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Reconstruction of a clean surface of a platinum catalyst and a
platinum surface covered with gold during ammonia oxidation
was studied by SEM observations. It was found that the process
of catalytic etching had two sequential stages in which different
crystal structures with different rates of growth formed on the
surface. The first stage was the formation of parallel facets, and
the second stage was the formation of individual microcrystals
with perfect crystal faces. It was also found that the second stage
had a threshold character, beginning after some delay from the
start of the reaction. A structure resembling metal wool and con-
sisting of interlaced platinum filaments was found to form on the
surface of gold-covered platinum catalysts. Characteristic features
of this structure’s development are reported. The growth of fila-
ments is attributed to the vapor-liquid—solid mechanism of
whisker growth. On the basis of the observed platinum whisker
formation and behavior during ammonia oxidation, a mechanism
of catalyst surface reconstruction that explains observed character-
istic features of the process of catalytic etching is proposed.

© 1994 Academic Press, Inc.

INTRODUCTION

The phenomenon of rapid etching of the surface of
platinum catalysts, and great platinum loss caused by it,
in catalytic oxidation reactions has been well known since
the beginning of intensive industrial application of these
types of reactions. Despite the long history of the problem
(1-3), however, there is not yet a common theory of the
mechanism of this process. Thus, Flytzani-Stephan-
opoulos and Schmidt (3-6) attributed the process to gas
diffusion of the fluent oxide PtO,, which forms in the
reaction. The rate and equilibrium of this process are
considered in Ref. (6). Phillips and co-workers (7, 8) as-
sumed that catalytic etching occurs due to the action of
homogeneously formed HO, radical on the platinum sur-
face and that clusters of metallic platinum form homoge-
neously in the boundary layer over the surface and then
fall onto the surface, forming a polycrystalline structure
on it.

To explain the extremely high rate of surface recon-

! Present address: Department of Chemical Engineering, Yale Univer-
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struction, Barelko, Volodin, Khalzov and co-workers
(9-13) used the hypothesis of a nonequilibrium process of
catalyst surface activation, as developed in Refs. (14-18).
The hypothesis is based on the suggestion of heat activa-
tion of the catalyst surface by the reaction occurring on
it, i.e., that some of the energy released by chemical
coupling does not dissipate into equilibrium heat of the
lattice, but creates new active centers on the surface. The
role of these active centers is attributed to ‘‘adatoms,”
that is, atoms of platinum which have lost their places in
the lattice and have only a weak bond with the surface.
Thus, a two-dimensional quasi-gas of adatoms is formed
due to the reaction. Such an excited state of the surface
provides an increase in the rates both of surface diffusion
and of platinum sublimation (by tearing adatoms off the
surface) and in this way leads to rapid surface recon-
struction.

Another interesting result concerning platinum trans-
port and recondensation properties was reported by Gen-
kin et al. (19), who observed growth of platinum whiskers
on a cold platinum surface in the vicinity of platinum
participating in ammonia oxidation,

In this work catalytic etching was studied by direct
SEM observations of local changes on the platinum sur-
face and of species origination and growth during ammo-
nia oxidation. The work consists of two sequential parts.
In the first part, reconstruction of the clean surface of pure
platinum wire was studied to characterize the process and
to determine its peculiar features. The second part was
aimed at a more detailed study of the phenomenon of
platinum vapor recrystallization on the catalytic surface.
To stimulate this process we created artificial passive
zones on the platinum surface by depositing gold on it.
We expected that, by analogy with (19), these passive
zones would act as centers of rapid platinum condensation
from the vapor phase and we expected to observe growth
of whiskers on them.

EXPERIMENTAL

In the present work, the ammonia oxidation reaction
on platinum wire under atmospheric pressure was used
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to study catalytic etching. The ammonia concentration
could be varied over a wide range. The gas flow velocity
in all experiments was 10 cm/s through a 3-cm” reactor
cross section and the wire was situated in the reactor
perpendicular to the flow. Control of the electric heat
supply to the wire, as well as measurement of its tempera-
ture and reaction heat, was provided by means of an
electrothermographic method (20).

