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Temperature-programmed desorption (TPD) under ultrahigh vacuum conditions and transmis-
sion electron microscopy (TEM) were used to characterize the adsorption behavior of CO and H,
on low-surface-area samples prepared by depositing nickel onto titania films. The effect of titania
oxidation state on CO adsorption from Ni was probed by studying 0.2-nm Ni overlayers deposited
in situ on titania surfaces vacuum-annealed at successively higher temperatures to vary the oxy-
gen-to-titanium ratio from 2 to 1. The CO adsorption strength and saturation coverage on Ni
decreased with increased extent of titania reduction. These effects could be attributed to electronic
metal-support interaction between Ni and underlying titania in the absence of titania adspecies on
the Ni surface. This type of interaction becomes unimportant for Ni overlayers or Ni crystallites
thicker than about 3 atomic layers. The strength of CO adsorption was also found to be dependent
on the initial nickel overlayer thickness for samples reduced at 650 K in hydrogen at 103 Pa. The
desorption peak temperature increased from 360 K for a 0.2-nm Ni overlayer to 420 K for a 2.5-nm
Ni overlayer. It is proposed that the thinner nickel overlayers lead to smaller nickel particles during
this treatment in hydrogen and that these smaller particles are more completely covered by titania
adspecies from the support. Transmission electron micrographs suggested that the supported Ni
crystallites develop a raft-like morphology upon reduction. The Ni particles were relatively resist-
ant to sintering. Dissociative CO adsorption on the model nickel/titania surfaces was not observed
under any conditions, suggesting that the Ni crystallites adopt flat morphologies and that sites
active for CO dissociation under ultrahigh vacuum conditions are not created at nickel/titania

interfaces. © 1986 Academic Press. Inc.

INTRODUCTION

An important difference between catalyst
supports such as titania and conventional
supports such as silica, alumina, or magne-
sia is that the former materials are reducible
under high-temperature, reducing condi-
tions. At issue is the role of partially re-
duced titania (e.g., Ti*') in the manifesta-
tions of so-called ‘‘strong metal-support
interactions’> (SMSI) for titania-supported
Group VIII metal catalysts. Potential roles
of reduced titania include the following: (a)
creation of a driving force for spreading of
the supported metal particles over the sup-
port surface to form thin, two-dimensional
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crystallites, or ‘‘rafts’” (e.g., (I, 2)); (b)
charge transfer from Ti** to the metal parti-
cles, which saturates the unfilled d-orbitals
of the surface metal atoms and inhibits sub-
sequent chemisorption of H, and CO (e.g.
(3-5)); (c) creation of special interfacial
sites, consisting of a metal atom, a Ti3* cat-
ion, and an anion vacancy, which enhance
the CO dissociation rate in CO hydrogena-
tion reactions (6—8); and (d) modification of
the mobility of either titania or the metal
particles to allow migration of titania moie-
ties onto the surfaces of the metal particles
(e.g. (2, 9-11)).

In this paper we investigate the role of
titania oxidation state on the chemisorptive
behavior of model-supported nickel crystal-
lites. The following strategy was employed.
Reproducible surface oxidation states of ti-
taninm on a clean polycrystalline foil were
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created through vacuum annealing at vari-
ous temperatures (/2). Nickel was then de-
posited in situ on the titania surface through
vacuum evaporation. Using temperature-
programmed desorption (TPD), chemisorp-
tion of CO and H, were studied on these
surfaces. Parallel ex situ electron micros-
copy examination allowed characterization
of the nickel particle size distribution and
morphology.

Few studies of model-supported cata-
lysts combining temperature-programmed
desorption and electron microscopy char-
acterization have been reported in the liter-
ature. Ladas et al. (I13) have investigated
the adsorption and oxidation of CO on Pd/
Al,O; model-supported catalysts. Chemi-
sorption of CO was found to depend on the
average Pd particle size measured by TEM,
with adsorption strength decreasing with
decreasing particle size. Doering et al. (14)
studied the interaction of CO with small
nickel particles supported on mica. Molec-
ular desorption was accompanied by disso-
ciation of CO. Dissociation probability in-
creased with decreasing particle size.
Electron microscopy further showed that
exposure to CO followed by thermal treat-
ments caused morphological particle
changes which were most severe for the
smallest particles. Changes in particle size
and crystal habit were accompanied by
shifts in the CO binding strength. These
results emphasize the need for physical
characterization of model-supported metal
crystallites in conjunction with chemisorp-
tive or catalytic measurements.

