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A comparison of the detailed structural and chemical arrangements of several cobalt/lanthanum
or cerium catalytic systems is made by using different high-resolution electron microscopy tech-
niques. Previous synchrotron X-ray absorption measurements have provided a rather accurate
description of the environment of cobalt atoms, suggesting the existence of a nonnegligible number
of Co-O bonds. Using a combination of X-ray emission spectroscopy (EDX), electron energy loss
spectroscopy (EELS), high-resolution lattice imaging (HREM), we show that the intermetallic
compounds, after the syngas reaction, display general features very similar to the model supported
Co on La,0; system, while the Co on CeO, specimen is quite different. In agreement with EXAFS
and XANES studies, we found a very similar environment for the Co particles (partially oxidized
in surface) in the LaCos and Co/La,0; cases. Moreover, in both systems a catalytic carbon deposit
sets apart cobalt from lanthanum oxide in contrast with the Co/CeO, specimen. The cobalt parti-
cles constitute the ‘‘active site’’ in these compounds and it governs their catalytic properties. As
a matter of fact the same selectivity is observed in LaCos as for Co/La,0s, contrarily to Co/CeO,,
which is much less active and produces only CO,. These different behaviors could be interpreted in

terms of different structural affinities between the rare-earth oxide and the catalytic carbon.
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INTRODUCTION

Intermetallic RE-Mes compounds, such
as LaCos, have been used as active and se-
lective catalysts in chemical reactions in-
volving (CO, H,) mixtures, i.e., syngas
conversion (/). Though they have been the
subject of many investigations with differ-
ent physical and chemical techniques for
several years, the relationship between the
recorded catalytic properties and the cata-
lyst structure is not fully understood. How-
ever, there exists a general agreement that
the observed activation is associated with a
partial transformation of the intermetallic
compounds into a metal-support system,
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likely of the type metal-rare earth oxide. It
was even possible to mention the activation
as a new way of producing oxide-supported
catalysts (2). The comparison of these cata-
lysts with more common metal-support
systems is therefore of particular interest.
Using different methods of bulk and sur-
face characterization, mostly synchrotron
radiation absorption measurements, Bar-
rault et al. (3) have published a set of
results which supports the assumption of a
partial transformation. They have com-
pared two families of catalysts: intermetal-
lic compounds prepared by induction melt-
ing under vacuum and supported catalysts
prepared by impregnating various oxide
supports with an aqueous solution of cobalt
nitrate, both before and after (CO, H,) reac-
tion. For the lanthanum-cobalt intermetal-
lic product, an electron microscopy analy-
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sis shows that the used catalyst consists of
complex nodules from which carbon fila-
ments emerge, grown from small metallic
particles. Similar metal-carbon composites
have been obtained from CO catalytic de-
composition by various alloys (¢). The cat-
alytic carbon deposited in situ during the
chemical reaction therefore plays a signifi-
cant role, together with the small metallic
particles of size ranging roughly from about
two to a few tens of nanometers. These par-
ticles are mostly composed of cobalt. One
can also identify, in the specimen, well-iso-
lated lanthanum oxide platelets.

Near-edge fine structures (XANES) and
extended oscillations (EXAFS) on the co-
balt X-ray absorption K edge are rather dif-
ferent from those for bulk cobalt. The fol-
lowing features are deduced from an
analysis of the synchrotron absorption
data:

—An edge shift toward higher energies
relative to the Co metal edge, but of smaller
value than for a reference C0,0, edge.

—The near edge shape is also intermedi-
ate between those recorded for Co and
Co030, specimens. It is qualitatively similar
to XANES profiles recorded in situ and in
real time during the reduction of Co3;0, par-
ticles (5, 6).

—The EXAFS oscillations have been
processed following a well-established pro-
cedure (7). They show that distances from
Co to the first four shells agree with inter-
atomic distances in metallic Co. On the
other hand, the values of the average coor-
dination numbers deviate noticeably: the
number of neighbors, scaled to that for bulk
Co, is smaller than unity and decreases
with the shell radius. This suggests that
only a fraction of the cobalt atoms is in-
volved in metallic bonding. Moreover the
authors mention a weak prepeak in the
range 1.5-1.6 A which could be attributed
to the presence of Co-O or Co-C close
neighbors pairs.

All these characterization methods are
macroscopic: they deal with specimen vol-
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umes on the millimeter scale rather than on
the nanometer scale. The above informa-
tion is thus an average over a very large
number of Co atoms, which are not all in-
volved in the same type of component.

As the specimen is highly inhomoge-
neous (as indicated from the first electron
microscopic (EM) observations), it is nec-
essary to investigate the structural and
chemical properties of these catalysts with
more local probes. A selected-area diffrac-
tion and dark-field imaging study of cobalt
microparticles has been reported by Audier
and Guyot (8) in which case the particles
were obtained from carbon monoxide dis-
proportionation. In following papers, these
authors investigated the crystallographical
and morphological properties of such co-
balt particles with carbon in insertion (9).

