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Summary

This study aims at examining the morphology of different
catalysts, which are based on a dispersion of ceria
nanoparticles embedded in a high surface area mesoporous
silica framework. In order to fully describe the mesostructured
composite material, we propose here a quantitative description
of the microstructure based on a quantitative analysis
of micrographs that were obtained via high-resolution
transmission electron microscopy. We have therefore
developed an automatic image analysis process in order to
automatically and efficiently extract all the components of the
catalyst images. A statistical and a morphological analysis
of the spatial arrangement of the components of the catalyst
are also presented. The study shows clear differences between
the materials analysed in terms of the spatial arrangement
and the total surface area of the ceria phase emerging into
the pores, parameters of prime importance for the catalytic
properties. Thus, the silica–ceria nanostructured composite
materials, displaying large surface area up to 300 m2 g−1 are
shown to exhibit highly rugged surfaces resulting from ceria
nanoparticles emerging in the pores.

Introduction

Mesoporous materials are the subject of many studies and
triggered a strong interest in the field of catalysis (Nooney et al.,
2002; Che et al., 2003; Tian et al., 2003; Corma et al., 2004a).
Composite mesostructured silica–ceria catalysts have been
proposed (Chane-Ching, 1999; Corma et al., 2004b), in which

Correspondence to: Dominique Jeulin. Tel: (33) 1 64 69 47 95; fax: (33) 1 64

69 47 07; e-mail: dominique.jeulin@ensmp.fr

the catalytic functionality is ensured by the ceria nanoparticles
emerging into the pores that originate from the calcination of
the copolymer template arranged in a hexagonal structure. To
improve the catalytic functionality of the material, one needs
to characterize precisely the dispersion and volume fraction
of both the ceria particles and the pore channels within the
material, to geometrically cross-correlate and relate them
to the manufacture process. Various mesoporous catalysts
corresponding to various manufacture process conditions
were recently proposed (Chane Ching, 1999). To characterize
their morphology, the materials were observed by means of
transmission electron microscopy (TEM). TEM micrographs
were analysed with techniques based on statistical and
mathematical morphology tools (Moreaud, 2006) in order to
efficiently and automatically extract the various components
of the catalysts images (see Fig. 1): the pores, silica and the
ceria nanoparticles. In this paper, we will present the results
of such an analysis obtained for three kinds of catalysts (mat.
1, 2 and 3) with three sets of five high-resolution TEM images
(sets 1, 2 and 3).

Presentation of the catalysts

The fabrication of the silica–ceria catalysts involves the
self-assembly of CeO2 monodisperse nanoparticles and a
SiO2 binder from an acidic homogenous medium (cf.
Fig. 1). The assembly process was controlled by adjusting
the interactions between a copolymer template with the CeO2

nanoparticles and SiO2 (Corma et al., 2004a, 2004b). The
catalytic functionality of these materials is ensured by the
insertion of 5-nm-wide ceria nanoparticles in the copolymer
network during the mineralization process. The copolymer
network is then calcined, giving rise to a hexagonal network
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Fig. 1. Left, representation of the composition of the catalysts. Right,
image obtained by transmission electron microscopy (in top corner right,
we can observe the atomic structure of a ceria nanoparticle). (Image =
512 × 512 pixels, numerical resolution = 0.07 nm.)

of porous channels, in which a certain volume fraction of
ceria emerges (Shinkai et al., 2003; Chane-Ching et al., 2005).
The manufacture process and hence the properties of these
catalysts can be significantly improved from morphological
information on the ceria nanoparticles and their distribution
(Nooney et al., 2002): compactness, sphericity and localization
either in the pores and or in the silica walls.

