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A simple synthetic method to prepare highly dispersed Pd nanoparticles in La-doped mesoporous titania with polycrystalline

framework by coassembly and photoreduction is reported. The mesoporous materials were characterized by thermogravimetric

(TGA)/differential scanning calorimetric (DSC), low angle and wide angle X-ray diffraction (XRD), transmission electron

microscope (TEM), high-resolution transmission electron microscopy (HRTEM) and N2 adsorption–desorption. The photocat-

alytic activities of the prepared mesoporous materials were evaluated by the photodegradation of methyl orange.
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1. Introduction

Noble metals, such as Pt, Pd and Au, are widely used
as the catalysts in the fields of organic synthesis, petro-
chemistry, etc. Noble metal particles loaded on the
substrates with large surface area have high dispersity
and are convenient to be recycled. Anchoring noble
metal nanoparticles or clusters in zeolites can combine
the advantages of nanoparticles and micropores [1].
However, the micropore sizes less than 2 nm limit the
applications of these pore systems to small molecules.

The discovery of mesoporous materials provided a
new kind of supports to load nanoparticles with high
dispersity [2]. The combination of noble metal nano-
particles with well ordered mesoporous materials is of
interest in the field of catalysis, separation and sensors
[3–8]. It is well known that the substrates not only
provide spaces for nanoparticles, but also have great
effects on catalytic activities. For example, anatase,
rutile and brookite are three different crystal structures
of TiO2. Pd supported on different kind of titania
crystals has various catalytic activity and selectivity [9].
Furthermore, the presence of rare earth could promote
the catalytic activity of Pd nanoparticles supported on
TiO2 in the oxidation reaction [10].

To introduce Pd nanoparticles into rare earth doped
mesoporous titania with highly crystallized walls and
long-range ordered mesopores may bring more excellent
properties in the redox reactions. However, it is difficult
to introduce metal nanoparticles into mesopores by

traditional impregnation methods, because they tend to
deposit richly on outer surface of mesoporous materials.
Moreover it is difficult to control the loading amount by
impregnation. Many efforts have been done to solve
these problems. For example, Zhu et al. [11] introduced
Au nanoparticles into mesoporous silica by coassembly.
Perez et al. [12] prepared 5 nm Au particles in amor-
phous titania by electrodeposition. Yu et al. [13] reported
the formation of Au nanoclusters in mesoporous titania
film by a modified impregnation methods with ultrasonic
treatment in vacuum and photochemical reaction.

Based on our previous work [14], a simple and
effective method is reported in this paper to prepare
highly dispersed Pd nanoparticles in La-doped meso-
porous titania with crystalline framework by coassembly
and in-situ photoreduction. The precursor PdCl2�4 , was
added before the evaporation-induced self assembly
(EISA) process, and was dispersed uniformly on the
surface of titania colloid which was positively charged in
acid condition, then titania colloid assembled to meso-
porous material. Because Pd2+ has larger ionic radius
than Ti4+ (0.086 and 0.061 nm respectively) [15], it is
difficult for Pd2+ to be dissolved into crystal lattice of
anatase. After calcination in air flow, highly dispersed
PdO was formed on the surface of assembling units-
anatase crystals. The polycrystalline walls generated
electrons and holes under UV illumination, the photo-
generated electrons could reduce PdO into Pd. Scheme 1
is an illustration of the process. In such a process, there
is no loss of Pd except volatile matters and organic
template. For comparison, the sample was also reduced
by H2 at 473 K.
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2. Experimental section

2.1. Chemicals and synthesis

In the synthesis process, 2.130 g Pluronic P-123 was
dissolved in 7.000 g BuOH under vigorous stirring for
30 min. Then 0.054 g La(NO3)3Æ6H2O and 5 g Ti(OBu)4
were added into the P-123 solution, followed by stirring
for an additional 60 min. In a test-tube 0.013 g PdCl2
was dissolved in 2.250 g dilute hydrochloric acid
(23.8 wt%). Then, the solution was added dropwise to
the above mixture under stirring and ultrasonic treat-
ment (59 kHz, 45 W). The temperature of ultrasonic cell
was kept at 298 K. The molar ratio of Pd: La: P-123:
HCl: H2O: BuOH: Ti was kept 0.005: 0.01: 0.025: 1: 6.5:
6.5: 1. After 30 min, the transparent sol was transferred
from the reactor to an open Petri dish. The sol extended
sufficiently and formed a uniform thin layer. In the
aging stage, the environmental humidity was kept at
75% in the first day. After aging at 298 K for 4 day,
413 K for 2 h and then 473 K for 2 h, the cracked-free
thin layer was calcined at 673 K for 1 h in airflow. The
brown powder, notated as PdO/LaMT, was divided into
two portions. One portion was dispersed in aqueous
solution of ethanol (1: 1, v/v), then illuminated at room
temperature by UV light (300 W, Imax at 365 nm) for
0.5 h after saturated by N2(99.99%) for 20 min. The
black product was notated as Pd(P)/LaMT. The other
portion was reduced in H2 (99.99%) flow at 473 K for
4 h. H2 flow was stopped until the sample was cooled
down to room temperature. The black product was
notated as Pd(H)/LaMT. The sample prepared in the
same manner without Pd is noted as LaMT.