The purpose of the present paper is to
use modern analytical and high-resolution
electron microscopes to study on a very
small scale the structure and chemistry of
used intermetallic LaCos catalysts and to
compare the results with those obtained for
more conventional metal systems sup-
ported on rare earth oxides. A preliminary
account has been published in (/0).

MATERIALS AND METHODS

Four families of specimens have been
studied, two LaCos ones and two supported
ones. They shall be referred to as LaCos (a)
and (d), Co/La,0Os, and Co/CeQ;. The in-
termetallic ones correspond to the initial al-
loy (a) and to a pretreated specimen (d)
which had been oxidized for 3 h at 350°C
and reduced for 2 h at 400°C before the cat-
alytic reaction. The comparison is made
with two samples of metallic Co supported
on rare earth oxides, L.a,0; in one case and
CeO; in the other one.

The catalytic reaction consists of the hy-
drogenation of carbon monoxide into meth-
ane and hydrocarbon compounds:

(CO, Hy) — (CHy; C,Hay; CoHanto).
This reaction requires both CO and H, dis-
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TABLE 1

Summary of the Catalytic Properties of LaCos Intermetallic and Supported Cobalt Catalysts
in the (CO, H,) Reaction

Catalyst Pretreatment Time Activity X103 Selectivity
in (mol h~'! gg))
hours CH, C; CO,
LaCos (a) Without 40 7.2 43 11 46
LaCos (d) Oxidized for 3 h at 350°C reduced for 2 h at 45 20 44 10 46
400°C
Co/La,0;, Oxidized for 3 h at 350°C reduced for 10 h at 10 17 45 16 36
400°C
Co/Ce0, Oxidized for 3 h at 350°C reduced for 10 h at 5 1.0 <5 7 90
400°C

sociation at the surface of the catalysts.
Secondary products such as H,O and CO,
are also generated during the reaction. A
few major results are summarized in Table
1, which is an excerpt of an equivalent table
in (3). It shows that the catalysts offer vari-
ous levels of activity and different distribu-
tions in selectivity for the final products of
the (CO, H,) reaction. The Co/CeO, ex-
hibits a behavior rather distinct from the
other ones, while the intermetallic com-
pounds have trends similar to Co/La,0;.
Moreover the pretreatment noticeably
shortens the activation period with respect
to the initial specimen. Our purpose is to
investigate how these different catalytic be-
haviors may correspond to different struc-
tural and chemical properties of the used
specimens.

For EM observation, the specimens are
ultrasonically dispersed within acetone and
deposited on a holey carbon film supported
by a conventional copper grid. Most im-
ages, diffraction patterns, and analytical
measurements have been made on speci-
men areas protruding over holes in the car-
bon film (see Fig. 1) to avoid confusion be-
tween the catalyst specimen and the
underlying film.

The electron microscopes available at the
HREM Facility of the Center for Solid
State Science at ASU have been used. No
single instrument offers top performance

for all types of observation or measure-
ment. Consequently, different studies have
been made on the different microscopes
listed below:

—JEOL 100B (primary voltage 100 kV
and =10-% Torr at the specimen), for the
general morphology study by images and
selected-area diffraction;

—Philips 400T (primary voltage 120 kV,
LaBg gun, and =10-7 Torr at the specimen),
for X-ray microanalysis (EDX) and EELS
on relatively large areas (=50 to 100 nm);

—Vacuum Generators HBS (primary
voltage 100 kV, dedicated scanning trans-
mission electron microscope (STEM) field
emission gun (FEG), and <1078 Torr at the
specimen), for very-high-spatial resolution
in microdiffraction and EELS (probe size
down to 0.5 nm);

—JEOL 200 CX and 4000 EX (respec-
tively, operated at 200 and 300-400 kV,
both using LaBg guns, and with a typical
vacuum of =3 — 5 %X 10%and 3 — 5 x 1077
Torr around the specimen). Both instru-
ments provide structure images. Lattice
fringe periodicities are analyzed and mea-
sured by optical diffraction. Point resolu-
tion is respectively 0.24 and 0.17 nm which
makes structure imaging of compounds
with lattice distances greater than =0.18
nm accessible. Both instruments are
equipped with a YAG screen and a TV out-
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put connected to a videotape, so that it is
possible to record dynamic beam-induced
changes of the specimen.