Preparation of TEM samples and observations

Three materials corresponding to three different volume
fraction of ceria were impregnated with a resin and cut

in slices with a thickness of a few tens of nanometres by
ultra-microtome. In order to avoid any skew, the exact
volume fraction of ceria for each materials was not known by
those who carried out the numerical analysis. Samples were
observed with a TEM (Tecnai 20F ST, FEI Europe, Eindhoven,
The Netherlands) operated at 200 kV under conditions close
to the Scherzer defocus. These observations were carried out
in the Centre des Matériaux de l’Ecole des Mines de Paris
(Thorel & Molins, 2003). The spatial resolution of the 256 grey
levels images is 0.07 nm per pixel. The actual resolution of the
micrographs (five per material) corresponds to the resolution
of the microscope, and is of the order of 0.2 nm, making possible
a precise localization of the ceria nanoparticles.

Image processing

We present below a set of image processing tools, which have
been developed to carry out the segmentation of pores, resin,
silica and ceria nanoparticles in three sets of high-resolution
TEM images (sets 1, 2 and 3) corresponding to three materials
(mat. 1, 2 and 3).

Segmentation of the porosity network

The pores are filled with resin with very little electron
scattering capability, and therefore appear as light grey
aggregates in HRTEM images. To extract them, we use
mathematical morphology tools and an automatic binary
segmentation. We process a morphological opening by a disk
of diameter 0.7 nm, and then we use binary thresholding by
maximization of the interclass variance (Otsu, 1979). With
this first step, we obtain an image Im, which is a marker that
will be used to extract the pores aggregates.

Im = S((I -D0.7) ⊕ D0.7, s0)

with I the initial image, D0.7 a disk of diameter 0.7 nm,
S the result of a binary thresholding operator and s0 the
threshold obtained by maximization of the interclass variance.
The binary image Ip, which gives a precise representation of
pores, is obtained in two steps:
(1)First, we generate a morphological reconstruction (Serra,

1982) of image S(I, s0) from the marker Im, S(I, s0) being
the initial image after binary thresholding by the interclass
variance maximization.

(2)Then, we perform a morphological closing by a disk of
diameter 0.37 nm. This step is used to eliminate holes that
could remain in the resin (pores).

Ip = (Rec⊕(Im, S(I , s0)) ⊕ D0.35)-D0.35

Rec⊕ is the morphological reconstruction operator. The
process is illustrated in Fig. 2.

C© 2008 The Authors
Journal compilation C© 2008 The Royal Microscopical Society, Journal of Microscopy, 232, 293–305



M O R P H O L O G I C A L A N A L Y S I S O F N A N O S T R U C T U R E D C E R I A – S I L I C A C A T A L Y S T S 2 9 5

Fig. 2. The various steps to obtain the binary image of pores Ip (example on an image of set 1). From left to right, and from top to bottom: initial image I,
image Im, image S(I, s0), image Rec(Im, S(I, s0)), and image Ip corresponding to the image of pores. (The images consist of 512 × 512 pixels, numerical
resolution = 0.07 nm.)

Detection of silica and ceria nanoparticles

The ceria nanoparticles and the silica walls correspond to areas
in the images that present little white spots with sizes ranging
from 0.2 to 0.5 nm. These spots are associated with the periodic

arrangement typical of the phase contrast structure image
for crystalline ceria, and with the short-range arrangement
of randomly distributed interconnected SiO4 tetrahedrons for
vitreous silica observed under phase contrast conditions. To
extract these spots, we make a convolution product of the

C© 2008 The Authors
Journal compilation C© 2008 The Royal Microscopical Society, Journal of Microscopy, 232, 293–305



2 9 6 M . M O R E A U D E T A L .

Fig. 3. Extraction of the silica and ceria phases (example on an image extracted from set 1). From left to right, and from top to bottom: initial image I,
image Ig (smoothing by a Gaussian filter), I–Ig (image of the “details” of I), final image Isc (binary thresholding of I–Ig by maximization of the interclass
variance). (The images consist of 512 × 512 pixels, numerical resolution = 0.07 nm.)

initial image I by a Gaussian normalized and centred kernel
G(x, y) with size 0.5 × 0.5 nm and with a standard deviation
equals to 3.5 nm. The image Ig, is obtained, which corresponds
to the initial image from which all the details of less than
0.5 nm wide are removed.

