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Coke frequently forms on the surface of catalysts used

in many different reactions, including the hydroprocess-
ing of petroleum fractions and pyrolysis oils and the selec-
tive oxidation of light alkanes and olefins. By remaining
adsorbed on the surface, coke precludes the reactants from
reaching the active sites, thus leading to deactivation. Many
studies have focused on the determination of the nature of
coke, of its formation mechanism, and on the elaboration
of new catalyst formulations for minimizing its deposition
(1–5). However, until now, except for a recent paper from
McIntyre et al. (6), observing coke on Pt(111) clusters by
scanning tunneling microscopy, and except for coke in an
advanced stage of aromatization, observed by high reso-
lution electron microscopy (7), the formation of coke pre-
cursors and amorphous coke has only been detected using
“nonvisual” techniques like infrared or X-ray photoelec-
tron spectroscopies.

In this work, atomic force microscopy (AFM) has been
used to show directly, in a very “visual” way, what coke
looks like when formed on the surface of oxidation cata-
lysts, in particular, on MoO3-containing catalysts used in
the selective oxidation of isobutene to methacrolein. As
a nonanalytical technique, AFM cannot confirm a priori
whether topographic elements found on the surface of the
samples are coke. However, this Note also aims at showing
that this nonanalytical limitation can be circumvented by
developing special strategies of investigation based on ar-
guments from the literature. This opens new perspectives
for AFM applications in many fields, particularly in cataly-
sis. The strategy followed here consisted of analyzing sam-
ples, or zones of samples, where coke was or was not sus-
pected of being present. The bibliographic supports were (i)
the “structural specificities” of MoO3 and (ii) the inhibit-
ing effect exerted by α-Sb2O4 on the formation of coke.
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(i) The different faces of MoO3 crystallites exhibit differ-
ent characteristics and properties. Among others, the (010)
faces preferentially perform deeper oxidation of hydrocar-
bons (mainly total oxidation) than the (100) faces (which
are more selective to partially oxygenated products) (8–12).
The (010) faces are thus more susceptible to the formation
of –COOH residues than the (100) faces. These residues are
an origin of surface carbonate coke precursors (13). An-
other point is that (100) faces are much more active than
(010) faces. The superficial concentration of hydrocarbon is
thus much lower on (100) than on (010). Hence, due to dif-
fusion aspects, the middle of the (010) face should present
the highest concentration of hydrocarbon, whereas a de-
creasing concentration should be observed when getting
closer to the edges of the (100) faces. As coke formation
is directly connected to the concentration of hydrocarbon,
the prediction was that the extent of the coke deposition
should be maximal in the center of the (010) faces of MoO3

crystals, whereas it should progressively decrease when get-
ting closer to the edges with the (100) faces (“inactive” for
this type of coke formation). (ii) Zhou and Delmon showed
that the elimination in air of coke from an artificially coked
MoO3 was accelerated when performed in the presence of
α-Sb2O4 (14). Reversely, Li et al. observed that the forma-
tion of coke on SnO2 in the oxidation of isobutene was
dramatically inhibited when α-Sb2O4 was added to the ac-
tive phase (13). Our second speculation was thus that MoO3

crystals reacted in the oxidation of isobutene should be less
coked when used in mixtures with α-Sb2O4 than when they
are reacted alone.

The AFM analysis was performed on samples prepared
intentionally to benefit from the facts and speculations
mentioned above. Macroscopic MoO3 monocrystals were
prepared by condensation of a vapor of commercial molyb-
denum trioxide (BDH Chemicals, 99.5+%) obtained at
795◦C in pure O2 (Air Liquide, 99.995%). XRD and SEM
characterizations showed that the obtained sample corre-
sponded to the molybdite phase and that the (010) faces of
the crystals were preferentially developed with dimensions
7
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FIG. 4. A 5-µm AFM image of the (010) face in the proximity of the edge with the (100) face of a MoO3 monocrystal after catalytic reaction in the
absence of α-Sb2O4.
FIG. 5. A 5-µm AFM image of the middle of the (010) face of a MoO3 monocrystal after catalytic reaction in the presence of α-Sb2O4.
ranging from 1 to 2 cm in the [001] direction and from 2 to 5
mm in the [100] direction, with a thickness ([010] direction)
of about 3µm. Powder α-Sb2O4 (cervantite phase) was syn-
thesized by calcination (450◦C/20 h) of commercial Sb2O3