Etching was studied by observation of the surface of
the platinum wire during reaction. The installation was
the same as described in Refs. (9, 20), but the reaction
chamber was modified to allow microscopic observations.
A platinum wire length of 3 cm and diameter 100 wm was
fixed in a rigid frame. This frame could be placed into the
reactor and into the holder of the electron microscope
without changing the position of the wire. This allowed
the interruption of the reaction at any moment to investi-
gate the surface at any chosen point, after which the
wire could be returned to the chamber and the reaction
resumed. This cycle could be repeated many times. In
this way we obtained a series of micrographs showing the
process of catalytic etching at given points on the surface.
A Tesla BS-340 scanning electron microscope was used
for surface observations.

In the first part of the work, etching of a clean pure
platinum surface was studied under 8 and 15% ammonia
in pure oxygen. The wire temperature was maintained at
1000-1100°C in all experiments (temperature variations
occur because of small oscillations in the ammonia con-
centration). For 15% ammonia, this wire temperature was
due entirely to reaction heat release, while for 8% ammo-
nia additional heating by electric current was provided.
Time intervals between observations were chosen, de-
pending on the rate of change of the surface structure, as
30 min for 8% ammonia and 15 min for 15% ammonia.

Measuring the sizes of individual crystal images on the
sequential microphotographs allowed us to estimate
changes in the particular crystal volume with time and
thus to obtain quantitative estimates of the catalytic etch-
ing process rate.

In the second part of the work, the experimental proce-
dure was almost the same, except that a platinum surface
covered with gold was investigated. All experiments in
this part were made under 15% ammonia in oxygen with
30-min intervals between microscopic observations.

As a method of platinum wire passivation, we deposited
gold on a region of approximately 1 mm in length in the
center of the wire. For this purpose, a drop of gold hydro-
chloride acid was placed in the middle of the wire, and
then, during resistive DC heating under pure oxygen for
30 min, it decomposed, forming gold islands on the plati-
num surface.

When a sample with a gold-covered region in the middle

was placed into the reactor and the reaction was ignited
on it, a visible temperature gradient developed along the
wire. While the temperature of the clean surface was
approximately 1000-1100°C, which is normal for reac-
tion at this concentration without electric heating, the
temperature of the covered zone was less than 800°C, and
this zone was seen as a dark spot in the middle of the
bright wire.

Depending on the amount of gold deposited on the sur-
face of the platinum wire, further behavior of the dark
spot varied. When a large amount of gold was deposited
on the surface, the spot remained stable during reaction.
When, however, only a small amount of gold was depos-
ited, a dark spot was seen in the zone with deposited
gold immediately after the reaction was ignited, as in the
previous case. During further processing, however, its
temperature increased gradually so that after approxi-
mately 1.5 h the whole wire had a uniform temperature
near 1100°C. We assume that this increase in temperature
was caused by disappearance of gold from the surface
and gradual incorporation of this zone into the reaction.

RESULTS

1. Dynamics of Catalytic Etching of a Clean Platinum
Surface

Figures 1 and 2 are micrographs that illustrate the pro-
cess of catalytic etching of platinum wire during ammonia
oxidation in pure oxygen.! The concentration of ammonia
in this experiment was 8% and intervals between micro-
scopic observations in this series were 30 min.

Changes in the surface were observed from the very
beginning of the process (Fig. la). Initially the reaction
acted at intergrain boundaries of the original crystal struc-
ture of the platinum wire, making the individual crystal
grains which were 10-20 um in size, visible on the pre-
viously homogeneous surface of the wire. This phenome-
non can be explained using the described hypothesis of
nonequilibrium surface activation: boundaries are crystal
defects where lattice regularity is strongly disturbed, and
so catalytic activity and the rate of platinum sublimation
here are much higher than those on surfaces with a regu-
lar lattice.

After half an hour of reaction, the grain surfaces are
no longer smooth, but are covered with a new type of
crystal structure (Fig. 1b). These are rows of *‘parallel
facets,”’ which grow in length and height during the reac-
tion (Figs. Ic, 1d, le, If). From the series of photos in
Fig. 1, one can see that the orientation and the growth

! Small shifts in the wire position occurred from one photograph to
another, so one should choose characteristic details on the surface to
identify features of relief and to observe their evolution.
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FIG. 1.

