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In-situ Atomic Resolution Transmission Electron Micros-
copy studies carried out on a Rh/Ce0.8Pr0,2O22x catalyst,
under hydrogen in the temperature range 298–1223 K, show
the occurrence of consecutive reduction of Pr4+ and Ce4+

ions, and the formation of an oxygen-deficient Ln16O30 (Ln:
Ce, Pr) ordered phase.

Most of the very important catalytic applications of ceria-based
materials are acknowledged to be closely related to their redox
properties.1 Such is the case of three-way catalysis2 or hydrogen
production from partial oxidation of methane.3

Recent studies have shown that CeLnO22x
4–7 and CeLnZ-

rO22x
7–9 mixed oxides (Ln: Pr, Tb) exhibit very remarkable

redox properties, particularly at low temperature ( < 773 K),2,5,6

thus suggesting highly interesting catalytic applications for
these materials.

Compared to the classic ceria and ceria–zirconia systems, the
co-existence in these materials of two different reducible
cations introduces some additional, very challenging, character-
isation problems. A first major question deals with the
consecutive or overlapped nature of the two cation reduction
processes. Apart from the contribution of XANES,10 most of the
techniques fruitfully applied to the redox characterisation of
CeO2 and CeO2–ZrO2

10 cannot, however, provide a conclusive
answer to this question. The structural properties of the reduced
CeLnO22x mixed oxides, specifically the likely occurrence of
oxygen vacancy ordering phenomena, similar to those exhibited
by the binary rare earth oxides: LnO22x (Ln: Ce, Pr, or Tb),12

represent a second important question, not clarified as yet.
Here, we report on an in-situ High Resolution Transmission

Electron Microscopy (HREM) study of this sort of materials.
Data concerning a low surface area, 11 m2.g21, Rh(1%)/
Ce0.8Pr0.2O22x catalyst are presented and discussed. Details of
the catalyst preparation procedure are available as com-
plementary information on request. The study was performed
on a dedicated microscope, specially designed to apply a wide
variety of thermal and chemical treatments inside the instru-
ment.13,14 The experiments consisted of heating the catalyst step
by step at temperatures ranging from 298 to 1223 K, under
hydrogen (PH2

: 4 Torr). The HREM images and the Electron
Energy Loss Spectroscopy (EELS) data were all recorded under
reaction conditions.

Compared to other characterisation techniques, in situ-
HREM offers the unique possibility of investigating the redox
state of both Ce and Pr ions, and the nanostructural features of
oxygen vacancy ordering phenomena, simultaneously.

The redox evolution of Ce and Pr ions was investigated by
analysing the fine structure in EELS spectra of their M4,5 edges.
Earlier EELS studies on CeO2

15 and Ce0.5Zr0.5O2 mixed
oxides,16 have shown that, as the reduction Ce4+?Ce3+

proceeds, some major changes are observed in the spectrum: a)
Both M4 and M5 peaks shift down in energy by about 1.4
eV;15,17 b) There is a damping of the shoulders on the high
energy side of the main peaks; c) The intensity ratio: I(M5)/
I(M4) increases.

No similar in situ EELS studies are available for the reduction
of Pr-containing oxides. As deduced from Fig. 1, the qualitative
evolution of the Pr and Ce M4,5 edges shows notable analogies,
thus allowing the modifications observed in the Pr spectrum to
be interpreted in a similar way as that reported for Ce.

According to Fig. 1, for the catalyst treated in H2, at 298 K,
the position and fine structure features of Ce and Pr spectra are
dominated by those corresponding to the Ln4+ species.17,18

After reduction at 473 K rather abrupt changes are observed
in the Pr spectrum: a) A 21.4 eV shift of M4 and M5 peaks; b)
damping of the shoulders at the higher energy side of these
peaks; c) appearance of a small peak at the lower energy side of
the M5 peak. These effects are in good agreement with those
reported in XAS studies of the Pr4+? Pr3+ reduction proc-
ess.19,20 Likewise, they are in qualitative agreement with both

