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Ceria-praseodimia  nanotubes  (Ce0.8Pr0.2O2−ı–NT)  have  been  synthesized  for the  first  time  employing
a  template-based  electrodeposition  method  inside  the  pores  of  anodic  aluminum  oxide  (AAO)  mem-
branes.  Various  electron  microscopy  techniques  such  as  Field  Emission  Gun  Scanning  Electron  Microscopy
(FEG-SEM),  Scanning  Transmission  Electron  Microscopy  working  in High  Angle  Annular  Dark-Field
mode  (STEM-HAADF),  High  Resolution  Transmision  Electron  Microscopy  (HRTEM),  Energy-dispersive
X-ray  Spectroscopy  (X-EDS),  Electron  Energy  Loss  Spectroscopy  (EELS)  and Energy  Filtered  Transmision
erium
raseodymium
emplate-based electrodeposition
anotube
O oxidation

Electron  Microscopy  (EFTEM)  have  been  used  to  characterise  the  morphology,  structure  and  chemical
composition  of  the  nanotubes.  The  results  indicate  that  nanotubes  are  formed  by  nanocrystals  of  cerium
and  praseodymium  mixed  oxide.  Furthermore,  the  system  Ce0.8Pr0.2O2−ı–NT/AAO  shows  a better  perfor-
mance  in  the  CO  oxidation  reaction  than  both  powdered  Ce0.8Pr0.2O2−ı prepared  by  conventional  methods
and  CeO2–NT/AAO.  These  results  have  been  discussed  and  related  to the synergistic  effect  of doping  and
nanostructuration  of  CeO2.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The presence of electrons in the 4f subshell lends the lanthanide
lements remarkable electronic, structural, and magnetic prop-
rties which have attracted much interest both in fundamental
esearch and in applied sciences [1].  CeO2 is one of the lanthanide-
ontaining compound most widely studied showing a number of
pplications such as catalysts [2–5], solid electrolites in fuel cells
6,7], abrasives [8],  component of optic films [9] or sensors [10,11].
mong these applications, catalysis is one of the most impor-

ant ones for CeO2, which relies on the capability of this oxide to
xchange oxygen with its surroundings by creating/removing oxy-
en vacancies in its fluorite structure. The ability to uptake/release
xygen, is usually quantified through measurements of the so called
xygen Storage Capacity (OSC). Due to its redox behaviour, ceria
as been successfully employed as a catalyst or a catalyst support

or a variety of reactions which involve the exchange of oxygen
etween the reactants, as it is the case of those related to Three-

ay  Catalysis in exhaust-gas converters of gasoline-fueled vehicles

12–14] and, more recently, to those related to the production of

∗ Corresponding author. Tel.: +34 956016154; fax: +34 956016154.
E-mail address: Javier.botana@uca.es (F.J. Botana).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.05.006
H2 for fuel cells [15–17] or to the abatement of organic pollutants
from industrial wastewater [18,19].

The redox behaviour of ceria can be improved by means of two
approaches. On one hand, transition metals (specially Zr) or lan-
thanide elements (Pr, Tb,) have been traditionally added to CeO2
as alio cations in order to improve the low temperature redox
response and the thermal stability. On the other hand, the pre-
cise control of the nanostructure has proven to be an effective
method to modify the properties of a wide range of materi-
als, including complex catalytic systems. For this reason several
synthesis methods that yield nanostructured CeO2 (nanotubes,
nanorods, nanowires, nanopolyhedra, etc.) have been developed.
These nanostructured CeO2 oxides demonstrate enhanced catalytic
behavior compared with bulk CeO2 obtained by conventional syn-
thesis methods [20–22]. However, only a few papers focus on the
use of both mixing with a second metallic element and nanos-
tructuration to improve the performance of CeO2-based materials
[23,24].  Among them, Pr-doped CeO2 nanostructures are those to
which more attention has been paid [25,26]. Thus, Yan et al. [25]
prepared Pr-doped ceria nanorods with diameters of ∼30 nm and
with a length of ∼400 nm via a high-temperature precipitation and