(Aldrich, 99+%) previously dispersed in nitric acid (UCB,
70+% p.a.), washed with distilled water, and dried in air
overnight (110◦C). Particles of α-Sb2O4 were deposited on
the (010) faces of the MoO3 crystals by spreading some
droplets of a 12.5 g · l−1 suspension in n-pentane. Pentane
was therafter evaporated at room temperature. The success
of the deposition was checked by optical microscopy. To
make the comparison rigorous, the MoO3 crystals to be
used in the absence of α-Sb2O4 only received a few droplets
of pure n-pentane. The catalytic reaction was performed
with MoO3 both in the absence and in the presence of
α-Sb2O4, in a horizontal bed reactor. The gas mixture
was isobutene/O2/He= 1/2/7 (vol), with a total flow of
30 ml ·min−1. The reaction was run at 420◦C for 3 h. Heat-

ing and cooling before and after the reaction were done at
7.5◦C ·min−1 in the reaction gas. When cooled down, the

during the measurement. All the images presented here-
after are representative, in the sense that they correspond
FIG. 1. A 5-µm AFM image of the (010) face of a fresh MoO3 monocrystal.

FIG. 2. A 5-µm AFM image of the (010) face of a fresh MoO3 monocrystal covered with α-Sb2O4 particles. The arrow indicates an α-Sb2O4 particle.

FIG. 3. Sequence of the first four consecutive images of the (010) face of a MoO3 monocrystal after catalytic reaction in the absence of α-Sb2O4.
(a) First, 5-µm scan in a previously nonscanned area (the arrow indicates the [101] direction); (b) second, 1500-nm scan, zooming in the square shown

in (a); (c) third, 1500-nm scan, same zone as (b); (d) fourth, 5-µm scan, zoo
samples were stored in Ar before AFM analysis. AFM was
realized in air with a Digital Instruments Nanoscope-II mi-
croscope operating in contact mode on a bungee cord de-
vice. Before use, pyramidal (1 : 1 aspect ratio) Si3N4 tips
were selected on the basis of the quality of the atomic reso-
lution of mica they provided. The force constant of the can-
tilevers was 0.12 N ·m−1. The scan rate was 2 Hz. The con-
tact force was kept as low as possible (only slightly higher
than the level of the baseline of the force curve). The pos-
sibility of artifact imaging was discarded systematically by
varying the scan angle and checking the coherence of the
consequent modification of the orientation of the image.
No filtering of the images was applied. Analysis was per-
formed on fresh MoO3 both with and without α-Sb2O4 and
on the corresponding samples after use in the catalytic reac-
tion. Analyses were performed rapidly enough (only a few
minutes for each sample) to allow to assume that the sam-
ples exposed to air at room temperature were not modified
ming out in the same zone as (a).
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to a selection made after a careful “statistical” investigation,
checking the occurrence of observed features at different
places on the samples, and on different crystals.

The (010) faces of fresh MoO3 monocrystals, with and
without particles of α-Sb2O4, presented very flat and
smooth profiles with topographic irregularities within the
range of the equipment noise (about 0.1 nm). For the
crystals well developed in the [100] direction, sharp steps
were observed parallel to the [001] direction, with heights
ranging from 2.5 to 4 nm. These very likely corresponded
to cleavage breaks (Fig. 1). For the monocrystals covered
with antimony oxide, only very few particles (those smaller)
of α-Sb2O4 were detected (Fig. 2). Most of these particles,
composed of crystal agglomerates of about 2 µm (evalu-
ated by SEM), were swept out of the scanned area by the
tip during the scanning process. For both samples, no dif-
ference was distinguishable when scanning in the middle
of the (010) faces or near the edges between these and the
(100) faces.