GENERAL CONFIGURATION AND
CHEMISTRY OF THE SPECIMEN

Typical micrographs of used catalyst
products are shown in Fig. 1. The LaCos (a)
case (Fig. 1A) consists of rather thick, com-
plex agglomerates from the surface of
which emerge carbon fibers with small me-
tallic particles at the extremity. It is not
common to find lanthanum oxide flakes
near the free surface; generally they lie
within the core of these agglomerates as a
kind of skeleton to keep all the components
together. A similar general topography is
found in specimen Co/La,0O; with a clearer
separation between the long, thick lan-
thanum oxide platelets and the remainder
of the specimen (Fig. 1C); here again many
catalytic carbon fibers, supporting small
metallic particles at their extremity, are
seen all along the outer surface of the speci-
men. In LaCos (d) (Fig. 1B), we observe the
same rather complex mixture of clear
La,0; flakes with unidentified products, but
it is obvious that there is much less cata-
lytic carbon in the form of protruding easily
identifiable fibers. Finally the CeO; speci-
men (Fig. 1D). is clearly different, with
compact shapes for the oxide support crys-
tals and little carbon resulting from the cat-
alytic reaction discernible on the surface.

X-ray emission spectroscopy (EDX)
analysis is used to control the average
chemical composition of material volumes
typically of a few tenths of a micrometer,
defined either by focusing the probe on var-
ious areas (such as labeled A, B, C, and D
in Fig. 1A) or by defocusing it to cover the
whole aggregate.

The observed major families of lines are
due to Co, La, and Cu (this last one is a
very frequent system peak due to uncolli-
mated radiation interacting with the speci-
men support copper grid). In a few cases, it
was possible also to detect impurities such
as Si, Mg, Al. Considering the height ratio
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between La-L and Co-K lines, it is obvi-
ous that there are substantial composition
fluctuations between adjacent areas at this
micrometer scale. The major metallic com-
ponents are rather inhomogeneously dis-
tributed.

A more quantitative evaluation of the
chemical composition can be made by using
the Cliff-Lorimer factor (/1):

CLa I La
— = K idad
CCo La/Co IC()

where Ic, and I, are the intensity of the
lines after background subtraction. K} ¢, 18
a constant depending on absolute and in-
strumental factors. It can be written as

K =
A/B EAKA

where ¢ is the relative detection efficiency
of the Si-Li detector for the measured line
(the ratio eg/es between the La-L, line at
6.5 kV and the Co-K,, line at 8.7 kV devi-
ates from unity by less than 2% and is ne-
glected) and k5 = oawadpa is the product of
lonization cross section (o), fluorescence
yield (w,), and partition function of the a-
line (a4). All these terms can be calculated
ab initio (see for instance Zaluzec (/2) from
which we have extracted the relevant val-
ues for x4 and kg). Typical results of this
EDX analysis are summarized in Table 2. It
shows different average values of Co/La or
Co/Ce ratio, the intermetallic catalysts be-
ing much richer in Co than the supported
ones (which reflects the macroscopic chem-
ical composition of the initial samples); it
also proves unequal inhomogeneity levels
at this spatial resolution scale of a fraction
of a micrometer. Specimen LaCos (a),
which could be described as inhomoge-
neous because of fluctuations of a factor 2
on Co/La ratio, is actually much more ho-
mogencous than the Co/La,O; one which
exhibits quite different spectra when one
selects adjacent areas of the specimen,
some of them with negligible cobalt, while
the next ones contain no lanthanum.
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FiG. 1. Typical low-magnification micrographs of the four systems: (A) LaCos (a); (B) LaCos (d); {(C)
Co/La,0;; (D) Co/CeQ,. Areas in A have been selected for EDX analysis and arrows indicate specific
features of interest.
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FiG. |—Continued.
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TABLE 2
EDX Analysis of the Ratio of the Atomic
Concentrations in the Specimens
Catalyst Average Co/RE Inhomogeneity®
LaCos (a) =5 3—6
LaCos (d) 4.4 2—>8
Co/La,04 =0.5 0>
Co/CeO, 0.4 0.2—>0.5

¢ The inhomogeneity means the variation range of
the atomic concentration ratio Co/RE in the speci-
mens. Results are given in atomic concentration. The
used values for K, and K are K¢, = 1.608 X 10~ x
58.94, K1, = 1.034 x 1072 x 138.92. Absorption cor-
rection is not included.

ELECTRON ENERGY LOSS ANALYSIS

Electron energy loss spectroscopy
(EELS) in the EM is a powerful tool to
characterize local electronic and chemical
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properties. The information is contained in
different parts of the EELS spectrum (13).
In the low energy loss domain, one detects
collective valence excitations (plasmons)
and significant core excitations from the
outer orbitals. These features can be used
for a rapid and unambiguous discrimination
between the areas with cobalt and those
with the rare earth.

Area selection is achieved in the image
mode in a conventional transmission elec-
tron microscopy (TEM) by placing an aper-
ture below the screen on the small particle
of interest and typical analyzed sizes are of
the order of 20-40 nm in diameter. The low
intensity of the signal and the chromatic ab-
erration of the objective lens prevents from
achieving higher spatial resolution with this
type of EM spectrometer configuration.