EXPERIMENTAL

Temperature-programmed  desorption
experiments were performed in the UHV
chamber described previously (15, 16). A
constant heating rate of ca. 20 K - s~! was
used throughout. Model titania surfaces of
varying oxidation state were created in situ
by vacuum-annealing a clean, oxidized tita-
nium polycrystalline foil (Alfa, 99.98%) at
temperatures from 300 to 800 K (12). Char-

acterization with X-ray photoelectron and
Auger electron spectroscopies revealed
that samples treated in this manner had sur-
face O/Ti ratios decreasing smoothly from
ca. 2.0 to 1.1 as the annealing temperature
was increased from 300 to 800 K (12).

Nickel was evaporated in situ from an
alumina crucible held at 1625 K; typical
deposition rates were 0.05 nm - s~! as mea-
sured with a calibrated quartz crystal thick-
ness monitor. Following extended outgass-
ing at temperatures higher than 1500 K
prior to deposition, background pressure
did not increase above 3 X 10~7 Pa during
deposition. Between each deposition,
nickel was removed from the titania surface
by several sputter—anneal cycles. This suc-
cessfully removed all nickel as judged by
CO thermal desorption from the sputter-
cleaned surface.

Model-supported nickel samples suitable
for transmission electron microscopy were
prepared using the method previously de-
scribed by Tatarchuk and Dumesic (/7). In
short, a 0.025-mm-thick titanium foil (Cae-
sar, 99.95%) was treated in oxygen at 620 K
for 2 h. This produced a ca. 30-nm-thick
film of rutile TiO,. The titanium metal back-
ing was etched away in acid solution and
the thin oxide film placed on titanium elec-
tron microscopy grids prior to nickel depo-
sition, which was subsequently carried out
in the TPD chamber under the conditions
described above. Treatments in hydrogen
(atmospheric pressure) were carried out ex
situ in a quartz cell for 1 h at various tem-
peratures. The samples were cooled in hy-
drogen, evacuated, and then passivated
with a flowing O,/He mixture (ca. 5 vol%
0O,) for 30 min.

Transmission electron microscopy stud-
ies of these samples were performed using a
JEOL 100B instrument operated at 100 kV
with a 30-um objective aperture inserted
for contrast. Magnifications were calibrated
using carbon replica gratings. Reported
particle size distributions were determined
from a minimum of 800 crystallites (maxi-
mum 1200) for each sample.
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RESULTS
CO Thermal Desorption

Carbon monoxide desorption from
model-supported nickel on titania was
found to depend on the initial nickel over-
layer thickness. Figure 1 illustrates this be-
havior. Carbon monoxide desorption flux
spectra from CO saturation coverages are
shown for initial thicknesses ranging from
0.2 to 2.5 nm on a titania surface ‘‘an-
nealed’’ under vacuum at 300 K (fully oxi-
dized surface). The surfaces were treated at
650 K for 120 s in 3 x 10~* Pa H, following
deposition of nickel; this was found to be
necessary to obtain a reproducible desorp-
tion spectra from the surfaces. Note that
this treatment should reduce the titania as
reported in another publication (12). For a
0.2-nm Ni layer, the smallest Ni thickness
studied, CO desorbed in a manner similar
to desorption from Ni surfaces containing
large amounts (i.e., ca. 0.7 monolayer
equivalent) of titania (/8). In addition to de-
sorption from titania sites at ca. 200 K (12),
desorption from Ni sites occurred from a
broad distribution of binding energies cen-
tered near 360 K. As the nickel thickness
was increased, the following changes in de-
sorption behavior were observed: (a) popu-
lation of the titania adsorption states de-
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FiG. 1. CO desorption from titania surfaces contain-
ing different amounts of Ni as indicated. Initial CO
coverages were at saturation.