Catalytic etching of Pt surface in ammonia oxidation reaction (stage of parallel facet formation). 8% ammonia in pure oxygen. (a) 2

min from the beginning of the reaction, (b) 30 min, (¢) 120 min, (d) 240 min, (¢) 480 min, and (f) 840 min.

rate of parallel facets are different for surfaces of different
grains. Probably these parameters depend on the initial
orientation (crystallographic index) of the surfaces ofeach
individual grain (this question was discussed in detail in
Ref. (5)). Furthermore, one can see that the surfaces of
some grains remain smooth at all times during the reaction
and that parallel facet structures do not form on them.
Apparently the surfaces of these grains have the most

stable original orientation, and hence minimum cata-
lytic activity.

In Fig. 2, formation of another type of crystal structure,
which begins to grow on the surface over the parallel
facets after approximately 8 h of reaction, is shown. It
consists of individual, randomly situated microcrystals of
platinum with well-formed crystal faces, which retain
their initial orientation during the entire time of crystal
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FIG. 2. Catalytic etching of Pt surface in ammonia oxidztion reaction (stage of bulk microcrystal formation). 8% ammonia in pure oxygen.
(a) 540 min, (b) 570 min, (¢) 690 min, (d) 960 min, (e) 990 min, and (f) 1170 min.

growth. In coatrast to the parallel facets which lie on the
surface, these new crystals for the most part extend into
the surrounding volume. To emphasize this difference we
will refer to these structures as *‘bulk crystals.”” It was
found that the process of bulk crystal nucleation has a
threshold character; i.e., long and thin crystals spontane-
ously and rapidly appear on the surface after some delay
from the beginning of the process. During further reaction,
rather slow growth of these germs occurs (with retention

of initial facets). Thus, after 9.5 h of reaction (Fig. 2b) a
microcrystal of approximately 30 wm in length appeared,
whereas no sign of it had been seen earlier (Fig. 2a).”
After 16.5 h of reaction (Fig. 2e), another crystal which
had not existed 30 min before (Fig. 2d) appeared near the
first crystal. Figure 2f presents the picture after 19.5 h of

? Due to the appearance of the crystal, we had to decrease the magni-
fication in Figs. 2b-2f.
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reaction. The surface of the platinum wire now resembles
one of gauze from a real industrial ammonia oxidation
reactor, so we can conclude that real processes in catalytic
reactors develop in the same way as those observed here.

Dependence of paralle] facets and bulk microcrystal
volumes on reaction time obtained by estimation of indi-
vidual crystal sizes in the series of micrographs in Figs.
1 and 2 is shown in Fig. 3. Velocities of growth of structure
volumes were obtained from the plot. For the parallel
facet structures, this velocity is 60 um*/h, and for bulk
microcrystals it is 300 wm?*/h.

However, estimation of the velocity of volume growth
for bulk microcrystals at the moment of their origination
(assuming that crystals in Figs. 2b and 2e were formed
in 30 min, while this process could be faster) gives values
of 1050 and 1300 wm?®/h, respectively. Although rather
rough estimates, these results confirm that the nucleation
of bulk crystals occurs at a much higher rate than the
following growth of this structure.

Figure 4 shows a series of photos obtained under an
ammonia concentration of 15%. The time intervals be-
tween microscope observations were 15 min in this case.

From Fig. 4 it can be seen that the process of catalytic
etching passes through the same stages as those in the
previous case of 8% ammonia. First, parallel facet struc-
tures form on the surface of the previously smooth plati-
num wire, and then, after some delay, rapid formation
of bulk microcrystals begins. There are, however, some
differences as well. The process is now significantly
faster. The rate of parallel facet growth is 3—4 times higher
and the time delay before the beginning of bulk crystal
formation is approximately 2 h instead of 8 h for 8%
ammonia. Also, not only the rate and delay of formation
for bulk crystals are changed, but their shape differs as

a  parallel facet
e  bulk microcrystal .

crystal volum, (*1 03 cube micron)