subsequent low-temperature aging route. Similarly, Ren et al. [26]
recently synthesized Pr-doped ceria nanorods with diameter and
length ranging from 10 to 18 nm and 200 to 400 nm,  respectively.
It is well known that the incorporation of Pr to ceria structure

dx.doi.org/10.1016/j.cattod.2011.05.006
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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Fig. 1. Cross section scheme of the system obtained after the electrodeposition
w

m
a
t
r

s
n
t
c
a
b

2

2

s
v
a
e
o
e
o
d
d
A
a
t
i
g
t
p
c
w
s
c
C
n

s
r
c
i
6
o
a
s

ithin the anodic alumina membrane.

odifies the redox properties and thermal stability of pure ceria
nd its catalytic behavior as well [27–29].  However, no study on
he catalytic activity of Pr-doped 1D ceria nanostructures has been
eported yet.

In the present work, Pr-doped CeO2 nanotubes have been
ynthesized for the first time and characterized with various tech-
iques. FEG-SEM, STEM-HAADF, HREM, X-EDS, EELS and EFTEM
echniques were employed to study the morphology, structure, and
hemical composition of these nanotubes. Moreover, the catalytic
ctivity in the CO oxidation reaction of the samples prepared has
een evaluated.

. Experimental

.1. Sample preparation

A template-based electrodeposition method was  employed to
ynthesize the nanotubes following a procedure similar to that pre-
iously reported in [22,30]. Whatman Anodisc commercial anodic
lumina membranes with a thickness of 60 �m and with pore diam-
ters of approximately 200 nm,  were employed as a template. In
rder to allow the membrane to be utilized as the cathode of a three-
lectrode electrochemical cell a thin layer of gold was deposited
n one of the faces of these membranes to assure electric contact
uring the synthesis. SEM images confirmed that the layer of gold
eposited did not block the pores of the face covered with gold.

 net of platinum wires was used as the auxiliary electrode, and
 Ag/AgCl 3 M electrode as reference electrode. The electrodeposi-
ion was performed for a period of 1 h in a mixed solution of 0.04 M
n Ce(NO3)3 and 0.01 M in Pr(NO3)3 at ambient temperature in the
alvanostatic regime, applying 1 mA  cm−2. The solution was  added
o the cell 1 h before starting the electrodeposition to assure that the
ores were completely filled. Since the chemistry of praseodymium
ompounds is very similar to that of their equivalent of cerium,
e can expect that the nanostructures formed using the proposed

ynthesis route, which in fact promotes the co-precipitation of the
ations via electro-reduction of their nitrates, will be made up of
e(OH)3 and Pr(OH)3 as already reported in [22,31,32].  Finally, the
anotube/membrane systems were oxidized at 250 ◦C in air for 1 h.

Fig. 1 shows a cross section scheme of the nanotube/template
ystem obtained. After the synthesis the nanotubes were sepa-
ated from the template to study their morphology, structure and
omposition. For this purpose, the gold film was first dissolved by

mmersing the nanotube/template assemblies in a 6 mM I2 and

 mM KI ethanolic solution for 30 min  at room temperature. Sec-
ndly, the alumina template was dissolved by immersion in a
queous solution of 1 M NaOH at 45 ◦C for 3 h. Finally, the resulting
olid product was thoroughly rinsed with ethanol.
ay 180 (2012) 167– 173

2.2. Characterization of the nanotubes

The as-prepared nanomaterials were characterized by means of
XRD using a Bruker D8 ADVANCE diffractometer (CuK� radiation).
FEG-SEM images of the nanotubes and X-EDS spectra were acquired
in a FEI SIRION microscope equipped with a EDAX Phoenix system.
STEM-HAADF images, HREM images and DDPs were obtained in a
JEOL2010F microscope equipped with an HAADF detector, work-
ing at 200 kV. Moreover, EELS and EFTEM analysis was  performed
with an spectrometer (GIF2000 Gatan Imaging Filter) installed in
the JEOL2010F microscope. All EEL spectra were recorded in STEM
mode using a energy dispersion of 0.3 eV/channel and acquisition
times of 0.3–1.0 s. Energy filtered images were recorded with an
energy selecting slit of 5 eV and the acquisition time was 5 s. Ele-
mental distribution images of Ce and Pr were obtained using the
three window technique [33].