creased, (b) population of the nickel
adsorption states increased, and (c) overall
CO adsorption strength on nickel increased
as evidenced by the increase in the main
desorption state peak temperature to 420
K. At the largest Ni overlayer thickness,
2.5 nm, the overall desorption trace is simi-
lar to the CO desorption traces from a clean
Ni polycrystal (/8). The average adsorption
strength, however, is slightly less for the
titania-supported nickel crystallites. For
first-order desorption kinetics and a preex-
ponential of 10'® s=!, a CO desorption acti-
vation energy of 127 kJ - mol~! can be esti-
mated, compared to the value of 134 kJ -
mol~! (I8) from the clean nickel surface.
Saturation coverage was ca. 90% of the
value on the clean nickel surface.

Assuming that nickel deposited on titania
follows the generally observed trend for
vacuum-evaporated overlayers in which
average metal particle size increases with
amount deposited (e.g. (14)), these results
show a strong dependence of CO adsorp-
tion strength on average metal particle size.
What remains unclear, however, is to what
extent migration of titania species onto the
supported particles during thermal treat-
ment may be responsible for the weaker ad-
sorption observed; therefore, the following
experiment was performed. A constant
amount of Ni, 0.2 nm * 10%, was depos-
ited onto titania preannealed under vacuum
at various temperatures to give different
oxidation states of the titania surface (/2).
The titania substrate was held at ca. 250 K
during deposition of nickel to minimize
diffusional processes. Immediately follow-
ing deposition, the sample was cooled to
below 170 K (this took ca. 60 s) and satu-
rated with carbon monoxide. Subsequent
thermal desorption spectra (at least for the
first heating cycle) were therefore represen-
tative of small particles or a thin (ca. 1
atomic layer) film of Ni on an underlying
substrate of titania. In this manner the
chemical effects of underlying reduced ver-
sus oxidized titania on small nickel parti-
cles could be studied.
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Figure 2 compares these initial CO de-
sorption spectra for nickel on titania for
different titania vacuum preannealing tem-
peratures. Surfaces preannealed at temper-
atures lower than or equal to 450 K, which
are the most oxidized titania surfaces, ex-
hibited essentially identical initial CO de-
sorption behavior. The majority of the CO
desorbed as a broad peak centered at ca.
390 K, with a lesser contribution near 260 K
as evidenced by the shoulder on the low-
temperature side of the major peak. For
surfaces annealed at higher temperatures
up to 650 K, this shoulder became some-
what more pronounced. Nonetheless, the
overall CO adsorption strength and satura-
tion coverages were nearly identical to the
corresponding values for more-oxidized ti-
tania. It should be noted that the absence of
CO desorption from temperature regions
(150-200 K) characteristic of titania sites
indicates that the deposited nickel overlay-
ers are essentially contiguous and cover the
entire titania surface.

Desorption from the surface preannealed
at 720 K exhibited both a slight weakening
of adsorption strength and a slight decrease
in saturation coverage compared to the sur-
faces preannealed at lower temperatures.
This was accompanied by a small contribu-
tion due to CO desorption from titania
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Fi16. 2. Initial CO desorption immediately following
deposition of 0.2-nm Ni on titania surfaces prean-
nealed at different temperatures. CO exposures were
50 L at 150-170 K.

x

3

[T

=

o

[v4

@ Aroeavg |
<650 K

o)

(8]
720
800

T 1 L ¥ 1 Ll
100 200 300 400 500 600

TEMPERATURE (K)

FiG. 3. CO desorption spectra following heating to
650 K of titania surfaces initially annealed at indicated
temperatures and with 0.2 nm of deposited Ni. CO
expsoures were 50 L at 150 K.

sites. For the surface preannealed at 800 K,
a further decrease in adsorption strength
was observed accompanied by a signifi-
cantly lower saturation CO coverage attrib-
utable to chemisorption on nickel. It ap-
pears, therefore, that underlying reduced
titania modifies nickel to a greater degree
than does oxidized titania for thin Ni crys-
tallites or layers of the same approximate
thickness.