The photocatalytic activities of the prepared samples
were evaluated from an analysis of the photodegrada-
tion of methyl orange. About 0.0400 g sample was

ultrasonically dispersed in 40 ml methyl orange solution
(20 mg l)1). After stirring in dark for 60 min, the
adsorption was balanced. The solutions were then irra-
diated with a UV source (300 W, Imax at 365 nm),The
concentrations of solutions were detected 60 min later
with a Cary 100 UV-visible spectrophotometer at
464 nm.

2.2. Characterization

Thermogravimetric (TGA)/differential scanning
calorimetric (DSC) analysis (Instrument, NETZSCH
STA 409 PC/PG) was performed in flowing oxygen
(7 cm3 min)1) with a heating rate of 2.5 K min)1. Low-
angle X-ray diffraction (XRD) patterns of all samples
were collected in h� 2h mode using Rigaku D/MAX-
2550 diffractometer (CuKa1 radiation, k=1.5406 Å),
operated at 40 kV and 200 mA. Wide-angle XRD
diagrams were collected in the same mode, but operated
at 100 mA. The Pd particle size was estimated by
applying the Scherrer equation to the FWHM of the
(111) peak. The sample morphology was observed under
transmission electron microscopy (TEM) and high-res-
olution transmission electron microscopy (HRTEM) on
a 2100 JEOL microscope (200 kV) using copper grids.
The instrument employed for XPS studies was Perkin
Elmer PHI 5000C ESCA System with Al Ka radiation
operated at 250 W. The porous texture of the powders
was analyzed from nitrogen adsorption–desorption iso-
therms at 77 K. By using a Micromeritics ASAP 2000
system, the BET and BJH methods were applied for the
determination of the specific surface area, and the mean
mesopore equivalent diameter, respectively. These sam-
ples were outgassed overnight at 473 K before N2

adsorption–desorption analysis.

Scheme 1. Preparation of Pd nanoparticles in La-doped mesoporous titania by coassembly and in-situ photoreduction.
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3. Results and discussion

The thermogravimetric curve presented in figure 1(a)
shows a three-step weight loss pattern for as-synthesized
mesoporous organic–inorganic hybrid containing Pd2+

and La3+. The first step below 393 K is due to the loss of
volatile species, such as water, butanol and HCl, which
are endothermic reaction. The second step between 393
and 558 K is attributed to the decomposition of the P123
template. The third step of weight loss ranging from 558
to 693 K corresponds to the removal of residual organic
compounds. Correspondingly, there are a sharp exo-
thermic peak around 560 K and a low and broad exo-
thermic peak around 673 K. The exothermic peak
around 783 K without corresponding weight loss is
caused by the phase transformation from anatase to
rutile. However, in the TG-DSC figure of as-synthesized
mesoporous titania without Pd2+ (figure 1(b)), the
maximal exothermic peak is around 579 K. Moreover,
there is no exothermic peak around 783 K.

The differences between two TG-DSC figures should
be attributed to the presence and absence of Pd. The
oxidation of organic compounds was catalyzed by Pd
[16], which resulted in the shift of maximal exothermic
peak to lower temperature. In figure 1(a), the exother-
mic peak around 783 K should be attributed to the

phase transformation from anatase to rutile promoted
by Pd2+. La3+ and Pd2+ have larger ionic radius than
Ti4+ (0.103, 0.086 and 0.061 nm respectively) [15]. So it
is difficult for La3+ or Pd2+ to replace Ti4+ inside the
anatase crystals. It is possible that La–O–Ti bonds and
Pd–O–Ti bonds were formed on the surface of anatase
crystals. Element with lower electronegativity than
titanium, such as lanthanum, can improve the stability
of titania crystals by enhancing the strength of Ti–O
bonds [17]. On the contrary, element with higher elec-
tronegativity than titanium, such as palladium, seems to
decrease the stability of titania crystals by weakening the
strength of Ti–O bonds.

