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Atomic-Resolution in Situ
Transmission Electron
Microscopy of a Promoter of a
Heterogeneous Catalyst

Thomas W. Hansen," Jakob B. Wagner,"? Poul L. Hansen,’
Soren Dahl,' Haldor Topsee,’ Claus ). H. Jacobsen™

Insight into the location, state, and function of a promoter in heterogeneous
catalysis was obtained through atomic-resolution in situ transmission electron
microscopy. In the most active ruthenium catalyst for ammonia synthesis
known so far, the barium promoter is shown to be located in two different
phases in the catalyst. The increased activity is suggested to be related to a
two-dimensional barium-oxygen overlayer on the ruthenium crystals. The pos-
sibility for conducting such studies for other reactions could add substantially
to our current understanding of heterogeneous catalysis. Heterogeneous ca-
talysis plays an increasingly important role in environmental protection pro-
cesses, in fuel upgrading, and in providing the majority of the chemical building
blocks required by contemporary society. Most heterogeneous catalysts of
industrial importance are multicomponent materials that are designed by trial-
and-error experimentation. Application of even the most sophisticated phys-
ical-chemical characterization techniques is usually not sufficient to obtain a
complete understanding of the structure of the active site, the reaction mech-
anism and kinetics, the structural dynamics, and the specific roles of all catalyst
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components.

Various in situ characterization methods that
allow studies of heterogeneous catalysts under
realistic reaction conditions have substantially
improved our possibilities for obtaining relevant
structural information (/-3). Also, the use of
surface science techniques (4—6) and theoreti-
cal modeling (7—9) has recently added substan-
tially to our understanding of heterogeneous
catalysis. In many industrial catalyst systems,
the presence of so-called catalyst promoters is
essential to achieve the required activity or se-
lectivity. Usually, a promoter is defined as a
substance that causes a more than proportional
increase in activity or selectivity when added to
the catalyst (/0). In many cases, the promoter
alone is completely inactive in the catalytic pro-
cess, where it is used to boost productivity. It is
common practice to distinguish between struc-
tural promoters that cause an increase in the
number of active sites and electronic promoters
that produce active sites with a higher intrinsic
activity, i.e., higher turnover frequencies. In ear-
ly studies, Mittasch performed systematic stud-
ies of the influence of various catalyst promoters
with ammonia synthesis catalysts (/7). Previ-
ously, the influence of such “impurities” had
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only been observed more or less inadvertently.
Although the effect of the promoter on the cat-
alytic activity and reaction kinetics is easily
measured, structural information is rarely avail-
able. Very often, electronic promoters are
present in relatively small amounts and are not
found as crystalline structures, which compli-
cates the structural characterization. More im-
portantly, the promoter is often distributed be-
tween various phases of the catalyst, making the
establishment of structure-activity relations very
difficult.

We now show how atomic-resolution in
situ transmission electron microscopy (TEM)
can be used to obtain insight into the structure
of barium-promoted ammonia synthesis cat-
alysts. We also show how it is necessary to
combine atomic-resolution in situ TEM with
theoretical modeling and other characteriza-
tion techniques to understand the dramatic
influence of the promoter on the catalytic
activity and to elucidate the location and state
of the barium promoter. The studies are con-
ducted with a recently developed barium-
promoted ruthenium catalyst on a support of
boron nitride (Ba-Ru/BN) that was shown to
exhibit unprecedented activity and stability in
catalytic ammonia synthesis (/2).

Catalytic activity measurements with both
Ru/BN and Ba-RwBN were performed as
previously described (13). After testing, the
catalysts were passivated and transferred to
the TEM facility. The conventional TEM im-
ages are obtained on a Philips CM-200 FEG
microscope with an UltraTwin lens giving a
resolution limit of about 0.12 nm. A Philips
CM-300 microscope equipped with a Super-
Twin lens with a resolution limit of 0.14 nm
was used for the in situ studies (/4).

For in situ studies, the catalyst was treated in
the in situ cell with a 3:1 H,/N, mixture at
550°C and 5.2 mbar for 30 min. These condi-
tions were sufficient for complete reduction of
the passivated catalyst samples. For each cata-
lyst studied, more than 100 images were ob-
tained and no other structures than those de-
scribed were observed. Thus, the images shown
were selected only to give the best representa-
tion of the surface structures. The catalytic ac-
tivity of the 4.5 weight (wt) % Ru/BN catalysts
is measured in a plug flow reactor at 400°C and
50 bar ina 3:1 mixture of H, and N,. At an NH,
outlet concentration of 1.2%, an integral reac-
tion rate of 2.2 wmol g~! s™! is obtained. This
rate is comparable to the activity previously
reported for 5.4 wt % Ru/graphite at the same