As an example of identification, Fig. 2
shows three spectra covering an energy
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Fi1G. 2. Low energy loss spectra from well-defined areas, circled in the micrograph, in a LaCos (d)
specimen. They display the characteristic patterns for (A) metallic cobalt, (B) lanthanum oxide, and

(C) carbon.
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F1G. 3. Unidentified behaviors in the low energy loss spectra of a few compounds (A) corresponds to
the area circled in (B), and (C) to the one circled in (D). See text for discussion.

loss range 0—150 eV and recorded from ad-
jacent areas in a L.aCos (d) specimen. Spec-
trum 2B can be attributed to a La,0; crystal
with a plasmon at =14 eV, a lanthanum O3
peak at =29 eV and a lanthanum Nys edge
at =118 eV. The weaker peak slightly
above 60 eV should be due to a small con-
tent of Co. Spectrum 2A is on the other
hand quite representative of Co metal. It is
more similar to the profile published by We-
henkel and Gauthé (/4) than to the CoO
spectrum in the EELS atlas of Ahn and
Krivanek (15): there is no peak at =6 eV
and no oscillation between 30 and 60 eV. In
all cases the 63-eV edge (Co—M,; edge) is a
clear test of the presence of cobalt. Spec-
trum 2C recorded outside metal particles is
representative of carbon; the plasmon peak
is similar to the cobalt one except for a
slight shift of =1.5 eV toward higher en-

ergy, but the absence of the My; edge at 63
eV is a much more convenient way of
avoiding confusion between carbon and co-
balt.

In some cases, the interpretation of the
spectra is not clear and two examples are
gathered in Fig. 3. Figure 3A is the spec-
trum from the small particle shown in Fig.
3B, with a characteristic La—N4s peak, but
with a low energy loss spectrum from 10 to
30 eV quite different from the normal one
(Fig. 2B). Does it correspond to another
lanthanum compound, such as a lan-
thanum carbide oxide? Such interpretations
cannot be ruled out. Another unexplained
feature at this level of spatial resolution is
the occurrence of spectra such as shown in
Fig. 3C. It has a single plasmon loss peak
slightly shifted with respect to the cobalt
peak and two clear edges of cobalt and lan-
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F1G. 4. (A) Core loss edges on a particle of =8 nm size. (B) shows the three characteristic signals for
C, O, and Co. (C) and (D) show the edges after background subtraction for a semiquantitative analysis.

thanum in the higher energy loss range (the
area selected for such a spectrum is shown
in Fig. 3D) and it is not obvious at this stage
whether this can be interpreted in terms of
juxtaposition of lanthanum- and cobalt-rich
areas within the analyzed volume, or
whether it implies the existence of a cobalt-
lanthanum compound.

Generally speaking, EELS has been rou-
tinely used to discriminate cobalt-rich from
RE-rich particles and to determine on a typ-
ical 20-nm scale the relative spatial arrange-
ment of the various components. For in-
stance in LaCos (a), it has not been possible
to detect adjacent cobalt particles and
La,0s platelets, contrary to the (d) speci-
men. The presence of catalytic carbon is
much more important in the first case.

In the VG STEM, a nanometer probe is
focused on the specimen; it is possible to
select, either in image or microdiffraction
mode, single ‘‘metallic’’ particles with di-
ameter as low as a few nanometers and to

record the associated EELS spectrum in
the energy range =300 to =800 ¢V (see Fig.
4). The main components are the carbon K-
edge, the oxygen K-edge, and the cobalt
Ly;-edge visible over the noncharacteristic
continuously decreasing background (Fig.
4B). The carbon is detected because the co-
balt particle is buried within the extremity
of a carbon fiber, so that it is generally cov-
ered on both surfaces with a variable thick-
ness of catalytic carbon. More interesting is
the presence of an oxygen signal in a num-
ber of situations: it depends on the metal
cluster size and on the existence of free sur-
faces devoid of carbon coverage. The ratio
of oxygen with respect to cobalt can be esti-
mated in a semiquantitative way by using
the standard method due to Egerton (16):

CCO_@
Co Io

00

b
OCo

where Ic, and I are defined after back-
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ground subtraction and integrated over a
typical 100-eV energy window (see Figs.
4C, 4D) and o and o, are the relevant K
and L,; ionization cross sections as they
can be calculated for instance from Sigmak
or Sigmal routines (/7). In the case of Fig. 4
(referring to a =8-nm Co particle), one esti-
mates a composition as CoOg4+o. This
number does not have any absolute signifi-
cance; it only means that in this selected
particle, about one-half of the cobalt atoms
are involved in Co-O bonds. This result,
obtained from a volume of specimen of
about 10° cobalt atoms, is rather consistent
with the X-ray EXAFS data for a volume of
=1018 ¢obalt atoms.