The morphological information was obtained analysing FEG-
SEM and STEM-HAADF images. A structural characterisation was
accomplished using XRD patterns, HREM images and their corre-
sponding DDPs. Finally, X-EDS and EELS spectra were studied to
elucidate the chemical composition of the samples.

2.3. Catalytic measurements

The catalytic activity of the nanotubes/membrane system,
namely Ce0.8Pr0.2O2−ı–NT/AAO, was evaluated in the CO oxidation
reaction. For comparison, the activity of an AAO gold sputtered
template sample and that of a Ce0.8Pr0.2O2−ı powdered sample
from Grace were also measured. Furthermore, previously reported
results for a CeO2–NT/AAO [22] sample were also taken into
account within the discussion. The experiments were carried out
in a quartz reactor with 55.0 mg  total amount of sample. In the
essay of Ce0.8Pr0.2O2−ı–NT/AAO the amount of sample contained
10 mg of ceria–praseodymia nanotubes. Prior to the study of the
catalytic activity, each sample was  pretreated as follows: (1) heat-
ing from ambient temperature up to 250 ◦C (10 ◦C min−1) under a
flow (60 cm3 min−1) of O2(5%)/He; (2) keeping at 250 ◦C for 1 h; (3)
cooling down to 125 ◦C; (4) changing the atmosphere to pure He,
and (5) cooling to ambient temperature. A reaction mixture of 1%
CO + 20% O2 balanced with He and a total flow of 60 cm3 min−1 was
employed for CO oxidation catalytic tests. Light-off curves were
performed from room temperature up to 700 ◦C at a heating rate
of 10 ◦C min−1. The gases at the outlet of the reactor were analyzed
with a Pfeiffer Prisma mass spectrometer.

3. Results and discussion

3.1. Morphology

Fig. 2 depicts two representative FEG-SEM images of the mate-
rial prepared inside the pores of the alumina membrane. In the
low magnification image, Fig. 2(a), 1D nanostructure arrays densely
packed and attached to a base layer can be seen. This kind of images
has been previously observed in CeO2 nanotubes prepared using
a similar procedure [22,30].  High magnification image, Fig. 2(b),
reveals the presence of hollow structures, thus indicating that they
are nanotubes. These images also suggest irregularities at the nan-
otube walls as cracks and holes of different size. The diameter of
the nanotubes which can be estimated from these images is close to
300 nm,  i.e. larger than the template pore size, 200 nm. The reason-
able explanation to account for this observation is that the cerium

praseodymium mixed oxide nanostructure collapses after being
extracted from the template. Very likely, the nanotube walls are
not rigid enough to keep their shape after removing the alumina
template.
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Fig. 2. FEG-SEM images of Ce0.8Pr0.2O2−ı nanotubes.
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HREM images were acquired and corresponding digital diffraction
patterns (DDPs) were generated calculating the fast Fourier trans-
form of the images or parts of them. HREM images in Fig. 5 show
Fig. 3. STEM-HAADF imag

Fig. 3 shows two STEM-HAADF images of the nanotubes. The
right bands expected for tubular shapes can be observed at the
dges of the nanostructures. Note however that the images show
lso bright contrasts in areas inside the tube walls. This could be due
ither to folding towards the inner side of the tube of torn portions
f the tube walls or to the development of an inner wall system, as
reviously reported for ceria nanotubes [22].