G (x, y) = 1
2πσ 2

e− x2+y2

2σ2 = 1
76.97

e− x2+y2

24.5

for x, y ∈ [−0.5nm, 0.5nm]

Ig = I ∗ G

We then carry out a subtraction between I and Ig to obtain
the details that are missing in I. After thresholding this result by
maximization of the interclass variance, we obtain the binary
image Isc of the silica and ceria phases.

Isc = S(I − Ig, s0)

An illustration of this process can be seen in Fig. 3.

Separation of silica and ceria phases

At the end of the previous step, we obtain a binary image
containing pixels that correspond either to the silica phase or
to the ceria phase. To separate these two phases, we use the fact
that ceria is crystallized with a large inter-reticular parameter
that allows the material to diffract strongly; furthermore,
owing to the very small size of the ceria nanoparticles (typically
5 nm), the Bragg’s conditions are somehow relaxed, and
whatever their orientation, the ceria nanoparticles always
present a zone axis close to the MET optical axis, or at least
a set of reticular planes parallel to the optical axis, which
always leads to the presence of a visible periodicity when the
ceria nanoparticles are observed under HRTEM conditions.
We have checked by contrast simulation (software CrystalKit
and MacTempas) that any tilting of a ceria nanoparticle
by an angle at most equal to half the angle between two
zone axes in the structure led to a periodic image for the
ceria particles that could be easily segmented via a Fourier
analysis.
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Fig. 4. Difference in the atomic organization between silica and the
ceria nanoparticles. Left: silica. We can notice short distance order
and reticulation by the summits of the SiO4 tetrahedrons. Right: ceria
nanoparticles. We can observe periodicity of the unit cell and HRTEM
image of the atomic structure.

Silica is vitreous, without periodicity, but its structure
exhibits a short distance order because of the SiO4 silica
tetrahedron geometry, and a coherence length associated with
the fact that these SiO4 tetrahedrons are randomly connected
and reticulated by their summits in the silica vitreous structure
(cf. Fig. 4). It is beyond the scope of this paper to make the full
interpretation of the atomic structure images of either ceria
or silica phases; it is only important to consider here that the
HRTEM images of the ceria phase present a systematic periodic
contrast, that the HRTEM images of the silica phase present
a characteristic coherence length with no periodic contrast,
and that our HRTEM observations have been recorded at a
defocus close to the Scherzer defocus. A local Fourier transform
highlights these phenomena; for ceria nanoparticles, several
peaks are systematically observed in the Fourier space in
addition to the central peak, whereas a strong central peak
is observed in the Fourier space for silica, along with a very
weak centred halo that corresponds to a spatial frequency
associated with the silica real space coherence length (cf.
Fig. 5).

We propose the following method to extract ceria: we take
for each pixel (X, Y) a centred neighbourhood on which we
perform a fast Fourier transform (FFT). Then, we apply a
binary thresholding to the power spectrum image calculated
by FFT with a threshold equal to a fraction of the value of the
intensity of the central peak. If additional peaks are found in
this binarized spectrum image, then the pixel (X, Y) belongs
to ceria and is given a white contrast; if no additional peak is
found in the Fourier space, then the pixel (X, Y) belongs to silica
and is attributed a black contrast. At the end of this process,
we obtain the image Ic in which all the white pixels represent

the ceria nanoparticles. After several trials for fine-tuning the
parameters of the process (size and shape of the window for
the FFT, and fraction of the value of the central peak), we have
determined what were the optimal parameters from a visual
comparison between the original and the segmented images
(cf. Fig. 6). This process is subjective, but very common to
evaluate the quality of image segmentation. The size of the
window for the FFT is 2.24 × 2.24 nm and the threshold is
equal to the value of the intensity of the central peak divided
by 4.5. These parameters have been kept the same for all the
processed images. The spatial arrangement of silica can be
easily obtained from the complementary image of Ic:Is:Ic

c.