In figure 2, the appearance of low-angle diffraction
peaks indicates that the mesostructure was preserved
after calcination. Illumination by UV light in aqueous
solution of ethanol or calcination in H2 flow at 473 K
did no damage to the mesostructure. From wide-angle
XRD patterns, a series of peaks for anatase can be
observed. After calcinations, characteristic peaks
belonging to PdO are too weak to be confirmed. PdO
particles may be very small and highly dispersed.
Otherwise, the presence of a very small amount of PdO
would display characteristic peaks in the wide-angle
XRD pattern [18]. The PdO may exist on the outer

Figure 1. TGA–DSC curve of as-synthesized La-doped mesoporous organic–inorganic hybrid containing Pd2+ (a); TGA–DSC curve of as-

synthesized La-doped mesoporous organic–inorganic hybrid containing no Pd2+ (b).

Figure 2. Low-angle XRD patterns (left) and wide angle XRD patterns (right) of Pd(P)/LaMT (a), Pd(H)/LaMT (b) and PdO/LaMT (c).
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surface, inner surface of mesoporous titania, or in the
gaps between anatase nanoparticles. After thermal
reduction by hydrogen at 473 K for 4 h, two peaks
belonging to Pd (111) planes and (200) planes emerged
in the XRD pattern of Pd(H)/LaMT [19]. In comparison
with Pd(H)/LaMT, the peaks belonging to Pd (111)
planes and (200) planes for Pd(P)/LaMT are weaker and
broader, owing to smaller metal particle size and higher
dispersity. The data of pore-wall parameters and Pd
nanoparitcle sizes of Pd(P)/LaMT and Pd(H)/LaMT
were summarized in table 1.

TEM and HRTEM images are shown in figure 3. The
mesoporous titania matrix has long-range order and
polycrystalline framework. There is no obvious
agglomerate Pd particles in the mesopores of Pd(P)/
LaMT (figure 3a, b). Illuminated by UV light at room
temperature, PdO was reduced in-situ by photogener-
ated electrons in the presence of ethanol as photogen-
erated holes captor. The visible Pd nanoparticles in the
TEM image of Pd(P)/LaMT (figure 3b) is about 5 nm.
However, most Pd nanoparticles are difficult to be dis-

cerned on the pore-walls, because they are dissolved
homogenously in the framework. In contrast, Pd
nanoparticles with larger sizes can be observed in the
TEM image of Pd(H)/LaMT (figure 3d, e). In the mes-
opores, the growth of Pd nanoparticles was restricted by
the pore diameter. However, on the outer surface, it is
easier for Pd nanoparticles to migrate and agglomerate.
Some Pd particles are larger than 18 nm. From the
HRTEM image of Pd(P)/LaMT(figure 3c) and Pd(H)/
LaMT(figure 3f), anatase (101) planes with d=0.35 nm,
Pd (111) planes with d=0.22 nm and Pd (200) planes
with d=0.19 nm can be observed. Before reduction, the
sintering of PdO was slow because of the strong chem-
ical interaction with titania by forming Pd–O–Ti bonds.
After reduction, Pd agglomerated to reduce surface
energy, because high temperature accelerated the
agglomeration of Pd, Pd nanoparticles prepared by
hydrogen reduction at 473 K are larger than the ones
prepared by photoreduction.

The valence states of palladium were analyzed by
XPS spectra. Palladium only has one chemical state in

Table 1

Pore-wall parameters and Pd nanoparitcle sizes of Pd(P)/LaMT and Pd(H)/LaMT

Sample d100 (nm) SBET
a(m2 g)1) DBJH

b(nm) DAnatase
c(nm) DPd

d(nm)

Pd(P)/LaMT 8.5 110 3.9 9.2 6

Pd(H)/LaMT 8.5 74 3.4 9.2 14

aBET surface area;
bAverage pore diameter, estimated by using BJH model;
cAnatase particle size calculated by Scherrer equation;
dPd particle size calculated by Scherrer equation.