0 2 4 6 8 10 12 14 16
time in reaction, h
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FIG. 3. Dependence of crystal structure volume on reaction time.
8% ammonia in pure oxygen.

well. In general, large (30-50 um) polycrystals form at
8% ammonia (Figs. 2d, 2e), but in 15% ammonia only
small (up to 10 wm) microcrystals (their shape and perfect
facets suggest that they are generally monocrystals) ap-
pear on the surfaces. Furthermore, the ‘‘leg’’ connecting
a crystal with the surface becomes very thin, often less
than 1 um (a typical example is shown in Fig. 4f). This
results in very rapid disappearance of these crystals due
to mechanical failure. It was, therefore, possible to see
them in only 4-5 observations after formation.

Il. Formation and Properties of ‘‘Platinum Wool'' on
the Platinum Surface Covered with Gold

The process of crystal growth occurring in a zone cov-
ered with gold is shown in Fig. 5. As expected, platinum
crystallizes on the gold-covered surface in the form of
whiskers. In contrast to the results in previous work (19),
where only individual, accidental whiskers were found
on the surface, now we observe a whole structure which
looks like dense wool surrounding the wire. We will refer
to this structure as metal or platinum wool. Figure Sf
shows this structure at higher magnification. One can see
that it consists of interlaced individual filaments with
lengths up to 20 um and diameters less than 100-300 nm.

An X-ray microprobe analysis of the platinum wool
was made. The primary electron beam did not strike the
surface of the wire, but passed tangentially through the
metal wool structure. The obtained X-ray spectrum repre-
sents an averaged composition of the filaments and is not
affected by platinum and gold from the surface of the wire.
Analysis at 10 different points showed that the structure
consisted of both platinum and gold, which varied in con-
tent from 2 to 15%.

Results of the X-ray analysis indicate that not only the
temperature difference but also the presence of a third
phase (gold in our experiment) is important for metal wool
structure formation. This is also supported by observa-
tions presented in Fig. 6, which shows the growth of an
individual *‘bush’’ distinct from the main platinum wool
on a separate gold island. As the distance between the
island and the main passive spot is only ~70 um, the
temperature difference between them should be very
small; despite this, however, formation of the metal wool
structure occurs only on the gold island, while the plati-
num surface around it remains clean throughout the pro-
cess. One can see the same results in Fig. 6e. Bushes of
metal wool have grown on two gold islands situated 50
pum from one another, and at the same time, the platinum
surface between them remains clean throughout the
process.

The platinum wool formations shown in Figs. 5 and 6
were obtained when a large amount of gold was deposited.
In this case, the structure remains unchanged during the
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FIG. 4.
(d) 255 min, (e) 270 min, and (f) 165 min.

entire further observation period. In the case where only
a small amount of gold was deposited, different behavior
was found. As was mentioned, in this case the tempera-
ture of the spot is not constant but increases gradually
and reaches that of the clean platinum surface in approxi-
mately an hour and a half. This leads to the following
changes in metal wool formation (Fig. 7). After the first
30 min of reaction, when the temperature of the spot is

Catalytic etching of Pt surface in ammonia oxidation reaction. 15% ammonia in pure oxygen. (a) 60 min, (b) 150 min, (c) 180 min,

rather low, the beginnings of a platinum wool structure,
similar to that observed in the previous experiment (Figs.
5 and 6), were found (Figs. 7a, 7b). However, as the
temperature of the spot increased, the development of
these structures differed significantly from that in the pre-
vious case. In contrast to the process in Fig. 5, where
individual regions of platinum wool grew in size and
formed a **fur coat’" around the spot, now the initial zones
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FIG. 5. Formation during ammonia oxidation of platinum wool on the surface of a platinum catalyst wire passivated by deposition of gold.
Gas mixture—15% NH; in pure oxygen. (a) Left end of gold-covered spot before beginning of reaction; view of the entire spot after reaction
times of (b) 1 h, {¢) 1.5 h. (d) 2 h, {e} 2.5 h, and (f) central region of platinum wool at higher magnification after 2.5 h.

did not increase. but the whiskers of which they consisted
became thicker (Figs. 7¢, 7d). Finally, as the temperature
of the spot reached the temperature of the whole wire,
they degenerated into common bulk polycrystal struc-
tures (Figs. 7e, 7f) like those observed in the first part of
the work during ammonia oxidation on clean platinum
wire.