Effect of Thermal Treatments on CO and
H, Desorption

Following the initial heating during TPD
of the thin Ni overlayers on titania sub-
strates preannealed at different tempera-
tures (see Fig. 2), CO desorbed during sub-
sequent flashes in a somewhat different
manner, as shown in Fig. 3. The maximum
temperature achieved in the first flash was
650 K; for a heating rate of 20 K - s~! and
utilizing liquid nitrogen, the sample tem-
perature exceeded 450 K for about 30 s.
Nonetheless, this short thermal treatment
resulted in significantly different CO
desorption behavior between first and sec-
ond flashes. For all nickel-containing sur-
faces originally anneal at temperatures
=650 K, desorption traces were identical,
with the CO desorption peak maximum
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during the second TPD flash shifted to a
slightly lower temperature and broadened
about the maximum relative to the first
flash. Population of the nickel states de-
creased to ca. 80% of the values obtained
from the first adsorption/desorption cycle.
This was accompanied by a measurable
population of CO adsorbed on sites charac-
teristic of titania.

Similar behavior was observed for the
surface preannealed at 720 K. For the 800
K surface, a more dramatic shift in site pop-
ulations was evident. In addition, CO bind-
ing energies were broadened to a distribu-
tion of sites that included strengths as high
as those characteristic of clean nickel (de-
sorption temperatures near 450 K).

Third and subsequent adsorption/desorp-
tion cycles did not further alter CO desorp-
tion behavior. Over the course of many
flash desorptions (i.e., 30-40) small de-
creases in total saturation coverage on
nickel-like sites were observed. Additional
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F1G. 4. Effect of heating 1-nm Ni on titania in low-
pressure hydrogen at different temperatures. (A) Com-
parison of CO desorption from saturation coverages;
(B) CO desorption from the surface reduced at 750 K
following different CO exposures at 150 K: (a) 0.2, (b)
0.4, (c) 0.8, (d) 1.2, (e) 2.5, (f) 5.0, and (g) 20 L.
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Fi1G. 5. Effect of heating 1-nm Ni on titania at high
temperatures in low-pressure hydrogen on CO desorp-
tion from saturation coverages.

studies using TPD and electron microscopy
were employed to determine the origin of
this reduction in chemisorption capacity,
and these will be outlined later in this pa-
per. Note that Chung and co-workers ({9,
20) have reported that nickel deposited on
single-crystal TiO, diffuses into the bulk ox-
ide during heating at temperatures higher
than 573 K.

The effect on CO desorption behavior of
heating a titania thin film containing 1-nm
Niin 1 X 1073 Pa H; for 600 s at increasing
temperatures is shown in Figs. 4 and 5. Fig-
ure 4A compares CO desorption (initial
flashes) from saturation coverages for the
untreated Ni/titania surface (300 K) and
from surfaces reduced at 670 and 750 K.
Following reduction at 670 K, CO satura-
tion coverage on Ni sites (desorption tem-
peratures higher than 250 K) decreased
from 82% of the clean polycrystalline nickel
foil value for the unheated surface to 27%
of this value. Heating in low-pressure hy-
drogen at 750 K further decreased satura-
tion coverage to 15% of the value obtained
for the clean nickel foil.

Weakening of CO adsorption on all Ni
sites was not observed following thermal
treatment; on the contrary, the major effect
of heating in hydrogen appears to be loss of
Ni surface area. This loss of area is thought
to occur primarily through breakup of the
contiguous nickel film and nucleation into
discrete particles for pretreatment tempera-
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tures of ca. 700 K or lower, as confirmed by
the electron microscopy results to be dis-
cussed later. At higher pretreatment tem-
peratures, migration of titania adspecies
onto the surfaces of the nickel particles
could also decrease available surface area
through site-blocking (15, 18). Based on the
CO desorption peak temperatures reported
elsewhere (I8) for various submonolayer
coverages of titania on nickel, we conclude
that, if titania adspecies are present on the
model-supported nickel crystallites follow-
ing reduction at 670 K, their concentration
is low (i.e., =0.1 monolayer).

