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Investigations by field emission microscopy show that two distinguishable Ti oxide layers are
formed on rounded Pt crystallites by diffusion from an oxygen-deficient TiO, vapor deposit. Layer
1, appearing at 700 K, covers all high Miller index areas, {110}, and the vicinal areas of {100}. Layer
II is formed at 800 K. In contrast to Layer I, it exhibits a layer boundary. Layer II covers all
crystallographic areas except {111}. When it breaks up upon heating above 800 K, numerous high
work function islands (~2 x 10" cm~2) are formed in the high Miller index areas. Because of the
large work function difference between these islands and their surroundings, very strong electro-
static fields (patch fields) are created. The islands grow at elevated temperatures and disappear at
about 1100 K. Above this temperature, Ti oxide is adsorbed only in the vicinal areas of {111} (1100
to 1200 K) and on {100} (1200 to 1240 K). The possible influence of the patch fields on chemical
surface reactions is discussed. © 1987 Academic Press. Inc.

I. INTRODUCTION

Strong  metal-support  interactions
(SMSI) affect adsorption (I, 2) and reactiv-
ity (3-6). They can cause changes in the
morphology of metal catalyst crystals (7,
8). A variety of models have been devel-
oped to explain these phenomena (9-15).
In the case of larger metal crystals, increas-
ing evidence points to the diffusion and ad-
sorption of support material onto the metal
surface (/6-28). (SMSI has been observed
on metal crystals larger than 50 A (16, 29,
30).) It could even be demonstrated that
SMSI-like effects can be obtained when
support material is directly deposited onto
a Group VIII metal (23, 24, 31).

One of the catalytic systems that has
been studied extensively in connection with
SMSI is Pt/TiO,. Platinum shows very pro-
nounced SMSI effects; titanium oxides re-
quire relatively low reduction temperatures
to induce SMSI. There can now be little
doubt that SMSI of Pt/TiO, is accompanied
by a partial reduction of the TiO, surface
regions (32, 33). The active species appears
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to be a Ti oxide rather than the Ti metal
itself (17, 34).

Additional information is needed for a
more complete interpretation of the effects.
A direct observation of the surface diffu-
sion and adsorption behavior of Ti oxide on
a rounded Pt crystal, for example, would
provide useful data. Since field emission
microscopy has been used successfully to
study oxide diffusion on metal single crys-
tals(e.g. (35, 36)), and since the apex crys-
tal of a field emitter can be used to model
larger, rounded catalyst particles, the field
emission microscope (FEM) is a suitable in-
strument for such investigations.

The present paper describes the observa-
tion of surface diffusion and adsorption be-
havior of Ti oxide on Pt single crystals by
means of FEM. (For comparative pur-
poses, Ti metal on Pt has also been stud-
ied.)

2. EXPERIMENTAL PROCEDURE

A standard, bakeable FEM with a vapor
deposition source was used (37). The resid-
ual gas pressure during the experiments
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was in the lower 107!° Torr to the upper
10~"! Torr range. Field emitters were pre-
pared from 99.999% pure Pt wires (0.127
mm diameter; Materials Research Corp.)
by electrolytic etching with alternating cur-
rent in a 20 wt% aqueous KCN solution.

A tungsten heating coil served as the
evaporator for TiO,. The tungsten coil was
cleaned by electrolytic etching and by sub-
sequent heating under ultrahigh vacuum
(UHV). After the cleaning, the coil was
loaded with an aqueous TiO, paste (TiO,;
Polyresearch Corp., 99.95% pure, Lot T-
733). Before mounting the evaporator in a
lateral position next to the emitter apex, the
TiO, was sintered under UHV.

Ti metal was evaporated from a Ti coil
which had been electrolytically etched and
degassed under UHV.