.2. Structure

In Fig. 4(a) XRD pattern of the cerium praseodymium mixed
xide nanotubes extracted from the template is included. The
eaks at 28.50◦, 33.05◦, 47.45◦ and 56.20◦ in this diffractogram
an be indexed to a fluorite-like structure with cell parameter of

 = 5.420 Å, very close to that of CeO2, a = 5.411 (ICDD card 034-
394). No other phase could be detected in the XRD pattern of
his sample. According to the literature [25,28,29,34],  CexPr1−xO2−ı

olid solutions can be formed in the range x = 1–0.7. In this situation,
r fully incorporates into the cubic structure of CeO2, replacing Ce
n the cationic octahedral positions. This substitution is facilitated
y two factors: (a) the structural similarity of CeO2 and Pr6O11, both
ubic fluorite-type; and (b) the similarity between the ionic radius

f Ce(IV), 0.97 Å, and Pr(IV), 0.96 Å. This seems to be the case of the
s-prepared nanotubes. Another feature of the XRD pattern in Fig. 4
s that the peaks are very broad, surely due to the existence of very
iny crystallites.
Ce0.8Pr0.2O2−ı nanotubes.

In  order to characterize further the structure of the nanotubes,
Fig. 4. XRD pattern of Ce0.8Pr0.2O2−ı nanotubes.
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Fig. 5. HREM images and correspo

–5 nm sized nanocrystals randomly oriented to each other and
ensely packed. The DDP of this image, Fig. 5(a), shows a ring of
iffraction spots corresponding to a lattice spacing of 3.0 Å, very
lose to that of the (1 1 1) planes of CeO2, 3.12 Å. DDPs from smaller
reas, like that in Fig. 5(b) which was calculated from the area
arked with a square, can also be assigned to a fluorite-type phase
ith a lattice parameter slightly shorter than that of pure CeO2. In
articular, the DDP in this figure corresponds to fluorite in [1 1 0]
irection.

The HREM results just described agree with XRD patterns, this
ndicating that Pr fully incorporates to the CeO2 matrix to form

 cerium praseodymium mixed oxide which maintains the cubic
uorite structure.

.3. Chemical composition

Fig. 6 shows an X-EDS spectrum acquired on the Ce0.8Pr0.2O2−ı

anotubes. The main signals correspond to Ce, Pr and O. Au, Ag
nd Al peaks are also present in this sample. Aluminum signals

rise from undissolved alumina template remains. The gold peaks
re due to the gold film which is sputter over the sample to avoid
harge phenomena during SEM analysis. Silver was used to fix the
ample on the SEM stage. The semiquantitative analysis of X-EDS

ig. 6. X-EDS spectrum of Ce0.8Pr0.2O2−ı nanotubes after being extracted from the
emplate.
DDPs of a Ce0.8Pr0.2O2−ı nanotube.

leads to a Ce/Pr molar ratio of 75/25 ± 1.5, a value slightly different
to that of the nominal starting solution (80/20).

Further quantitative X-EDS-STEM analysis carried out in spot
mode with a subnanometer electron probe allowed us stablising
the following molar contents: 75 ± 3.5% for Ce and 25 ± 3.5% for Pr,
in good agreement with SEM X-EDS semiquantitative analysis.

To gain more detailed information about the chemical com-
position of the nanotubes, an STEM-EELS study was carried out
using a 0.5 nm diameter electron probe. The STEM-HAADF image
of Fig. 7(a) depicts a nanotube on which a series of 64 EELS spectra
were acquired along the line marked on Fig. 7, at steps of 0.5 nm.  The
spectra included in Fig. 7(b) are showed separately as an example.
According to the literature [35,36], Ce gives rise to the two  peaks
at 900–950 eV, whilst the two peaks located around 1000–1050 eV
come from Pr.

These EEL spectra have also allowed us estabilishing in qualita-
tive terms the oxidation state of Ce and Pr [36,37] in the nanotubes.
Thus, the small shoulders on the right side of Ce signals clearly
indicate that the sample contains Ce(IV). However, the relative
intensities of the M4 and M5 signals indicates that also a fraction
of Ce(III) is present. In the case of the Pr signals, the intensity of
the M5 line is nearly two-fold that of M4, a feature which indicates
that this element is mainly present in the nanotube as Pr(III). The
absence of the shoulder at the lower energy side of the M4 confirms
further this idea. Thus, from a redox point of view EELS suggest that
in the solid solution the lanthanide elements are present as a mix-
ture of Ce(III)/Ce(IV), in the case of cerium, and mainly as Pr(III) in
the case of praseodymium. This finding is consistent with the liter-
ature, since both elements have proven to have +3 and +4 oxidation
states that are readily formed in ceria–praseodymia solid solutions
[38,39].