DISCUSSION

The form and dynamics of formation of crystal struc-
tures observed in the experiment (especially of bulk mi-
crocrystals which form at high ammonia concentrations;
see Fig. 2f, for example) suggest that the mechanism of
platinum transition in the process of catalytic etching is
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FIG. 6. Growth of individual “*bushes’ of platinum wool on separate gold islands. (a) Individual island to the right of the main spot at beginning
of wool structure formation, 0.5 h in reaction; the same place after (b) | h, (¢) 2 h, (d) 2.5 h, (e) fragment of (d). and (f) ‘‘bushes’’ on two separate

islands to the left of the main spot, 2.5 h in reaction.

gas diffusion of platinum in the boundary layer over the
surface.

Mechanisms which can cause sublimation of platinum,
and hence make possible its rapid transition through the
gas phase, were described above. Observations made in
this work do not allow us to deduce the particular mecha-
nism, but some arguments can be made here. In Refs. (9,
11) it was shown that as the rate of catalytic etching

during ammonia oxidation is much higher than that in
pure oxygen at the same surface temperature, it can hardly
be the result of a thermodynamic equilibrium process of
platinum oxidation such as was considered in Ref. (6).
Also, the assumption of PtO, formation cannot explain
the occurrence of catalytic etching in reactions which
take place in the absence of oxygen (for example, radical
recombination on metal surfaces or catalytic decomposi-
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FIG. 7.
1.5 h.

tion of ammonia on platinum). On the contrary, the high
rate of crystal growth suggests that an above-equilibrium
concentration of platinum exists in the boundary layer,
which causes a fast process of platinum condensation
back on the surface. We suggest, therefore, that heteroge-
neous reaction causes rapid sublimation of platinum from
the surface and its high concentration in the gas phase,
over equilibrium for a particular surface temperature, and
that recrystallization of this platinum back onto the sur-

Degeneration of platinum wool. Two different spots after reaction times of (a) and (d) 0.5 h in reaction. (b) and (e) | h, (¢) and (f)

face is the reason for the observed morphology changes.

The suggested mechanism of catalytic etching makes it
possible to explain the difference between rates of parallel
facet and bulk microcrystal growth (60 and 300 wm®/h,
respectively). From the above description, we see that
because structures of the second type are more perfect
crystals, i.e., their faces have minimum surface energy
and activity, the rate of platinum condensation on their
surfaces will therefore be higher than that for surfaces of
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parallel facets. Also, bulk crystals in general are oriented
perpendicular to the wire and have only a small bonding
surface to it, and so their temperature should be less than
that of parallel facets, which lie on the surface. This also
increases the rate of bulk crystal growth. (In Fig. 2 one
can see that the fastest growth occurs on the regions of
bulk crystals which are farthest from the surface, and
hence have minimum temperature.)

The observed acceleration of catalytic etching with in-
creasing ammonia concentration supports the conclusion
of nonequilibrium platinum sublimation due to chemical
reaction. In fact, with increased ammonia in the mixture,
the oxygen concentration decreases, and thus, as the sur-
face temperature remains the same, the rate of volatile
oxide formation cannot increase. Therefore, the increase
in catalytic etching rate can be explained only by an in-
crease in platinum sublimation from the surface due to a
higher reaction rate.

The study of the dynamics of reconstruction of a clean
platinum surface in the first part of the work shows that
the process of catalytic etching has two sequential stages
in which different types of crystal structures form on
the surface: parallel facets and bulk microcrystals. These
structures not only have different shapes and rates of
growth, but also have different characteristics of nucle-
ation. Parallel facets begin to form from the very beginning
of the reaction and gradually increase in size, starting
from the smooth surface, which can be explained as due
to recondensation of platinum with formation of planes
with minimum free energy (Ref, (5)). On the contrary,
bulk microcrystals start growing with some delay from
the beginning of the reaction and at the very first moment
appear as long, narrow, sufficiently large crystals. While
the following growth of these structures can also be attrib-
uted to plane platinum recondensation from the gas phase
onto crystal surfaces, this peculiar manner of nucleation
forces us to look for some special mechanism to explain
the described properties.