Results of the processing of images

We have shown that an efficient segmentation of the pores,
the silica and the ceria nanoparticles can be achieved. As a first
outcome, an image showing the overlapping of the different
segmented phases can be reconstructed, from which it is seen
that a qualitative information regarding the relative location
of ceria and pores can be straightforwardly drawn (Fig. 7).
More interestingly, we will demonstrate in the next sections of
the present paper that the phases’ segmentation enables us to
make all kinds of measurements, and in particular a relevant
evaluation of the volume fraction of ceria emerging in the
pores – results of prime importance as far as the fabrication
process optimization is concerned.

Analysis of segmented images

After processing the TEM micrographs, we have obtained the
various components of the catalysts: the pores originating
from the co-polymers network on the image Ip, the ceria
nanoparticles on the image Ic and the silica walls from the
complementary image of Ic:Is:Ic

c.

Isotropy and homogeneity of the spatial distribution of ceria
nanoparticles

From the estimated covariance function which was averaged
over horizontal and vertical directions of measurement, we get
information on the anisotropy of the microstructure, because
the covariance of an isotropic material is invariant by rotation
(Matheron, 1975; Jeulin, 1991; Serra, 1982). The covariance
C(h) is defined as the probability for a pair of points{x, x + h} to
belong to a set A (for instance one component of the material).
It depends on the vector h:

C (h) = P{x ∈ A ∩ A−h}
with A–h the set A translated of the vector –h

We have measured the covariance in two directions
(horizontal and vertical) for the five images of each set, and
we have calculated the average function. The plots of the
covariance in the two directions are compared for each of the
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Fig. 5. Comparison between silica (top) and ceria
(bottom). From left to right: initial image I, image with
silica and ceria phases Isc, image of the power of fast
Fourier transform (FFT) of Isc, thresholding of the power
of the FFT. Size of the initial images: 2.24 × 2.24 nm2.
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Fig. 6. Separation of the silica and ceria phases. Example of an image
extracted from set 1. At left, image Isc indicating the silica and ceria
phases. At right, image Ic, extraction of the ceria phase only (the images
consist of 512 × 512 pixels, numerical resolution = 0.07 nm).

three materials under considerations: they are quite similar, up
to extremely small statistical fluctuations (Fig. 8), indicating
that the spatial distribution of the ceria nanoparticles is
isotropic for the three catalysts.

In addition, because no periodicity or oscillation appears on
the experimental covariance plots, it can be inferred that the

ceria nanoparticles are randomly distributed (cf. Fig. 8).
The volume fractions of ceria nanoparticles of catalysts of

sets 1, 2 and 3 are 33%, 61% and 59%, respectively (estimated
directly by the value of C(0)). The catalysts of sets 2 and 3 are
appreciably richer in ceria.

Mean size of nanoparticles of ceria

The mean size of ceria domains can be obtained by measuring
the range of the three experimental covariance curves
described above. It corresponds to the mean characteristic
length of the analysed structure. The range is the value of
h when the covariance reaches its asymptotic level given by
C(0)2. We obtain for ceria a range close to 4.4 nm for set 1,
5.2 nm for set 2 and 5.3 nm for set 3 (see Fig. 8).
These results are consistent with the 5-nm-diameter ceria
nanoparticles that were inserted in the starting materials at
the mineralization step of the fabrication process.

Additional information is given by the size distribution
function of ceria nanoparticles G(t), estimated from the volume
fraction Vv after openings by disks with increasing diameters
(Serra, 1982):

G (t) = Vv(Ic) − Vv(Ic-Dt ⊕ Dt)

G(t) is measured for the five images Ic of each set, for which
we calculate the mean value. For the three sets, we observe a
linear size distribution function at the beginning of the curves
of the functions (see Fig. 9), corresponding to a quasi-uniform
distribution of sizes of the ceria domains.