Figure 3. TEM images of Pd(p)/LaMT along the [110] direction (a) and [001] direction (b); (c) HRTEM of Pd(P)/LaMT along the [110] direction

(d)and [001] direction (e); (f) HRTEM of Pd (H)/laMT.
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Pd(P)/LaMT (figure 4a), which indicates the reduction
was complete. The dispersion and the particles size of
Pd0 will affect the Pd 3d5/2 binding energy values greatly
[20]. The Pd0 3d5/2 binding energy of Pd(P)/LaMT is
335.8 eV, 0.2 eV higher than that of Pd(H)/LaMT,
which may be due to higher dispersion and smaller size
of Pd nanoparticles. In contrast, two chemical states of
palladium can be discerned in the XPS spectra of Pd(H)/
LaMT (figure 4b). Pd 3d5/2 binding energies of 335.6
and 337.6 eV are attributed to Pd0 and Pd2+, respec-
tively [5,21]. By quantitative analysis, there is about
14% residual PdO.

Figure 5 shows the binding energies of La 3d pho-
toelectron peaks at 836,3 eV for La 3d5/2 line [22], which
indicates that the chemical state of lanthanum is La3+

oxidation state before and after the reduction of Pd2+

by photogeneraged electrons or hydrogen. The con-
duction band edge of anatase, Ecb ()0.5 VNHE, volts vs.
normal hydrogen electrode) [13], is more negative than
the redox potential of Pd2+/Pd (E(Pd2+/Pd)=0.915
VNHE) and more positive than the redox potential of
La3+/La (E(La3+/La)=)2.38 VNHE) [15]. So La3+

could not be reduced by photogenerated electrons. The
photoreduction process may be represented by the fol-
lowing reactions [13]:

TiO2 þ hm! hþvb þ e�cb ð1Þ

C2H5OHþ 2O2 þ 4hþvb ! 2CO2 þH2Oþ 4Hþ ð2Þ

Pd2þ þ 2e�cb ! Pd0 ð3Þ

La3þ þ 3e�cb ! La0 ð4Þ

The results of specific surface area analysis are dis-
played in figure 6. The prepared materials have type IV
gas adsorption isotherm, which is representative of
materials containing large mesoporous channels [23,24].
The hysteresis loops have more type H1 characteristics
than type H2, which indicates that the samples still
reserve the uniform cylindrical mesopores. After
reduced by photoreduction, the specific area is
110 m2 g)1. The average pore diameter estimated by
using BJH model is 3.9 nm. The sample Pd(H)/LaMT
has less specific surface area (74 m2 g)1) and smaller
pore size (3.4 nm). High temperature will accelerate the
sintering of Pd nanoparicles, which may be the main
factor results in the less specific surface area and smaller
pore diameter.

The photocatalytic activities of the composite mate-
rials of Pd nanoparticles and La-doped mesoporous
titania prepared by photoreduction and hydrogen
reduction were evaluated by the photodegradation of
methyl orange. Pd(P)/LaMT has higher photocatalytic
activity than LaMT and Pd(H)/LaMT (figure 7).
Previous article reported that the morphology or geo-
metrical factor of noble metal nanoparticles deposited
on titania didn’t affect photocatalytic properties as
greatly as loading amount [25]. However, in the case of
same loading amount, smaller noble metal nanoparitcle
size will result in larger area contacting with titania
which facilitates the separation of photogenerated elec-
trons and holes.

4. Conclusions

A simple method is reported to synthesize highly
dispersed Pd nanoparticles in La-doped mesoporous
titania with crystallized walls by photoreducing PdO in-
situ at room temperature. The loading amount of Pd is
easy to control, because there is no loss of Pd in such

Figure 4. Pd 3d XPS spectra of Pd (p)/LaMT (a), Pd (H)/LaMT (b)

and PdO/LaMT(c). The dashed lines are the measured data. The thick

solid lines are the fitted data. The thin solid lines are the deconvoluted

spectra.

Figure 5. La 3d XPS spectra of Pd(P)/LaMT (a), Pd(H)/LaMT (b)

and PdO/LaMT (c).
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process. Compared with reduction by H2, photoreduc-
tion is highly efficient and complete with high disper-
sion, which profits from the polycrystalline framework
of mesoporous titania. The sample prepared by photo-
reduction has higher photocatalytic activity than that
prepared by hydrogen reduction.
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LaMT) and LaMT) evaluated by the degradation of methyl orange

solution illuminated by a UV source for 60 min.
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