After the bake-out of the FEM, the emit-
ter electrodes and the emitter assembly
were degassed. The emitter was heated and
repeatedly flashed at high temperatures. It
was finally checked for indications of impu-
rity segregation (37) which might have in-
terfered with the investigations on Ti oxide.
Emitters with recognizable impurity segre-
gation were rejected. After cleanliness of
the emitter surface had been established,
the evaporator coil was annealed by resis-
tive heating and Ti oxide was deposited
onto the emitter. The latter was at room
temperature during the deposition. In the
initial trials, the deposit was immediately
removed from the tip by heating to elimi-
nate atmospheric impurities which had
been adsorbed during evaporator prepara-
tion and bake-out.

After the conclusion of these preparatory
procedures, a small amount of Ti oxide (®
= 3; the coverage was estimated by using
calculated TiO, vapor pressure values (38))
was deposited onto the clean Pt. Because of
the lateral position of the evaporator, only a
fraction of the apex crystal, that facing the
evaporator, was coated. After the deposi-
tion, the emitter was heated stepwise for 30
s at increasing temperatures. (During oxide
deposition, as well as during all heat treat-
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ments, the electrical imaging potential was
zero.) After each heating step, the emitter
was rapidly quenched to room temperature
and a photograph was taken of the respec-
tive surface condition. When, finally, tem-
peratures were reached at which the clean
surface reappeared, the Pt surface was
thoroughly cleaned by flashing, the amount
of Ti oxide deposited was slightly in-
creased, and the heating sequence was re-
peated.

Similar procedures were followed in the
case of Ti metal deposition.

An important question concerns the stoi-
chiometry of the Ti oxide deposit. From the
point of view of thermodynamics, the sys-
tem of Ti oxides is a complex one (39).
However, according to more recent investi-
gations, the following facts, pertinent to our
investigations, appear to be established.

The congruently vaporizing phase is
Ti3Oss (40). The chemical reaction ac-
counting for the congruent vaporization is
“1, 42).

Ti305(s) = TiO(g) + 2Ti02(g). (1)

Both TiO and TiO; have been detected over
vaporizing TiO; by mass spectrometry (43).
The partial pressure of oxygen during the
evaporation at 2270 K is in the 10~'° Torr
range (44).

On the basis of these findings, it appears
reasonable to assume that the Ti oxide de-
posits used in our investigations are oxygen
deficient with respect to TiO; and that they
are suitable to simulate TiO, after partial
reduction with hydrogen.

3. EXPERIMENTAL RESULTS
3.1. Titanium Deposition

Titanium metal deposited onto clean Pt—
with the substrate at room temperature—
formed coherent layers at modest deposi-
tion rates. The electron emission from the
deposit layer was so strong that details in
the uncovered Pt regions could no longer be
recognized. Within the deposit layer, the
appearance of the Pt equilibrium planes,
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{111} and {100}, remained unchanged (com-
pare Fig. 1a to 1b). Upon heating, no spe-
cial adsorption or surface reaction patterns
could be observed. Above 950 K the pat-
tern of the clean Pt surface (Fig. 1a) reap-
peared and the emission voltage returned to
that of the flashed surface (Fig. 1a).

3.2. Titanium Oxide Deposition

After the deposition of Ti oxide (@ = 3)
onto a clean Pt surface held at room tem-
perature (the clean surface is depicted in
Fig. 2a), the emission dropped drastically
over the deposit area (Fig. 2b; arrows indi-
cate deposit boundary). In most cases, the
deposit covered only about one-fourth of
the imaged surface area. The emission from
the deposit-free Pt surface area decreased
only slightly.

After heating to 700 K, the first indica-
tions of surface migration from the deposit
into the originally uncovered area (forma-
tion of Layer I) appeared: (i) The emission
from the originally uncovered high Miller
index areas increased slightly, indicating
the presence of an adsorbate. (ii) Adsorp-
tion could also be observed in the {110} area
and the vicinal areas of {100} ({111} areas
remained unchanged). In addition, the
boundary of the deposit became more pro-
nounced (Fig. 2c; arrows mark deposit
boundary).