Analysis of the pores

Using the images Ip, the volume fraction Vv of the pores can
be estimated. The three catalysts contain approximately 33%
of pores for set 1, 40% for set 2 and 46% for set 3.

We have checked that pores formed a quasi-periodic
network (periodicities are visible on the covariance curves).
The periodicity of the network is approximately 11 and 10 nm
for the catalysts of sets 1 and 2, respectively. For set 3, the pores
network behaves differently: a quasi-periodicity is observed in
only one direction, with a period of 11 nm (see Fig. 10). For
the catalyst of sets 1 and 3 the range of the covariance of pores
is approximately 4.5 nm, versus 3.5 nm for the catalyst of
set 2 (see Fig. 10). This quasi-periodicity is the result of the
initial distribution of the co-polymer pencils in the material,
as illustrated in Fig. 1.

Distribution of the ceria nanoparticles compared to the pores

One of the important outcomes of the present study is the
estimation of the relative location of the ceria nanoparticles
and of the porous network. With the images Ip (corresponding
to the pores P) and Ic (corresponding to the ceria nanoparticles
C), and by averaging the results obtained for the five images
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Fig. 7. Segmentation of an image extracted from set 1 (the images consist of 512 × 512 pixels, numerical resolution = 0.07 nm).

of each set, the volume fractions of ceria nanoparticles inside
and outside the pores can be estimated (see Table 1). First,
we notice that for the three catalysts the volume fraction
of ceria overlapping the pores is significant: 6%, 20% and
22% for the catalyst of sets 1, 2 and 3, respectively. Secondly,
33% and 38% of the volume fraction of the ceria particles
in catalysts of sets 2 and 3 overlap the pores, against only
18% for the catalyst of set 1. In addition, 49% and 48% of
the volume of the pores contain ceria for the catalysts of
set 2 and 3 against 17% for the catalyst of set 1. Thus it
can be inferred that an increasing amount of ceria allows for
an increasing amount of ceria nanoparticles overlapping the
pores.

With the images Ip and Ic, we can also estimate the following
distributions (Jeulin, 1986):
(1)F (P, r), distribution of distances of a point taken randomly

outside the pores to the boundary of the pores

F (P , r ) = P
{

d (x, P ) < r
∣∣x ∈ P c } = VV(IP ⊕ Dr) − VV(IP)

1 − VV(IP)

(2)FC(P, r), distribution of distances of a point taken randomly
inside the ceria nanoparticles to the boundary of the pores

FC(P , r ) = P {d (x, P ) < r |x ∈ C } = VV((IP ⊕ Dr) ∩ IC)
VV(IC)

(3)FC(Pc, r), distribution of distances of a point taken randomly
inside the ceria nanoparticles to the boundary of the
complementary of the pores

FC(P c, r ) = P
{

d (x, P c) < r |x ∈ C
} = VV((I C

P ⊕ Dr) ∩ IC)
VV(IC)

We can define a new criterion based on attraction or repulsion
between ceria and pores:

ρC(P , r ) = FC(P , r )
F (P , r )

If ρC(P, r) is larger than 1, a strong attraction at the distance
r between the pores and the ceria nanoparticles is observed. If
ρC(P, r) is less than 1, then a repulsion effect at the distance r
exists between the ceria nanoparticles and the pores.

