and on the other
hand, the cerium oxide plays the role of important oxidizing mate-
rial.

4. Conclusions
In the present work it is reported that high specific surface
areas (71–137 m2/g) can be obtained by preparing TiO2–CeO2 sup-
ports by the sol–gel method. It is showed that the use of the
deposition–precipitation with urea method forms nanoparticles
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ith a size between 8.1 and 3.4 nm in depending of the CeO2 con-
ent in the support. A cerium oxide red shift in the energy band gap
as observed in the Au/TO2–CeO2 photocatalysts. It is proposed

hat the high activity showed by the Au/TO2–CeO2 photocatalysts
an be due to a synergetic effect where gold plays the role of elec-
rons tramp and the cerium oxide the role of oxidizing agent.
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