Fig. 1. Representative conventional TEM images of Ba-promoted Ru catalyst supported on BN. (A)
Low-magnification image showing Ru crystals on the hexagonal BN support. A thin film of BN
covers most Ru crystals. (B) High-magnification image showing the three to four layers of BN
covering a Ru crystal. The distance between the BN layers is 0.34 nm corresponding to the (002)
planes. The lattice spacings seen in the Ru particle are 0.23 nm in two directions 60° from each

other, indicating that the zone axis is [001].
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conditions (/3). Upon promotion with 5.5 wt %
barium, an integral reaction rate of 32.8 wmol
g ' s7! was achieved at 400°C and 50 bar at an
NH, outlet concentration of 8.4%. Taking the
NH, inhibition into account, the activity in-
crease is more than two orders of magnitude.
Figure 1 shows images of the Ba-Ru/BN cata-
lyst obtained with conventional TEM, which
show how all of the Ru crystals are completely
covered by the support material. Lattice fringes
are resolved in both the Ru particles and BN
support material. The hexagonal BN used as a
support for the present catalysts has a structure
closely related to that of graphite. On the basis
of H, adsorption experiments, it has previously
been suggested for graphite-supported Ru cata-
lysts for NH, synthesis that the graphite partly
covers the Ru crystals (15). Although energy-
dispersive spectroscopy can verify the presence
of Ba in the catalyst, it is not possible to identify
any Ba-rich phases in the TEM images. How-

Fig. 2. Representative in situ TEM image of the
unpromoted Ru catalyst recorded at a tempera-
ture of 331°C and a pressure of 3.0 mbar in a gas
composition H,/N, of 3:1. No surface features are
seen on any of the Ru crystals. The lattice spacing
is 0.21 nm corresponding to the (101) planes. The
Ru crystals show well-developed facets.
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ever, it does not appear that Ba is primarily
present on the Ru crystals.

From the conventional TEM studies, it is not
possible to obtain insight into the location and
mode of operation of the Ba promoter, and it is
even difficult to see how the catalyst can be
active when the Ru crystals are completely cov-
ered by several layers of BN. Therefore, we
decided to study the same catalyst in the in situ
TEM facility. Initially, we studied the unpro-
moted RwBN catalyst. Figure 2 shows Ru crys-
tals supported on BN at 331°C and 3.0 mbar of
3:1 H,/N,. Under these conditions, the BN is
not covering the Ru crystals. Still, the crystal
lattice of Ru is well-resolved just as the layered
structure of BN could be easily observed. Most
crystals exhibit a hexagonal morphology that
was observed previously in conventional TEM
studies of supported Ru catalysts for NH, syn-
thesis (/3). During activation of the catalyst in
the microscope, small Ru crystals with a size
below 1 nm are observed to diffuse over the flat
part (the terraces) of the BN surface. The co-
alescence (sintering) of such small crystals into
larger crystals of about 2.0 nm can be followed
directly. It has been suggested that such sinter-
ing is necessary to form crystals of an optimum
size around 2.0 nm that exhibit the highest num-
ber of active Bg-type sites primarily located at
crystal edges and corners (/3). On the basis of
microkinetic modeling of a Ru/MgALO, cata-
lyst with the same activity as the Ru/BN cata-
lyst, it has previously been estimated that about
9% of the Ru surface sites are active in NH,
synthesis (16).

Upon introduction of the Ba promoter, an
increase of about two to three orders of magni-
tude in catalytic activity was observed. As can
be seen from the in situ TEM images in Fig. 3,
the morphology of the Ru crystals was not
altered by the presence of Ba, which suggests
that the number of active sites was not substan-
tially altered and that Ba is an electronic pro-

Fig. 3. In situ images of the Ba-promoted Ru catalyst recorded at 552°C and 5.2 mbar in a gas
composition H,/N, of 3:1. (A) Patches of a Ba-containing phase are found on several of the Ru
crystal surfaces. The lattice spacing in the Ru particle is 0.21 nm corresponding to the (101) planes.
(B) High-magnification image of the edge of a Ru crystal. The lattice spacing is 0.23 nm, i.e., the
(100) planes of Ru. On the edge of the Ru crystal, a small monolayer patch of a barium oxide phase
is observed. The distance between the dark spots representing the Ba atoms is 0.48 nm.
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moter (although it has recently been suggested
that Ba might be a structural promoter) (/7). In
the in situ TEM images, two distinctly new
structures can be seen on the exterior of the Ru
crystals in the Ba-promoted catalyst. One such
structure is an amorphous Ba-containing phase
that covers a substantial fraction of some faces
of the Ru crystals. Another is a well-dispersed
structure that can only be observed in the
atomic-resolution in situ TEM. It appears that
the Ba atoms are quite mobile under NH, syn-
thesis conditions. In situ electron energy-loss
spectroscopy (EELS) at the O K edge and the
Ba M, ; edge demonstrates that the Ba is present
in an oxide structure. Usually, electronic pro-
moters in NH, synthesis are thought to reside as
oxygen-containing adlayers on the metal crys-
tals, although this idea is still controversial (/8).
It is not clear how the electronic promoters exert
their dramatic influence on the NH, synthesis
activity; several different locations have been
suggested for promoters on Ru catalysts (19).
For the Ba-Ru/BN catalyst, two different struc-
tures containing promoter atoms were observed,
and from the TEM studies alone, it is not pos-
sible to conclude which is related to the in-
creased activity. However, recent density func-
tional theory studies have shown that the activ-
ity of both unpromoted (9, 20, 21) and promoted
(22) NH, synthesis catalysts is related to the
presence of B,-type sites. For the unpromoted
catalyst, this finding has been experimentally
supported by single-crystal studies (23).