After heating to 800 K, an adsorbate
layer boundary became visible (Fig. 2d; ar-
rows indicate layer boundary). This newly
formed layer, which covered all crystallo-
graphic areas except {111}, will be called
Layer II. At this point, the difference in
emission between Layer I and Layer 1I was
not very strong. The layer boundary be-
came more pronounced after heating at 830
K. At this temperature, very small islands
of reduced emission (or increased work
function; in the following, these islands will
be called ‘‘high work function islands’’)
started to form within Layer II. Some of
them grew beyond the layer boundary (Fig.
2e). At this stage, the deposit boundary had
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receded and had moved out of the image
region. After heating at 890 K, the layer
boundary became most pronounced and the
number of high work function islands
reached a maximum with an island density
of about 2 x 10 per cm? (Fig. 2f).

With increasing temperature (940 to 1070
K), the high work function islands grew in
size, while their number decreased (Figs.
2f-h). At the early growth stage, the emis-
sion difference between high work function
islands and their surroundings was not as
distinct as at the advanced stages (Figs. 2f-
h). From a certain size on, the islands grew
but their emission remained constant at an
extremely low value (Figs. 2h-k). At 940
K, the layer boundary had disappeared.
However, its former position remained
marked by a string of high work function
islands (Fig. 2g). With the disappearance of
the layer boundary, the (010) plane became
adsorbate free and the emission from all
high Miller index areas, if not covered by
high work function islands, became very
even.

During their growth (940 to 1070 K; Figs.
2g-k), the high work function islands con-
stantly changed their shape. In one case,
coalescence of three small islands into a
larger one was observed. At 1070 K, the
island density had dropped to about 1 x 10°
per cm?. All high work function islands dis-
appeared upon heating at 1100 K (Fig. 2I).

Except for the strongly emitting vicinal
areas of {111} ({111}-rings), at 1100 K the Pt
surface (Fig. 2I) very much resembled a
clean surface. (Fragments of {111}-rings had
appeared already briefly at about 950 K; see
Figs. 2g and h.) This pattern remained fairly
unchanged up to 1200 K. At about 1200 K,
very small, strongly emitting clusters could
be observed on the central (010) plane (Fig.
2m). At about 1230 K, the {111}-rings
started to disappear and a strongly emit-
ting, face-specific layer grew on the (010)
plane ({100}-layer) (Fig. 2n). This {100}-
layer disappeared at 1240 K. Above this
temperature, surface features attributable
to adsorption could no longer be observed.
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F1G. 1. Field emission micrographs: Ti metal deposition on {111}-centered Pt single crystal. (a)
After flashing emitter to 1700 K and subsequent rapid quenching to room temperature (Miller indices
mark equilibrium planes). (b) After initial deposition of Ti. During deposition, emitter was at room
temperature and the imaging potential was zero. Deposition occurred from the upper right corner.
Arrows mark deposit boundary. Deposit appears brighter than uncovered Pt areas.

Fig. 2. Field emission micrographs: Ti oxide on Pt. After deposition, the emitter was heated
stepwise for 30 s at increasing temperatures. The imaging potential was zero during all heat treatments.
For each micrograph, the respective annealing temperature is indicated. (a) After flashing emitter to
1700 K and subsequent rapid quenching to room temperature. Emitter crystal is {010}-centered. Miller
indices mark {111}, (010), and position of (110). (b) After initial deposition of Ti oxide. During deposi-
tion emitter was at room temperature and the imaging potential was zero. Deposition occurred from
the right-hand side. Arrows mark deposit boundary. (c) 700 K. (d) 800 K. (¢) 830 K. (f) 890 K. (g) 940
K. (h) 960 K. (i) 1020 K. (j) 1035 K. (k) 1070 K. (1) 1095 K. (m) 1205 K. (n) 1225 K. After heating to
higher temperatures, micrograph (a) reappeared.
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Fi16. 2—Continued.

The images returned to that of the clean
surface (Fig. 2a).