Fig. 1 EELS study of Rh(1%)/Ce0.8Pr0.2O22x catalyst. Spectra recorded
under H2 pressure (4 mbar) at the indicated temperatures. The peak
positions for some of the characteristic features of Ln4+ and Ln3+ species are
marked by the solid and dashed vertical lines respectively.
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earlier EELS studies15,17 and our own results, to be commented
below, on the cerium reduction. Accordingly, the rather drastic
changes occurring in the EELS spectra of Pr are interpreted as
due to the Pr4+?Pr3+ reduction process. Moreover, further
increases of the reduction temperature (Tredn) have very slight
effects on the spectrum, thus indicating that, at 473 K, most of
the Pr present in the mixed oxide has already been reduced.

Evidence of Ce3+ formation could only be obtained from the
spectrum of the catalyst reduced at 973 K, Fig. 1. The lower
reducibility of Ce4+ is also confirmed by the evolution with Tredn
of the I(M5)/I(M4) ratio, in accordance with which some Ce4+ is
still present in the sample reduced at 1223 K. We conclude,
accordingly, that Pr4+ and Ce4+ reduction processes take place
in a consecutive manner, the disappearance of Pr4+ species
occurring at much lower temperature.

The in-situ TEM technique has also allowed us to investigate
how the oxygen vacancies are accommodated into the structure
of the mixed oxide. Fig. 2(a) shows an in-situ recorded lattice
image, which is representative of the catalyst reduced at 473 K.
Bidimensional resolution can be clearly appreciated. The
Fourier Transform analysis of the fringe pattern shows the
existence of 0.312 nm and 0.270 nm lattice spacings. These
periodicities are characteristic of the {111} and {200} lattice
planes of the oxide fluorite structure. The inset Digital
Diffractogram Pattern (DDP) can be assigned to a < 110 > zone
axis of the fluorite.

The first evidence of structural changes in the images could
only be obtained upon reduction at 973 K, Fig. 2(b). Besides the
{111} and {002} spots, some additional reflections are clearly
visible. These extra spots, marked with arrows in the inset DDP,
are commensurate with those of the fluorite structure. They may
be associated with the long range modulation of the image
contrasts. These spots are in fact reflecting a superstructure,
which can be indexed on the basis of the fluorite cell as 1⁄4 {220}
and {100} + 1⁄4 {220}. The former gives rise to the 0.76 nm
modulation observed in this HREM image. The modulation is
superimposed to the higher frequency atomic-column contrasts
characteristic of < 110 > fluorite zone axis images. Accord-
ingly, on the catalyst reduced at 973 K, the oxygen vacancies
become ordered. No ordering effect could be observed on
samples reduced below this threshold temperature.

Accommodation of oxygen vacancies in a homologous
series, LnnO2n22m, consisting of superstructures of the fluorite
cell, is a well known property of the binary higher 4f oxides.12

The comparison of the superstructure features observed in Fig.
2(b), with the calculated diffraction patterns reported in ref. 21
for different members of the LnnO2n22m homologous series has
allowed us to unambiguously identify in the sample reduced at
973 K the presence of the p-type phase, Ln16O30, the least
reduced member of the series. These results constitute the first
evidence of oxygen vacancy ordering in a Ce–Pr mixed
oxide.

As shown here, Pr reduction takes place at temperatures well
below the temperature at which vacancy ordering occurs. Full
reduction of Pr represents a 20% of the maximum reduction
degree attainable by the Ce0.8Pr0.2O22x mixed oxide. Since the
p-phase corresponds to a 25% reduction, some Ce3+ must also
be present. Our structural observation is thus consistent with the
EELS data, in accordance with which cerium reduction starts at
973 K. Further experiments aimed at determining whether
temperature and reduction degree are independent factors
controlling the onset of the ordering effects are currently
underway.
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gratefully acknowledges Haldor Topsøe A/S for the financial.
Support from the MCYT (Project MAT2002-02782) and the
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Fig. 2 In-situ HREM images recorded on the Rh(1%)/Ce0.8Pr0.2O22x catalyst: (a) after reduction at 473 K, (b) after reduction at 973 K.
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