HIGH-RESOLUTION ELECTRON MICROSCOPY

EELS indicates that the final product, af-
ter catalytic reaction, is a complex combi-
nation of RE, cobalt, carbon, and oxygen.
For a more complete identification, high-
resolution electron microscopy (HREM)
imaging of lattice planes in small (1- to 20-
nm) particles has been systematically per-
formed. An optical diffraction (OD) analy-
sis of the micrographs was used to measure
interreticular distances and angles with suf-
ficient accuracy. For identification Table 3
shows useful crystallographic data on
known phases. A similar method has al-
ready been applied to various test or real
catalysts. For instance, the work of Smith
et al. on “‘graphimets’” (18) is technically
very similar to the present study; they show
that the intercalated metal element (Fe, Co,
Ni, Cu, Pt) is present as small islands of
metal or of metal oxide on the surface of
graphite flakes.

The capabilities of HREM microscopy in
the case of complex systems, like those un-
der investigation, are very impressive as il-
lustrated below for the different type of
specimens.

1. Specimen LaCos (a)

HREM images mostly show cobalt parti-
cles embedded within carbon fibers; the
La,Os; platelets do not appear along the

129
TABLE 3
Crystal Lattice Data Used for Structure
Identification (All Distances Are Given in
Angstroms)?
Type of Index Plane Type of Index Plane
material of distance material of distance
planes planes
Co-a 1010 217 Co-B 111 2.0
hep 0002 2.4 fee 200 1.77
0111 192 a =355 220 1.25
a=2.51
c=4.08
Co0 1 247 Co304 11 4.67
NaCl type 200 2.13 Spinel H1 200 4.04
fee 220 151 fec 220 2.86
a =426 a = 8.10 3t 2.44
222 2.33
400 2.02
CosC 011 401 ColC 011 4.05
101 3.70 101 3.75
Orthorhombic 002 3.36 (FexC type) 110 3.38
a=4.44 110 332 Orthorhombic 002 3.38
b =499 111 297 a=453 1 3.02
c =671 020 249 bh=1509 020 2.54
112 236 =674 112 2.39
200 2.22 200 2.26
121 2.07 121 2.14
022 2.00 022 2.02
CoxC 011 3. Cgaphite 0002 3.36
101 2.43 1010 2.13
(CoxN type) 110 242 Hex 2H 1011 2.03
002 222 a =246 1012 1.80
Orthorhombic 020 2.18 ¢ =672
a =29 111 2.12
b =437
¢ =4.44
A-LayO3 1010 342 C-La0y 211 4.60
Hexagonal 002 3.06 222 3.25
1011 2.96  Cubic 400 2.82
a =394 1012 2.27
c=6.13 1120 1.97  a=11.25 420 2.52
440 1.9
Ce0; 11 3.12
Cubic 200 2.71
a =541 220 1.91

¢ Thanks are due to M. Gasgnier for his help in selecting the useful
data.

edges of the specimen. Metallic particles
are generally made of cobalt-a hexagonal as
shown in Fig. 5, in which one does not de-
tect any contamination except the catalytic
carbon coverage. An interesting observa-
tion is the existence of faulted Co particles.
Co metal has two structures, either hcp or
fcc, and the stacking sequence of the hex-
agonal close-packed planes does not fol-
low either the two-plane ABAB periodic-
ity of the hcp structure or the three-plane
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cph [1213]

Fic. 5. LaCos (a) specimen: (A) Micrograph of a single Co-a particle embedded within catalytic
carbon; (B) optical diffraction pattern showing the three directions of the lattice planes; (C) proposed

indexation for the OD pattern.

ABCABC periodicity of the fcc one. It may
show faults in both sequences or exhibit a
random succession of stacking sequences.
Diffraction patterns show the superposition
of the two types of hcp or fcc contributions;
see (19) for discussion. In the image the
faulting appears as a random succession of
parallel fringes perpendicular to the [111]
axis. Such a faulted Co particle is visual-
ized under HREM conditions in Fig. 6. One
sees the succession of hcp and fce slabs,
with a regular periodicity of two lattice
planes (==0.42 nm) at the lower part of the
particle. The tilted fringes at 0.174 nm are
likely due to the (200)¢. planes. On the par-
ticle surface, smaller crystals of Co;04 are
visible.

Oxygen contamination is a rather general
feature which can be observed for particles
of any size. Figure 7 concerns a small parti-
cle (A) of about 3 nm diameter buried be-
tween graphite layers but lying close to the
free surface of the specimen. The OD pat-
tern can be indexed as Co-a, with two main

sets of planes at 0.217 and 0.205 nm (more
intense spots in the OD and lattice dis-
tances are shown in the micrograph). More-
over, the OD displays two pairs of extra
spots corresponding to =0.35 and 0.247
nm, respectively.

A complete analysis on a larger particle is
presented in Fig. 8. The major set of lattice
fringes extending over the whole particle
area and identifiable thanks to a pair of
spots (indexed o(111) and o(111) in the OD)
corresponds to a regular unfaulted pile-up
of close-packed planes. In area A, it is the
only periodic contribution. But in other ar-
eas, B, C, or D, OD analysis reveals other
periodicities. The extra spots have been
identified as due to a surface layer of CoO
(area B), and to a well-defined crystallite of
Co0304 near the free surface (area D). Close
to the interface between cobalt and cata-
lytic carbon (area C), the (111) spots are
elongated: it suggests a dilatation of the
spacing between outermost planes, which
can be estimated to be of the order of 2—-5%.