When the initial Ti oxide deposit was
doubled (® = 6), large bright clusters in the
vicinity of {111}, as well as {111}-rings, ap-
peared already between 840 and 950 K. A
fourfold increase in the initial deposit (6 =
12) resulted in the formation of very large,
strongly emitting clusters. Emitters with

such heavy coverages were in most cases
destroyed during imaging.

4. DISCUSSION AND CONCLUSIONS
4.1. Titanium on Platinum

Titanium metal deposited onto Pt shows
Frank-van der Merwe growth. Since the
average work function of Ti (¢(Ti) = 3.95
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F1G6. 2—Continued.

eV (45)) is considerably smaller than that of
Pt (¢(Pt) = 5.32 eV (45)), the electron emis-
sion originates almost completely from the
deposit layer. The observation that Ti of
the overlayer dissolved into the Pt bulk at
moderate temperatures (T < 950 K) is con-
sistent with the fact that Ti readily alloys
with Pt. After the dissolution, Ti does not
reappear on the surface upon heating at any
temperature. This is in agreement with the
prediction that Ti in Pt-Ti alloys will not
segregate to the surface (46, 47).

4.2. Titanium Oxide on Platinum

After the deposition of Ti oxide, a slight
increase in the work function of the de-
posit-free Pt area was observed. This might
indicate the adsorption of a fraction of a
monolayer of oxygen. As pointed out ear-
lier, oxygen has been observed during the
evaporation of TiO, (44).

First indications of surface migration
from the deposit layer into the originally
deposit-free surface area can be recognized
after heating for 30 s at 700 K. (It should be
pointed out that prolonged annealing times,
as applied, for example, during the prepara-
tion of a catalyst, will shift the features ob-
served here to lower temperatures.) The
temperature of 700 K lies at about one-third
of the melting point of those Ti oxides
which have to be considered in the present
investigation. The fraction of roughly one-
third of the absolute melting point of the
deposit is typical for oxides and has also
been observed, for example, for Al oxide
on Ir (48), Re (36), and W (49). Since the
emission patterns obtained after the migra-
tion of Ti oxide do not resemble those re-
corded after Ti deposition and annealing, it
is assumed that the migrating species are Ti
oxide(s) (TiO and/or TiO,). The migration
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at 700 K occurs without formation of a dif-
fusion layer boundary. The resulting adsor-
bate layer covers the high Miller index ar-
eas and causes a slight work function
decrease. The layer cannot be observed on
{111} or {100}.

Between 700 K and 800 K, a second, co-
herent oxide layer spreads from the deposit
layer. It appears that the molecules migrate
over the already existing Layer II surface
and that they are incorporated into the
layer when they move over its boundary
edge. This “‘carpet roll mechanism’’ is re-
sponsible for the formation of the pro-
nounced layer boundary. Except for {111},
Layer II covers all surface areas of the Pt
crystal.

Upon heating above 800 K, Layer II be-
comes unstable and rearrangements occur.
The formation of high work function islands
can be observed. It seems that the layer
edge promotes the island nucleation, be-
cause at 800-830 K, high work function is-
lands appear preferentially along and in the
closer vicinity of the layer boundary. At
830 K, their formation can be observed in
all high Miller index areas throughout
Layer II. At 940 K, Layer II is completely
broken up. Ostwald ripening and constant
shape changes of the high work function
islands indicate a high surface mobility in
this temperature range.

High work function islands (on top of a
preadsorbed low work function layer) are
formed by various metal oxides (35, 36, 50,
51). The most thoroughly investigated sys-
tem is that of Al oxide (33, 36, 49, 53).
However, except for the system described
here (Ti oxide/Pt), high work function is-
land formation is normally restricted to spe-
cific crystallographic directions (face spe-
cific island growth). In the case of Al
oxide/W, for example, a large high work
function island occurs only on {100}. Miiller
was the first to suggest that the surface of
high work function islands is formed by ox-
ygen (50). This hypotheses was supported
by A. Many (52). Negatively charged sur-
face oxygen would indeed lead to a drastic
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work function increase. Pankow (53) esti-
mated a work function of about 7 eV over
Al oxide islands on W{100}. Work function
measurements on this system indicate a
work function difference between the pre-
adsorbed low work function layer and high
work function island of A¢ = 3 eV.