The observed phenomenon of platinum wool formation
during ammonia oxidation on a platinum catalyst with
deposited gold islands also strongly supports the hypothe-
sis of platinum diffusion and recrystallization from the
gas phase as a mechanism of catalytic etching. It hardly
seems possible to imagine another transition mechanism
which could lead to whisker formation. Deposition of
particles of sufficient size cannot provide the observed
features. At the same time, mechanisms of whisker crys-
tallization from the gas phase are well known in crystallog-
raphy. One of them is the so-called ‘‘vapor-liquid—solid™’
mechanism (21, 22), in which small drops of liquid (ap-
proximately | wm or less in size) are deposited on the
crystal surface on which whisker growth is to be stimu-
lated. Because of its less regular structure, molecules
should be collected from the vapor much faster on the
liquid than on the clean crystal surface around the drop.

If saturated vapor is over the surface and the process of
condensation takes place, then molecules captured by the
liquid pass through the drop and are incorporated into the
lattice of the crystal base on the other side of it. In this
way, a column with a drop of liquid on its end grows.
Crystal whiskers, which may be as long as 50-100 um
and which have diameters equal to that of the initial drop,
can be obtained by this method. Also, they can branch
(if the drop splits), change in diameter (if the diameter of
the drop changes), change direction of growth, etc.

A review of the works of Baker and co-workers devoted
to the formation of filamentous carbon in various chemical
systems was made in Ref. (23). Direct observations using
a controlled atmosphere electron microscopy technique,
made in these works, showed how various metals and
alloys catalyze the growth of this type of structures.

As was seen from the experiment, the metal wool struc-
ture has the following features. It consists of thin filaments
that branch, twist, and interlace to form the whole struc-
ture. Growth of filaments takes place on gold islands but
not on clean surfaces, and some amount of gold was de-
tected in the wool. These features are very similar to those
described above for the vapor-liquid—solid mechanism of
whisker growth. This suggests that in this case we have
the same process of filament formation. Apparently, after
ignition of the reaction, gold islands partially melt, form-
ing drops of the liquid phase on the platinum surface. At
the same time, the reaction creates an above-equilibrium
concentration of platinum vapor over the surface. Thus,
conditions similar to those required in the vapor-lig-
uid-solid method arise, and platinum atoms captured by
liquid gold produce whiskers, which then form platinum
wool. The nonuniform initial distribution of gold on the
surface of the spot allows the chaotic character of filament
growth and leads to formation of the complicated inter-
laced structure.

The suggested mechanism of metal wool formation also
makes it possible to explain the phenomenon of wool
degeneration observed in the experiment. It was found
that degeneration took place when only a small amount
of gold had been deposited on the platinum surface and
when the temperature of the spot had increased. As was
mentioned, we connect the increase in temperature with
a decrease in the amount of gold on the surface; i.e., part
of the gold islands gradually disappears and more and
more areas become active in the reaction. As follows from
the vapor-liquid—solid mechanism, if for some reason the
drop of liquid disappears from the end of the growing
whisker, its further growth in length will stop. If there
are other drops and growing columns around it which
actively absorb vapor from the boundary layer, then the
column will remain unchanged in time. If, however, all
the liquid phase has disappeared from this area, then no
preferable sites of vapor condensation will exist and mole-
cules from the oversaturated gas phase will adsorb uni-
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formly along the entire length of the whisker, which will
thereby begin growing in width. Obviously, during this
growth (which will be much slower than the initial whisker
growth) crystal faces with minimum free energy will form
and they will retain their orientation throughout the pro-
cess. Also, the fastest increase in width will be found in
the coldest region of the whisker. Thus, one can see that
all the features described were experimentally observed
in the process of platinum wool degeneration into a bulk
polycrystal structure (Fig. 7).

Accepting the vapor-liquid-solid mechanism of
whisker formation, we can estimate the concentration of
platinum in the boundary layer over the surface from the
rate of whisker growth.