FiG. 6. HREM micrograph of a faulted Co-a particle.

Fi1G. 7. Micrograph of a small Co-a particle at the edge of a catalytic carbon deposit. Optical
diffraction patterns concern the A area on the metallic particle and the B area on the graphite (the
spacing is slightly greater than the 0.34-nm (0002) spacing in natural graphite).
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Fi1G. 8. A. HREM study of a large Co particle in LaCos (a) specimen; (A) micrograph showing the
localization of reduced areas selected for optical diffraction analysis; (B) a selection of magnified
images together with their OD patterns and the proposed solution for indexing.

In this specimen, the Co particles buried 2. Specimen LaCos (d)
within a shell of catalytic carbon are often
covered with variable amounts of CoO and There are a lot of similarities between (d)
Co030, crystallites which are identified with and (a) specimens. One can identify cobalt
their lattice arrangements. particles and find some presence of cata-
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FiG. 9. A HREM micrograph of the typical arrangement of Co particles, catalytic carbon, and rare-
earth oxide support in specimen LaCos (d).

lytic carbon, but there does not exist as
many well recognizable carbon fibers or tu-
bules on the extremity of which the metallic
particles are located. On the contrary, one
sees a lot of La,0; platelets in the neighbor-
hood, as visible in Fig. 9, which is rather
illustrative though it does not show the me-
tallic cobalt lattice planes. Generally the
nature and arrangement in this specimen
are much more complex than in the pre-
vious one, and lattice images involving in-
terreticular distances of 2.55 A for instance
have not been elucidated. It is not too much
surprising because many ‘‘exotic’’ phases
involving various combinations of lan-
thanum with oxygen, carbon, H, or CO rad-
icals can likely be found at the end of the
chemical reactions (20); for instance lan-
thanum oxide carbide and various cobalt
carbide lattice planes could have been iden-
tified in certain projections, but one orien-
tation is generally not sufficient for an un-

ambiguous decision with low-symmetry
structures.

3. Specimen ColLa>0;

Co/La,0, constitutes a well-defined situ-
ation in which it is rather straightforward to
identify the La;O; platelets, the Co parti-
cles, and the catalytic graphite in a number
of micrographs. One example is shown in
Fig. 10 in which the carbon coverage is an
important component of the system, ham-
pering a close contact between the metal
particle and the oxide support. The cata-
lytic carbon planes generally seem to wrap
the cobalt particles efficiently. In many ar-
eas close to the outside surface, smaller
crystallites can be detected and generally
identified as CoO phases (Fig. 11). It has
been possible in this specimen to find again
a lot of features already detected in the in-
termetallic samples, such as the typical
faulted cobalt particles (Fig. 12). Different
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F16. 10. Specimen Co/La,0; displaying clear Co particles covered with regular shells of catalytic
carbon, in the neighborhood of isolated La,0; crystallites.

La,0; phases have been recognized, such
as the hexagonal one with lattice plane
spacings of 3.5 and 3.05 A; this latter value
being the most commonly seen (it can also
be interpreted as due to the (0002) plane of
the hexagonal structure). All in all, there
are many strong similarities between Co/
La,O; and both intermetallic cases, with
clearly recognizable products like in (a) and
a rather high probability of finding RE oxide
platelets close to the free external surfaces
of the specimen like in (d).

4. Specimen ColCeO,

Co/CeO;, constitutes a clearly distinct sit-
uation from the previous ones. One does
not find the characteristic catalytic carbon
which is present into variable amounts on
all other specimens. The general configura-
tion consists of a CeO; isolated crystal

recognizable with its set of lattice fringes at
3.12 A (111), 2.71 A (200), and 1.91 A (220)
for the cubic phase. It is covered with many
smaller crystallites of various cobalt com-
pounds, among which we did not identify
pure cobalt but rather often CoO or Co;0,
particles. Figure 13 shows a very clear ex-
ample of this type and in Fig. 14 we see a
detail in which a CoO particle is directly
attached on top of a CeO, crystal. It has to
be added that this specimen is rather sensi-
tive to beam damage, noticeable changes
occurring over time periods of a few min-
utes. Another point worth mentioning is the
clear white halo fringing the RE oxide crys-
tal in many cases. As its intensity is higher
than the vacuum level, it has to be attrib-
uted to a focusing effect in this area for
which the most likely interpretation is the
presence of an electric field induced by a
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FiG. 11. In specimen Co/L.a,0; one finds Co particles at the extremity of carbon fibers; they are,
however, partially covered with CoO crystallites, similarly to the LaCos specimen.