Evidence for the presence of titania sur-
face species on nickel is provided by the
behavior of CO adsorption state filling with
increasing CO exposure following hydro-
gen reduction, as illustrated in Fig. 4B for
the surface treated at 750 K and dosed with
different amounts of CO (1 L = 1.3 x 10~
Pa - s). The rates at which the respective
titania (Tp ~ 190 K) and nickel states (Tp ~
400 K) fill suggest that the initial sticking
coefficient for CO adsorption has been de-
creased from the value of unity measured
for the clean nickel foil. If initial sticking
coefficients, S;, were those measured on
clean nickel (1.0) and reduced titania (0.2),
and 15% of the total exposed surface is
nickel (based on the areas under the CO
desorption peaks), then the respective pop-
ulations of the nickel and titania states
should initially fill at approximately the
same rate. This was clearly not observed.
Instead, the titania state filled to about one-
third of saturation coverage before signifi-
cant population of the nickel sites was ob-
served. This decrease of the CO sticking
coefficient on nickel can be related to the
presence of titania on the Ni surface. Based
on sticking coefficient measurements for ti-
tania-containing nickel surfaces (I/8), and
assuming that titania adspecies are uni-
formly distributed over the surfaces of the
nickel particles, we estimate an average ti-
tania adspecies concentration of 0.2 mono-
layers for samples treated at 750 K.

Heating the nickel on titania samples at

temperatures higher than 750 K further de-
creased the CO saturation coverage on
nickel, as shown in Fig. 5. Desorption
traces from the sample treated at 770 and
820 K are compared to that from a nickel-
free titania surface annealed at 820 K. It is
apparent that the saturation CO coverage
on nickel sites and the average adsorption
strength are lower on the nickel-titania
samples, compared to samples treated in H,
at temperatures lower than 750 K. Ex situ
XPS analysis of the surface suggested that
the majority of this loss in CO adsorption
capacity was caused by significant loss of
nickel surface area.

Hydrogen adsorption/desorption was
also studied on the 1-nm Ni on titania
model-supported catalyst as a function of
low-pressure hydrogen reduction tempera-
ture. Figure 6A shows that H, desorption
from a 1-nm Ni layer on titania is similar to
desorption from a clean polycrystalline Ni
foil (18). Note that for these experiments
the sample had been flashed ca. 10 times to
650 K (during CO desorption experiments)
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F1G. 6. (A) Hydrogen desorption from 1-nm Ni on
titania following different H, exposures at 150 K: (a)
0.4, (b) 1.0, (c) 3.0, (d) 6.0, (e) 12, and (f) 20 L. (B)
Effect of heating in low-pressure H; at different tem-
peratures (indicated) on desorption from saturation
coverage. Sample dosed with hydrogen at 300 K fol-
lowed by cooling in hydrogen to 150 K.
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but had not been heated at elevated temper-
ature for extended time. Two desorption
states were evident. These states compare
well in desorption energy with the 3; and 8,
states assigned to the clean nickel surface.
Moreover, the ratio of the saturation cover-
ages of CO to H, on the Ni/titania surface
was nearly identical to that for the poly-
crystalline Ni foil.

Thermal treatment in low-pressure hy-
drogen (1 x 1073 Pa) at successively higher
temperatures resulted in decreased values
for H, saturation coverage and increased
average H, adsorption strength, as depicted
in Fig. 6B. (These spectra were obtained
after extended dosing of hydrogen at 300 K
followed by cooling the sample in hydrogen
to about 150 K.) After treatment at 670 K,
the saturation hydrogen coverage was
markedly lowered, with the most severe de-
crease for the lower-temperature, or 8,-H
state. The observed increase in peak tem-
perature for the 8;-H state can be attributed
to a lower initial saturation coverage. Sig-
pificant increases in adsorption strength
were observed for sample reduction tem-
peratures equal to or above 770 K, where
filling of higher temperature, activated ad-
sorption states (peak temperatures ca. 500
K or higher) became important. Note that
filling of the activated states required ex-
tended exposures at elevated dosing tem-
peratures (i.e., 300 K) (/5, 18).