In the case of Ti oxide/Pt, the statistically
distributed high work function islands grow
from a few angstroms to about 1000 A in
diameter. Because of the large work func-
tion difference, the formation of high work
function islands will be accompanied by the
creation of strong electrostatic fields (so
called patch fields (54, 55)).

Such patch fields are not limited to field
emitters and their formation and existence
does not require the application of any ex-
ternal electric field. They can occur on any
surface if it contains very small islands with
work functions sufficiently different from
their surroundings. The work function of
the islands can be higher or lower than that
of the surroundings. Patch fields may even
occur on a clean metal single crystal, if the
latter is rounded and if its equilibrium
planes appear as flat areas (55). For Pt, for
example, the work function difference be-
tween {I11} and the surrounding curved
high Miller index areas is about 0.8 eV. For
small enough metal crystals, strong patch
fields will occur also in this case. Extremely
strong patch fields should be obtained when
small alkali metal islands are formed, for
example, on the above-mentioned high
work function oxide layers. (Such a combi-
nation (K/ALOs) is used, for example, in
doubly promoted iron (ammonia) catalysts
(e.g. (56)).)

The size of a patch field, Fj, at the sur-
face is determined by the work function dif-
ference, A¢, between a patch (island) and
its surroundings and by the patch radius, R,
(e.g. (55)).

F,= 2

R, (V/icm) 2)

A¢ = d)patch - d)surr. V). 3
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Another relation, leading to patch fields
larger than those described by Eq. (2) by a
factor of about 8, has been derived by Polit-
zer and Feuchtwang (57). Using Eq. (2) and
the above quoted A¢ of 3 eV, one obtains
for high work function islands with radii of
5, 30, 50, 100, and 500 A, patch fields of 6 x
107, 1 x 107, 6 x 105, 3 x 10° and 6 x 10
Vicm, respectively.

Such patch fields could have strong ef-
fects on the thermodynamics as well as the
kinetics of surface reactions. The depen-
dence of the rate constant, k, on the electric
field, F., is given by

d(In k) Ag*
( dF. )p:r " kgT @
A = (u* = S Fe + ¥t
- Sa)Fi (5)

ks = Boltzmann constant;
ut, of = dipole moment and polariz-
ability of the activated
complex, respectively; and
s, o = dipole moment and polariz-
ability of the reactant
molecules, respectively.

The corresponding thermodynamic
(van’t Hoff-type) equation has been dis-
cussed by Block (58), who also could show
that for the reaction

2HCOOH =2 (HCOOH),

the equilibrium constant, K, indeed shows
a strong field strength dependence (59).
Calculations were carried out for a field
strength range of about 1 x 10°-1 x 107
V/em.

According to Eq. (4), small high work
function islands, if formed by support mate-
rial (Ti oxide) diffusion onto Pt catalyst par-
ticles and if stable under catalytic working
conditions, should accelerate all those reac-
tions in which A% is positive and retard
the ones with negative A9, There is some
similarity between this patch effect on solid
surfaces and the solvent effect in the liquid
phase. In the latter, according to Glas-
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stone’s interpretation of Soper’s rule (60),
reactions with a positive A9n are acceler-
ated by a polar solvent (while those with
negative A9 are retarded). In the case of
the patch effect, the term ‘‘solvent polar-
ity”’ has to be replaced by the term ‘‘patch
field.”

Since Ti oxide, after diffusing onto Pt,
also changes the catalyst’s adsorption prop-
erties, unfortunately, an analysis of SMSI
effects with regard to the possible influence
of patch fields is not straightforward.