Fi16. 12. An isolated faunlted Co particle in specimen Co/La,0;.
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FIG. 13. An example of the general arrangement in specimen Co/CeQ,. The well-defined RE oxide
crystal in the middle is covered with an irregular deposit of Co compounds, a few of them being the
easily identifiable CoO and Co;0, ones, but not of all being recognizable. This specimen is highly beam
sensitive. Note the strong white contour around the RE oxide particle. It is likely due to focusing of the
beam along the electrically charged surfaces of this strong insulator.

strong charging effect on the surface of this
insulator. This behavior is more important
for this specimen due to the lack of the thin
catalytic carbon coating which helps elimi-
nate the charges induced by the primary
beam.

5. General Remarks about Specimen
Changes under the Beam

Intense incident electron doses may in-
duce modifications, i.e., permanent altera-
tions in chemistry and structure, by radia-
tion damage. Some evidence of such
changes has been obtained while continu-

ously tape recording HREM images with
the high-voltage EM operated at 300 kV.
Figure 15 shows two successive micro-
graphs of the same area, with an irradiation
dose difference of about 10° e~/nm? be-
tween them (this corresponds to a current
density of 5 A/cm? on the specimen and 10
min irradiation time). While the regular lat-
tice fringe system is preserved on the cobalt
particle, one notices clear changes outside
of it and on the free surface. It means that
there is no clear transformation or amorphi-
zation of the bulk of the metal, the most
sensitive areas being interfaces and sur-
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CeO,

FiG. 14. A small CoO crystallite in specimen Co/CeQ, attached on the surface of a CeO, crystal.

faces (and maybe all other types of de-
fects). For instance small crystallites of one
to a few nanometers in size appear or disap-
pear on the surface (circled areas 1 to 4).
There is also a clear transfer of cobalt at-
oms from the main cobalt particle toward
the surface with the nucleation of a new
unidentified product (shrinkage of area 6
and enlargement of area 5). The thickness
of the catalytic carbon layer has aiso been
modified.

All these processes are rather complex
and at the present time only qualitative ar-
guments can be proposed. This is a three-
component interaction involving the speci-
men (with cobalt, oxygen, carbon), the
microscope column vacuum (with a non-

negligible partial pressure in oxygen), and
the primary electron beam continuously de-
positing energy into this ‘‘submicroscope
reaction chamber.” At 300 kV, the energy
transferred in knock-on collisions is suffi-
cient to displace light atoms such as carbon
and oxygen, but not cobalt (see for instance
Hobbs (21)). More probable is an enhanced
defect or atom diffusion under the beam.
The energy necessary to propagate an ex-
isting interstitial is much less than that re-
quired to create a Frenkel pair. Moreover
the direct momentum transfer is responsi-
ble for a number of defects much larger
than the average one at thermal equilibrium.
Similar changes have also been de-
tected for reduced primary voltages (200
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FiG. 15. Two successive micrographs at 300 kV with 10 nm of irradiation between them. See text for
discussion of the detectable specimen modifications induced by the primary electron beam.

kV), more particularly on the Co/CeO,
specimens, as a consequence of already
mentioned charging effects. Figure 16 illus-
trates this effect: one sees a series of modifi-
cations within the object, such as the

shrinkage of the RE oxide crystal which
also seems to rotate on itself, while many
modifications can be detected among the
different smaller particles which cover it.
All these features have strong similarities
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Fi1G. 16. A series of micrographs separated by intervals of =3 min illustrating the changes of
specimen Co/CeQ, under the beam.

with beam-induced movements of small
metallic clusters already described in the
literature (22), or with beam-induced reduc-
tion or oxidation processes which meant
that the electron microscope behaves as a
high-performance chemical reactor for the
preparation of phases out of the thermal
equilibrium (23). As a consequence, we
have found that it is not always possible to
identify the particles present on the surface
of the rare earth oxide, and in a few cases
we have hints of the production of some
compounds between the metal cobalt and
the rare earth. It seems possible to index a
few optical diffraction patterns of lattice

images as due to LaCo,. It would constitute
a beam-induced alloying transformation, to
some extent a reverse of the catalytic (CO,
H;) one, which disrupts a cobalt-RE alloy
into a metal oxide support system. This is
not very surprising because a major effect
of these moderately high voltages is to sput-
ter the low Z elements from the specimen,
in the present case the carbon and oxygen
atoms.

However, all these exotic phases are of
little relevance for understanding the be-
havior of the intermetallic or metal-support
catalysts in the syngas reaction. The impor-
tant question is, ‘‘Are all the phases ob-
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served in the specimen real products of the
catalytic reaction or are they artifacts in-
duced a posteriori and more particularly
during the observation under the electron
beam?’’ At the present stage of investiga-
tion, observations at lower voltages (100-
120 kV) and in better vacuum environment
seem stable even if they require more in-
tense doses. Consequently, the detection of
oxygen and the identification of cobalt ox-
ides seem real results and not artifacts in-
duced by the electron microscope. These
results also confirm some of the EXAFS
results mentioned in the introduction.