If we analyse the curves FC(Pc, r) and FC(P, r) obtained
for the three sets of catalysts, one can notice that the ceria
nanoparticles of the catalyst of sets 2 and 3 are closer to the
pores than the ceria nanoparticles of catalyst of set 1. It appears
that 50% of the fraction of the ceria nanoparticles is inside the
pores or at a distance to the boundary of the pores less than
0.5 nm for the catalysts of sets 2 and 3, against 1.1 nm
for catalyst of set 1 (see. Fig. 11). Concerning the curves
ρC(P, r), a strong attraction between the ceria nanoparticles
and the pores is also seen for the three sets of catalysts
(Fig. 12). Moreover, the catalysts of sets 2 and 3 present a
stronger ceria-pores attraction than the catalyst of set 1. This
observation reinforces the fact that an increasing amount of
ceria nanoparticles gives rise to an increasing amount of ceria
nanoparticles overlapping the pores.

Summary of the results

With the analysis developed in this paper, we have attained
the following results listed in Table 2. The quasi-periodic pores
network characterized by our analysis is in agreement with
the suggestion of a structure with well-defined hexagonal
symmetry obtained by small-angle X-ray scattering (Chane-
Ching et al., 2005). We estimate the pores diameter within a
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Fig. 8. Comparison of the average covariance
functions measured horizontally and vertically on
the images of sets 1, 2 and 3 (from top to bottom).
The two curves (horizontal covariance and vertical
covariance) are relatively close from each other in
each case: the distribution of the ceria nanoparticles is
isotropic.
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Fig. 9. Average size distribution functions G(t) of the
five images of sets 1, 2 and 3 (from top to bottom).
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Fig. 10. (A) Horizontal covariance of the porous network of catalysts of sets 1 and 2 (from top to bottom). We can notice that the two catalysts present a
quasi-periodic distribution of pores. (B) From top to bottom, curves of the horizontal and vertical covariance for set 3. We can notice a quasi-periodicity
in one direction.

Table 1. Vv of pores P and of ceria nanoparticles C for the three sets of
catalysts.

Catalysts Set 1 Set 2 Set 3
(%) (%) (%)

Vv of pores Vv(P) 33 40 46
Vv of the ceria nanoparticles Vv(C) 36 61 59
Total Vv of ceria overlapping pores Vv(P ∩ C) 6 20 22
Amount of ceria emerging in pores Vv(P ∩ C) / Vv(C) 17 33 38
Vv of pores containing ceria Vv(P ∩ C) / Vv(P) 18 49 48

range of about 3.5–4.5 nm, which is close to the result obtained
by N2 adsorption (7.5 nm) (Chane-Ching et al., 2005). We also
estimate that the mean size of the fields of ceria is about 4.4–
5.3 nm, which is identical to the result obtained by high-angle
X-ray diffraction (5 nm) (Chane-Ching et al., 2005).

An increase of the pore volume fraction is observed for
composite materials displaying larger ceria nanoparticles

volume fraction. Nevertheless, the pore diameter determined
from TEM image analysis did not show any significant
variation for various CeO2 concentrations in the composite.
We suggest that the increase in pore volume could
arise from the more rugged character of the surfaces
observed at high CeO2 concentration as shown by the
larger CeO2 volume fraction emerging in the pores and
the larger total volume fraction of ceria overlapping
pores for these composite materials. All these observations
demonstrate that material synthetic routes involving insertion
of nanoparticles is well suited for the preparation of
high surface area composite materials displaying surface
nanorugosity formed from protuberant 5 nm CeO2

nanoparticles.

Conclusions

Image analysis methods were presented to analyse
automatically and quantitatively the morphology of three
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Fig. 11. FC(Pc, r) and FC(P, r) for the three sets of catalysts.

high surface area silica–ceria catalysts imaged by TEM. These
methods have allowed a segmentation of the components:
pores, ceria nanoparticles and silica. The catalytic function
is provided by the presence of ceria emerging into the
pores. Distribution of the ceria nanoparticles, characterized
by means of statistical and mathematical morphology tools
and measurements, have highlighted the rugged character of
the composite surfaces These image analysis methods can be

used to characterize other materials observed under HRTEM
conditions, in which the atomic organization presents oriented
and/or periodic arrangement.
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