After all high work function islands have
been desorbed between 1070 and 1100 K,
the Pt surface looks relatively adsorbate
free except for the vicinal areas of {111}.
Whether or not oxide precipitates in these
areas, and if so, when, depends on the su-
persaturation. If the Ti oxide deposition is
increased, the precipitation occurs at lower
temperatures. For example, when the dep-
osition shown in Fig. 2b was doubled, pre-
cipitation already occurred at 840 K. This
preferential precipitation in the vicinal area
of {111} (the step edges of the vicinal area
lower the activation energy for nucleation)
may indicate a favorable epitaxial fit be-
tween oxide and Pt{111}.

All oxides to be considered in these in-
vestigations (TiO, (rutile structure), Ti,O;
(corundum structure), Ti,0,,_ (n = 3-10;
slabs of rutile), and TiO (high temperature,
NaCl structure)) have closely packed oxy-
gen net planes. If one assumes that oxygen
makes contact at the interface, the misfit
(Ti oxide/Pt{l111}) turns out to be around
+7.6%. Only rutile gives a smaller value
because the oxygen net planes are slightly
warped. Considering epitaxial mismatch
only, Pt{111} should be preferred over other
planes. The identical misfit for the various
oxides makes it impossible to decide which
of the oxides precipitates in the vicinal area
of {111}, The above mentioned misfit of
+7.6% is relatively small and may explain
the precipitate stability. The {111} precipi-
tate can be observed up to 1230 K. At this
temperature it coexists briefly with an ox-
ide layer on {100}. Since the rutile basal
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plane gives a misfit of only 6.8% Pt{100},
the {100} oxide layer may have a related
structure.

At 1240 K all oxide could be removed by
heating.

5. SUMMARY

Surface diffusion and adsorption of Ti
oxide on Pt was studied by means of FEM
to obtain information which might be useful
in the interpretation of SMSI effects. Oxy-
gen-deficient TiO, deposits were formed in
the lateral regions of hemispherical apex
crystals of Pt field emitters.

Surface migration from the deposit into
the deposit-free Pt area could first be ob-
served after heating at 700 K. The initial
adsorbate layer (Layer I) covered all high
Miller index areas, {110}, the vicinal areas
of {100}, but not {111}.

After heating to 800 K, an additional, co-
herent oxide layer (Layer II) with a well-
developed layer boundary was formed.
With the exception of {111}, all other crys-
tallographic areas were covered by Layer
II. Both layers cause a slight work function
decrease. Upon heating above 800 K,
Layer II broke up and numerous high work
function islands (island density about 2 X
10 per cm?) were formed in the high Miller
areas of Pt. The islands showed a random
distribution. Because of the large work
function difference between the islands and
their surroundings (A¢ =~ 3 eV), and be-
cause of the small size of the islands, very
high electrostatic fields (patch fields) are
created.

Between 940 and 1070 K, the number of
high work function islands decreased (low-
est island density about 1 x 10° per cm?),
while their individual size increased. Con-
tinuous shape changes of the islands indi-
cate a high surface mobility of the oxide
molecules in this temperature range. The
high work function islands disappeared at
1100 K.

Above this temperature, titanium oxide
was adsorbed in the vicinal area of {111}
(1100 to 1200 K) and on {100} (1200 to 1240
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K). Above 1240 K the Pt surface appeared
adsorbate free.

Studies of Ti adsorption on Pt did not
give any indications that the free Ti metal is
involved in the formation of the above-de-
scribed diffusion and adsorption features.

According to the above findings, Ti oxide
can affect the catalytic activity of Pt in at
least two ways (if the features described
here are stable also under catalytic working
conditions):

(i) By layer- and/or face-specific precipi-
tate formation, Ti oxide influences the ad-
sorption and diffusion properties of the
covered areas.

(ii)) By formation of high work function
islands, Ti oxide can influence reaction
rates through the creation of strong electric
patch fields. For example, reactions in
which the dipole moment of the activated
molecule is larger than the sum of the di-
pole moments of the reactants will be accel-
erated.
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