DISCUSSION OF THE RESULTS AS
COMPARED WITH THE CATALYTIC
PROPERTIES

The above observations concerning the
LaCos (a) and (d) compounds, as well as the
Co/La,0; one, agree satisfactorily with the
EXAFS and XANES data on the CoK edge
(3). Although the catalytic precursors are
different for these two types of catalysts,
the cobalt environment is nearly the same
at the completion of the catalytic reaction:

(1) cobalt particles are partially oxidized
into the CoO and Co0,0, species identified
by HREM on the free surface of the metal;

(ii) cobalt particles are isolated from the
lanthanum oxide by the layer of active car-
bon deposited during the reaction.

This likeness of cobalt environment ex-
plains the similarities between the catalytic
properties. This was rather unexpected be-
cause for LaNis and Ni/La,0s very distinct
catalytic properties had been observed
(24). Considering the cobalt-lanthanum
catalysts, CHy is the major product of the
reaction, with CO, being a secondary prod-
uct of equivalent importance (see Table 1),
which can be deduced from the following
chemical reaction:

2CO + 2H, — CHy + CO,
which comes from
2xCO + Co — CoC, + xCO,
CoC, + 2H, — CH, + CoC,-;.
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However, this selectivity range is very dif-
ferent from the case of carbon-supported
cobalt catalysts (25), in which case mostly
CH, is produced while oxygen is evacuated
as water. This comparison proves that the
rare earth oxide is involved in the activa-
tion process although it is isolated from the
cobalt by the carbon layer.

The Co/CeQ; case is completely different
when considering the cobalt environment:

(i) Cobalt particles are not covered by
catalytic carbon layers but are directly sup-
ported on CeQO;.

(i1) Cobalt particles are strongly oxidized.

EXAFS and XANES studies had already
given some e¢vidence of a cobalt environ-
ment very different from the Co-La sys-
tem. It did not only show a partially fcc
cobalt, but it could not even provide the
exact cobalt environment. As indicated,
again in Table I, the catalytic properties
themselves are quite different:

(i) The catalyst is rather inactive.
(it) Only COs is produced.

In this case, similar catalytic characteris-
tics have been observed for the Ni/CeO;
system reduced at the same temperature of
400°C (24). It has been attributed to a
strong metal-support interaction (SMSI)
observed for other systems such as Pd/
La,O; or TM/TiO, (26-28). The recently
observed variation in adsorption and cata-
lytic properties could be attributed to the
transfer of CoO, species to the surface of
the metal particles during the catalytical ac-
tivation. New reaction sites could then be
created allowing CO but not H; adsorption.
Nevertheless it is difficult to provide an evi-
dence of CeO; transfer on the Co particles.
The only salient feature is the close contact
between Co and CeO,. As CeO; is an insu-
lator and retains the electronic charges as
illustrated in the micrographs, it could be
responsible for a change of the electronic
properties of the deposited Co particles,
and consequently modify the metal cata-
Iytic properties.
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In order to explain the difference of be-
havior between lanthanum and cerium for
carbon accommodation, one can refer to
some results obtained by Dexpert et al.
(29). The authors had observed a difference
in carbon deposition under the electron
beam over surfaces of Nd,0; and Y,0; mi-
crocrystals. They explained it by invoking a
more appropriate fitting of the catalytic car-
bon interreticular distances with the (111)
plane of the cubic Y,0;. In the present
case, CeO, is cubic with a 3.12-A plane dis-
tance in the (111) direction, while the hex-
agonal structure La,O; has a 3.42-A lattice
plane spacing in the (1010) direction. When
considering the matching of the lattice
plane distances to the catalytic carbon lat-
tice fringes which vary from 3.4 to 3.5 A,
La,0; crystals are more likely covered by
catalytic carbon.

CONCLUSIONS

Using several high-resolution electron
microscopy techniques, this work has pro-
vided a rather detailed description of the
catalytic site for LaCos, Co/La,03, and Co/
CeO, compounds. The dispersive role of
the carbon is clearly observed for LaCos
and Co/Lay0s. It grows from the cobalt par-
ticle and is attached on the lanthanum
platelets, producing a cobalt, carbon, lan-
thanum oxide complex system. The similar-
ity of the cobalt environment in both sys-
tems explains the similarity of their
catalytic properties.

In the case of Co/CeQ;,, the catalytic site
is completely different; the cobalt particles
are strongly oxidized and lie on CeQO, with-
out a carbon layer. As the catalytic proper-
ties are very similar to those of Ni/CeQ,
and other systems where SMSI has been
observed, we can reasonably propose a
similar behavior for Co/CeO,. The close
contact of Co with CeO, could induce elec-
tronic changes in the transition metal prop-
erties and induce such unusual catalytic
properties.
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