From the experimental results one can see that during
a time interval of + ~ 500 sec, a whisker with length [ ~
20 wm and width 2r ~ 0.2 um grows on the surface. This
means that the flow of platinum atoms that passed through
the drop on its end was

. V*n,_ mr**l*n,
J . ; ,

where V = mr’*[ is the volume of the whisker and n,
is the density of atoms in crystal platinum (n, ~ 6.6 X
102 cm™?).

Assuming that all atoms from the gas that strike the
surface of the liquid drop are adsorbed by it, and estimat-
ing the mean free path of platinum atoms in air as A ~ 2
um (that is, much greater than the whisker diameter),
we can estimate the flow of atoms from the gas into the
crystal as

where § = 2mr? is the outer area of the liquid drop on
the top of the whisker, vy is the thermal velocity of plati-
num atoms (vy ~ 4 x 10*cm/s), and C is the concentration
of platinum atoms in the boundary layer.

Equating these flows, we find the concentration of plati-
num atoms in the boundary layer to be

_ 2**n,

viT

C ~10%¢cm™?

Converting to pressure units, P ~ 1073 Torr.

This value is many orders of magnitude higher than the
equilibrium pressure for saturated platinum vapor at the
temperature of the reacting wire. Thus, as was suggested
above, we see that the reaction causes an enormous in-
crease in platinum sublimation from the surface.

The experimentally observed phenomena of platinum
wool formation on the surface of a platinum catalyst cov-

ered with gold and of its degeneration into a bulk crystal
structure provides the basis for suggesting a hypothesis
for the mechanism of bulk poly- and monocrystals nucle-
ation during catalytic etching of clean surfaces. As was
seen in the first part of this work, a characteristic feature
of these crystals was their rapid and random initial appear-
ance in the form of long and rather thin columns, with
further growth in width while length remained constant.
On the basis of the observed platinum wool formation
and degeneration and the above discussion, it is natural
to suggest that individual whiskers or pieces of platinum
wool are the nuclei of bulk crystals; i.e., we assume that
during the reaction, drops of liquid phase may accidentally
form on the surface of the catalyst. This may happen due
to impurities and dust in the gas flow which melt when
they fall on the hot surface of the catalyst, due to NH,NO,
formation on it, or possibly to some other reasons. Then
by the mechanism described above, a platinum whisker
or ‘*bush’ of platinum wool rapidly grows from the drop.
After the drop evaporates, the structure degeneratesinto a
bulk mono- or polycrystal, respectively. This mechanism
explains the random character of bulk crystal nucleation,
the initial rapid growth of the crystal in length (only during
the short period when the drop exists on its end), and its
slow increase in width during further processing (when
the drop disappears and platinum absorbs directly from
the gas phase). To support this hypothesis, photographs
obtained in observations of catalytic etching of clean plati-
num wire in an ammonia oxidation reaction with 15%
ammonia in pure oxygen are shown in Fig. 8. Figure 8a
shows a platinum whisker which grew on an impurity spot
on the surface of the wire (the characteristic shining of
the spot under the electron beam indicates its nonmetallic
nature). Figures 4b—4f show the process of bulk crystal
growth. In this series, one can see a thin initial column
(it appeared within 15 min of the previous observation)
and its further increase in width while retaining the initial
orientation of its faces. Also, more rapid growth of the
region of the crystal which is farther from the surface of
the wire is well seen.

In addition, we would like to make some practical notes
based on the results of this work. The first conclusion
concerns the decrease of the activity of catalytic platinum
gauzes in industrial ammonia oxidation reactors after
some time of service. This phenomenon is usually attrib-
uted to the existence of some poisons in the gas mixture
or to transformation of platinum or rhodium to their ox-
ides. In accordance with the proposed mechanism, an-
other possible cause exists. Decrease in activity can be
attributed to formation of perfectly shaped and hence
less active crystal structures on the surface of platinum
gauzes. This conclusion is in accordance with the theoreti-
cal concepts developed in Refs. (24, 25) concerning peculi-
arities of the diffusive regime of catalytic reaction on
catalytic surfaces with nonuniform activity.
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FIG. 8. Formation of bulk microcrystals on the clean surface of platinum catalyst during ammonia oxidation. 15% NH; in pure oxygen. (a)
Growth of platinum whisker on an impurity island, 30 min in reaction. (b-f) Another place. Appearance of a bulk crystal after (b) 195 min in
reraction, (¢) 210 min, (d) 225 min, (e) 240 min, and (f) 255 min.