We suggest that the Ba atoms distributed
as single atoms close to the crystal edges (B,
sites) and bound to oxygen are responsible
for the electronic promotion of the catalyst.
Only very few of such active sites are present
in the catalyst, but the optimal promotion of
Ru catalysts typically occurs at the relatively
large promoter/Ru ratios of 0.3 to 2.0 (atom/
atom) (15, 24, 25). Therefore, it appears that
the Ba-containing structures observed on
many crystals are reservoirs needed to main-
tain a constant coverage of mobile Ba atoms
in the vicinity of all B,-type sites in the
catalyst. Otherwise, it should be possible to
achieve the promotion with a substantially
smaller amount of the electronic promoter.

We conclude that conventional TEM studies
are not optimally suited for detailed studies of
heterogeneous catalysts. Particularly for studies
of electronic promoters, atomic-resolution in
situ TEM may be the only technique that allows
direct imaging of the promoter structures during
catalyst operation. It appears that similar studies
could be used to obtain a more detailed under-
standing of the role of promoters in other cata-
lyst systems, such as alkali-promoted catalysts
for steam reforming, Fischer-Tropsch synthesis,
and olefin epoxidation.
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stage evolution, which is not compatible with a
closed magma reservoir (2-7).

Indications of the lithostatic pressure (and
hence the depth) under which the Mt. Vesuvius
magmas began to crystallize can be obtained
from fluid inclusions in phenocrysts and from
mineral equilibria in skarn rocks, which are
believed to be formed by high-temperature
metamorphism of the carbonate wall rocks. Ap-
plication of these methods to the products of the
last eruptions of Mt. Vesuvius (1906 and 1944)
suggests the presence of a magma reservoir at
less than 3-km depth refilled during the erup-
tions with magma coming from a deeper (11 to
22 km) reservoir (8, 9). Fluid inclusions in older
Mt. Vesuvius explosive and effusive products
indicate crystallization depths between 4 and 10

Seismic Evidence of an
Extended Magmatic Sill Under
Mt. Vesuvius

Emmanuel Auger,’ Paolo Gasparini,’ Jean Virieux,? Aldo Zollo'

Mt. Vesuvius is a small volcano associated with an elevated risk. Seismic data
were used to better define its magmatic system. We found evidence of an
extended (at least 400 square kilometers) low-velocity layer at about 8-kilo-
meter depth. The inferred S-wave (~0.6 to 1.0 kilometer per second) and
P-wave velocities (~2.0 kilometer per second) as well as other evidence indicate
an extended sill with magma interspersed in a solid matrix.

Mt. Vesuvius is a strato volcano near a densely  reservoir if it was a closed system. However, Sr,
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populated area. It is located in a tectonic graben
formed in the Plio-Pleistocene, and it is only a
few km southeast of Fields, the active volcano
on which the city of Napoli has been built (Fig.
1). It experienced at least three violent explo-
sive eruptions in historical times (79, 472, and
1631 A.D.). More frequent, less explosive erup-
tions have occurred from 1631 to 1944 (1). Mt.
Vesuvius is presently in a quiescent state, char-
acterized by low-temperature fumaroles (less
than 100°C) and moderate seismic activity
(about 100 earthquakes per year with magni-
tudes between 0.5 and 3.6), and it is difficult to
predict when it may erupt explosively again.
The definition of its structure and of the loca-
tion and volume of the magma reservoir can be
used to help prediction of the scenario of the
next eruption and to interpret the pattern of the
expected precursory seismic activity and
ground deformation. The present volcanic edi-
fice was built in a time span of about 40,000
years, and the total amount of erupted magma
can be estimated to be about 50 km?>. This
would be the minimum volume of the magma
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Nd, Pb, and U-Th-Ra data indicate that the
magma system underwent a complex, multi-
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Fig. 1. Sketch map of Mt. Vesuvius area. The black line (F profile of the MAREVES experiment)
indicates the profile where the LALA phase is best observed. Blue triangles and three-letter symbols
indicate the location of on-land stations of the MAREVES experiment. The gray boxes indicate the
points of the mid-crustal interface where the observed LALA phases are generated. They do not
correspond to the common midpoint because of P to S conversion.
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