After catalytic reaction in the absence of α-Sb2O4, the
(010) faces of the MoO3 crystals were decorated by an or-
ganized network of small balls. These were not observed
on the fresh samples. The balls presented a diameter of
approximately 10 nm (evaluated from their height) and
were aligned in regular strings parallel to the [101] direction
(Fig. 3a). These were adsorbed very loosely on the surface.
Even during the first scan, the balls were displaced by the
tip, and so imaged as tapered features. This is further shown
in Figs. 3a–3d showing a sequence of the first four consec-
utive scans in the same ball-covered area. After the third
scan, the zoomed square was completely cleaned of all the
balls detected in the first passage. Conversely, when zoom-
ing out in the initial area, the borders of the inner square
were covered by high piles of material, namely, the balls
swept out of the scanned square.

When scanning the same crystals close to the edges be-
tween the (010) and the (100) crystallographic faces, iden-
tical balls were observed, but in amounts lower (at the first
passage of the tip) than when scanning in the middle of the
(010) faces. Also, the orientation of the rows of balls ap-
peared to be disturbed compared with the middle of (010)
(Fig. 4). The disorganization of the rows and the decrease
in the number of balls were even more obvious when MoO3

was reacted in the presence of α-Sb2O4: even in the middle
of (010) faces, only a few balls were observed, without any
regular orientation (Fig. 5).

As such, AFM could not bring an undisputable proof
of the assignment of the observed balls as coke. However,
comparisons of the series of images with the speculated
views elaborated on the basis of the literature strongly ar-
gue in that direction. First, the balls only appeared after
the catalytic reaction. They were never detected on any

fresh samples, showing that the balls are formed during the
reaction. Second, the adherence of the balls with the sur-
X ET AL.

face of the MoO3 was very weak. This undoubtedly dis-
cards the possibility that the features result from a sur-
face reorganization of MoO3 during the reaction. If this
had been the case, reorganized microvolumes of MoO3

would have grown in an intimate epitaxial interaction with
the initial crystal, corresponding to a stronger adherence
than observed. On the other hand, previous investigations
on MoO3+ Sb2O4 mixtures in the same reaction have un-
doubtedly discarded the occurrence of mixed Mo–Sb–O or
Mo–C–O phases to which the balls could in principle also
have been assigned (15). Another point is the big differ-
ence between the number of balls and their organization
in parallel rows detected in the middle of the (010) faces
and on the edges where they meet the (100) faces. Un-
der the hypothesis that the balls are coke, this observation
is completely consistent with the distribution of the coke
as predicted from the “structural specificities” of MoO3

(8–12): the closer the edges with the (100) faces, the lower
the amount of coke expected and the more disturbed their
organization in parallel rows. Our other observation was
that the number of balls was systematically smaller on
MoO3 used in the presence of antimony oxide than on
MoO3 reacted alone. In turn, under the hypothesis that the
balls are coke, the observation is in total agreement with
the inhibiting effect of α-Sb2O4 on the formation of coke in
selective oxidation reactions (13, 14).

It is striking that there is a good correlation between
the predictions of the presence of coke or not on some
samples and the detection or not by AFM of large organized
amounts of balls. This strongly supports the identification
of the balls as coke deposits.

Even as a nonanalytical technique, AFM allowed the
identification of coke deposits on the surface of MoO3 crys-
tals used as partial oxidation catalysts. These are balls of
10 nm diameter, organized in rows parallel to the [101] di-
rection of the crystals. The identification was ascertained
by systematic comparisons with predictions, based on argu-
ments from the literature, whether coke should be present
on some samples, and the AFM images of these samples. A
good correlation has been obtained. AFM also appeared as
a new tool for gently cleaning the surface of oxides. Even
if performed at relatively low resolution, this investigation
opens the possibility of new applications, where other tech-
niques have failed until now, for atomic force microscopy
in the field of catalyst imaging.
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