Another note concerns the Degussa method of decreas- SUMMARY
ing platinum loss in industrial ammonia oxidation reac-
tors, in which palladium-gold alloy gauzes are used to trap Observations made in this work showed that the pro-

platinum from the gas mixture stream after the catalyst cess of catalytic etching consists of two sequential stages.
package. We think that these gauzes may have the same First, immediately after the reaction begins, a regular
mechanism of platinum absorption as we observed in ex- ‘‘parallel facet’’ structure consisting of parallel *‘furrows’’
periments with gold-covered platinum wire. of approximately 5 um in depth begins to form on the
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surface. After several hours of reaction (depending on
concentration and temperature) another type of structure,
a “‘bulk crystal” structure, begins to form over the first
one. It consists of individual poly- or monocrystals with
well-defined crystal faces, a small area of bonding with
the surface, and sizes up to 30-50 um.

We attribute the process of surface reconstruction to
the gas phase diffusion and recondensation of platinum
intensively sublimated from the surface due to chemical
reaction.

The following characteristics of the process of bulk
crystal nucleation were found. Crystals of this type first
suddenly appear as long narrow columns, which then
grow, retaining the initial shape and orientation of their
facets. During growth these columns increase mainly in
width, and only slightly in length.

During ammonia oxidation the appearance on the sur-
face of a platinum catalyst covered with gold and a struc-
ture resembling metal wool and consisting of interlaced
crystal whiskers of platinum with lengths up to 20 um
and diameters 0.1-0.3 um was experimentally observed.
Formation of this structure was attributed to the mecha-
nism known in crystallography as the vapor-liquid-solid
method. Deposited gold provides liquid drops on the sur-
face and the catalytic reaction provides saturated plati-
num vapor in the boundary layer.

The rate of whisker growth allows estimation of the
platinum vapor pressure over the catalytic surface as P ~
1073 Torr. This value is many orders of magnitude higher
than the equilibrium value at the temperature of the plati-
num wire.

Degeneration of platinum wool into a bulk crystal struc-
ture after disappearance of gold from the surface was
observed. These observations suggest that platinum
whiskers are the nuclei for bulk crystal formation on plati-
num catalysts during ammonia oxidation. This hypothesis
can explain the observed characteristic features of bulk
crystal formation.

On the basis of the study of the dynamics of surface
reconstruction, the observed formation and degeneration
of platinum wool structure, and the hypothesis of above-
equilibrium platinum sublimation from the surface caused
by heterogeneous reaction, we assume the mechanism of
the whole process of catalytic etching as follows. After
ignition of the reaction, a large increase in the rate of
platinum sublimation from the surface occurs. This leads
to platinum concentration in the boundary layer which is
much higher than the equilibrium value (at the tempera-
ture of the reacting platinum wire), and hence causes the
thermodynamically opposite process of platinum conden-
sation on the surface from the gas phase. Evidently, dur-
ing recrystallization, faces with minimum free energy will
most likely form on the surface of the catalyst, and so
grain surfaces with initial orientation different from the

stable one will split into facets. In this way, the parallel
facet structure forms on the catalyst. As these parallel
facets consist of the most stable, and hence the least active
and the coldest surfaces, after some delay, when they
become large enough, conditions favorable for the appear-
ance of liquid drops on the surface occur. These accidental
drops will rapidly absorb platinum vapor and enable
growth of platinum whiskers or ‘‘bushes’” of platinum
wool, which rapidly degenerate into bulk microcrystals
after evaporation of the liquid. As the surfaces of bulk
microcrystals are larger and colder than those of the paral-
lel facets, the rate of their growth is much higher. Thus,
as more and more bulk crystals appear on the surface,
they become the main trap for the vapor atoms and soon
the whole surface of the catalyst acquires a chaotic cover
of crystals of various sizes and shapes.
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