Fig. 7(c) displays an EFTEM image of a zone of a nanotube. In
this image, Ce M4,5 signals have been coloured in red and Pr M4,5
signals in yellow. Note the coexistence of Ce and Pr in the analyzed
area, which it becomes evident by the general green appearance of
the image. Therefore, this result proves that the ceria–praseodimia
solid solution is highly homogeneous regarding chemical compo-
sition.
3.4. Catalytic activity

The results of the CO oxidation essays carried out on the syn-
thesized nanotubes and the corresponding reference materials are
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Fig. 7. (a) STEM-HAADF image showing the section of a Ce0.8Pr0.2O2−� nanotube analyzed by EELS; (b) selected EELS spectra acquired along the line marked in image (a); (c)
e pretat
v

p
s
(
o
b
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F
C

lemental maps of Ce M4,5 (red) and Pr M4,5 (yellow) obtained by EFTEM. (For inter
ersion  of the article.)

lotted in Fig. 8, which includes the light-off traces of the following
ystems: (1) Ce–Pr nanotubes/membrane: Ce0.8Pr0.2O2−ı–NT/AAO;
2) CeO2 nanotubes/membrane: CeO2–NT/AAO; (3) a Ce–Pr mixed

xide powder sample: Ce0.8Pr0.2O2−ı and (4) gold sputtered mem-
rane: Au/AAO.

According to Fig. 8, the light-off temperature over the
e0.8Pr0.2O2−ı powder is 360 ◦C, whereas over the newly pre-

ig. 8. CO conversion vs temperature reaction curves of Ce0.8Pr0.2O2−ı–NT/AAO,
e0.8Pr0.2O2−ı powder, CeO2–NT/AAO and Au/AAO.
ion of the references to color in this figure legend, the reader is referred to the web

pared Ce0.8Pr0.2O2−ı–NT/AAO system is only 157 ◦C. Regarding
the CeO2–NT/AAO system, the previously reported T50 was 189 ◦C
[22]. These results indicate therefore that the system containing
the ceria–praseodymia nanotubes (Ce0.8Pr0.2O2−ı–NT/AAO) per-
forms better than both the powdered (Ce0.8Pr0.2O2−ı) oxide and
the system containing the ceria nanotubes (CeO2–NT/AAO). Large
differences do exist between the reaction rates of the different sam-
ples in the low temperature range. Thus, at 200 ◦C, the rates of
CO conversion over the Ce0.8Pr0.2O2−ı–NT/AAO, Ce0.8Pr0.2O2−ı and
CeO2–NT/AAO catalysts are 1.16, 0.001 and 0.77 cm3 CO (STP)/g s
(per gram of oxide), respectively. Therefore, the reaction rate over
Ce0.8Pr0.2O2−ı–NT/AAO is roughly 1000 and 1.5 times higher than
that over Ce0.8Pr0.2O2−ı powder and CeO2–NT/AAO, respectively.

As shown in Fig. 8, the alumina template coated with gold
is much less active than any of the other systems. The activity
of Au/AAO is negligible below 300 ◦C, a temperature at which
Ce0.8Pr0.2O2−ı–NT/AAO and CeO2–NT/AAO allow almost 100% CO
conversion. This indicates that the gold layer deposited as electrode
at the bottom of the alumina membrane does not play by itself an
important role in the CO oxidation reaction.

Regarding with the effects of Pr-doping on the catalytic activity
of the nanotubes, the characterization work presented in this paper
clearly proves that Pr incorporates into the fluorite ceria matrix in

the form of a solid solution which present an homogeneous com-
position along the tube structure. The co-existence of Ce(III)/Ce(IV)
and Pr(III) ions in the nanotubes, predicted by the literature and
confirmed by our EELS studies, gives rise to a higher concentration
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f oxygen vacancies related to Pr(III) which can eventually lead to
n improved oxygen mobility in the mixed oxide with respect to
hat of the pure ceria nanotubes [27–29,38,40]. This improvement
n oxygen handling could justify the better catalytic performance
n the CO oxidation reaction of the Ce0.8Pr0.2O2−ı–NT/AAO system
s compared to the CeO2–NT/AAO system.

The differences between the nanostructured materials, those in
he form of nanotubes, and those in the form of powders require

 more in depth analysis. Although this issue is still challenging,
 detailed review of the literature suggests that some features of
he peculiar nanostructuration reached by the template-assisted
lectrodeposition method used in this work could have a signif-
cant contribution to the improvement in catalytic performance.
irstly, nanosized crystallites may  exhibit quantum-size effects. In
act, it has been found recently that small clusters of CemO2m

+

m = 2–6) are more reactive than larger ones in CO and small organic
olecules oxidation reactions [41], the active site in these reac-

ions being a OCeO moiety. The authors propose that radical type
enters similar to those identified in CemO2m

+ (m = 2-6) may  exist
ver bulk CeO2 or related materials through charge transfer, pho-
on excitation, or mixing/doping other oxides with CeO2. Secondly,
he densely packed and randomly oriented crystalittes may  expose
t their surface more reactive planes and regions of lower oxy-
en coordinations such as edges, vertexes or grain boundaries
20,21,42], which may  provide a higher density of active sites for
eterogenous reactions. Thirdly, at upper level, the tubular shape
llows both a high surface area and easy diffusion of the gases in the
eaction mixture. In any case, to ascertain the impact of these quite
eculiar nanostructural features on CO oxidation catalytic activity,

 more in depth research is required. In this additional research
ork should be assessed, among others, the role of other relevant

tructural features as it is the presence of the Au/nanotube inter-
ace in the Ce0.8Pr0.2O2-�–NT/AAO system. Work is under progress
n our lab to improve our current understanding of the exact role
f the nanostructuration effects induced by the synthetic approach
e have used in this paper.

Given that the nanostructural features of pure ceria and
eria–praseodimia nanotubes are fairly the same, our data prove
hat the addition of praseodimium during the electrodeposition
rocess results in materials with significantly improved catalytic
erformance.

. Conclusions

Cerium-praseodymium mixed oxide nanotubes have been pre-
ared and characterized for the first time. A convenient and fast
ynthesis method based on electrodeposition inside the pores of
nodic alumina oxide templates has been employed. The samples
btained have been characterized morphologically, chemically and
tructurally by means of various electron microscopy techniques.
he main results of this characterization work show that the sam-
les are nanotubes formed by cerium–praseodymium mixed oxide
anocrystals (1–5 nm)  with a cubic fluorite-type structure whose
ell parameter is slightly shorter than that of pure CeO2. Micro and
ano-analysis of the tubes indicate an homogeneous distribution
f the two lanthanide elements along the tubes with a Ce/Pr molar
atio close to 72/25. Moreover, the co-existence of Ce(III)/Ce(IV) and
r(III)/Pr(IV) in the prepared nanomaterials has been proved.

The catalytic activity of the samples prepared and those of
ther reference materials were evaluated and discussed. Although
here are ongoing studies to understand in more details the

atalytic performance of the oxide-NT/AAO systems, some con-
lusions can be claimed so far. Thus, the CO oxidation reaction
t 200 ◦C over the newly prepared Ce0.8Pr0.2O2−ı–NT/AAO system
as proven to be roughly 1000 times faster than over powder

[

ay 180 (2012) 167– 173

Ce0.8Pr0.2O2−ı obtained with conventional methods and 1.5 times
higher than over CeO2–NT/AAO. The differences have been ten-
tatively attributed to the improvement of the redox properties
induced by the incorporation of Pr into the CeO2 lattice and
the likely influence of the nanostructure. Thus, both doping and
nanostructuration can be simultaneously exploited to enhance the
catalytic performance of ceria-based materials.
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