The dependence of the ratio of CO to H-
atom saturation coverages as a function of
reduction temperature is shown in Table 1.
This table reveals that the decrease in hy-
drogen saturation coverage is more severe
than the corresponding decrease in CO cov-
erage as reduction temperature is increased
to 750 K. This trend is similar to that ob-
served for increasing coverage of titania on
nickel determined previously (/8); satura-
tion coverages for those surfaces are in-
cluded in the table for comparison. For
treatment temperatures of 770 K and
higher, activated hydrogen adsorption
states (the contribution from these states
was not included in Table 1) fill and reverse

TABLE 1

Dependence of CO and H Saturation Coverages® on
Titania-Supported Nickel as a Function of Reduction
Temperature; and Data for Nickel Surfaces
Containing Different Coverages of Titania Included
for Comparison®

Surface Treatment 8o Oy Bco/Oy
temperature
(K)
1-nm Ni/TiO, 300 0.55 0.66 0.83
670 0.18 0.12 1.5
750 0.10 0.04 25
770 0.067 0.02 3.4
820 0.034 0.01 3.4
Titania coverage
(equivalent monolayers)
Polycrystalline Ni 0 0.67 094 0.71
0.10 0.64 0.64 1.0
0.1 0.53 038 14
0.28 043 023 19
0.69 0.19 0.07 2.7

% Does not include activated hydrogen states.
? From Ref. (18).

this trend. For example, the CO: H ratios
including activated hydrogen adsorption
states for the surface treated at 770 and 820
K were 0.88 and 0.79, respectively. The
fact that the CO : H ratio for the model-sup-
ported nickel including activated states was
not significantly lower than the value on the
clean nickel foil suggests that if the acti-
vated H, adsorption states are associated
with titania, as previously postulated (/5,
18, 21), then spillover from nickel to titania
is limited to titania near or on the nickel
particles under the UHV-TPD conditions of
this study. Similar conclusions have been
made for high-surface-area catalyst sam-
ples (21, 22).

Effect of Thermal Treatments on Nickel
Morphology

Transmission electron microscopy studies
of nickel particles on thin titania films al-
lowed examination of the changes in nickel
morphology as a function of reduction tem-
perature. A transmission electron micro-
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graph of a blank titania film is shown in Fig.
7. Micrographs of a titania film covered
with 1-nm Ni, but not heated above 300 K,
were essentially identical. Although detect-
able structure was evident in both samples
darls foatiirac

cliiding
1nCiual 115

greater than 10 nm, discrete Ni crystallites
were not formed during the initial deposi-
tion of the 1-nm Ni overlayer.

The electron micrographs in Figs. 8A and
B show the representative changes in Ni
particle morphology for specimens after
treatment in hydrogen at temperatures up
to 820 K. Figure 9 presents corresponding
particle size distributions. Reduction at 650
K leads to a rather uneven distribution of
particle sizes, with significant areas cov-

A Tat: 1
ered by relatively large particles in the

range 5—7 nm, and remaining areas contain-
ing many smaller particles in the range 1-3
nm. The larger particles apparently break up
into smaller particles upon reduction at 750
K leading to a more uniform particle size
distribution. Reduction at 820 K leads to an
increase in the average particle size from
ca. 2.0 to 2.5 nm. There was very little
change in particle morphology between re-
duction temperatures of 650 and 820 K. For
samples treated at both low and high tem-
peratures, many of the Ni crystallites are
irregularly shaped and have faceted out-
lines. Across a given particle, the electron
scattering density is relatively uniform,
suggesting that the particles have a flat
rather than hemisphericai shape. The ap-
pearance of the particles did not change
when the samples were tilted through 35°

from the normal to the incident electron
beam.

Flat or raft-like particles have previously
been observed for Pt (1) and for Ni (2) parti-
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cles on titania thin films. Evidently a

ing force exists under reducing conditions
to maximize the metal-titania interfacial
area. This driving force is thought to be re-
sponsible for both raft formation and for the
ureakup of 1a.rge par rticles to 5xvc smaller
particles and a more uniform size distribu-

tion during reduction at 750 K.
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No significant loss of nickel from the tita-
nia surface, other than that amount that can
be accounted for through moderate particle
sintering, is apparent even at 820 K, the
highest reduction temperature employed.

tha

Eotuuatua Uf tl.l\f
electron micrographs revealed a loss of
only ca. 20% of the original Ni area be-
tween reduction at 650 and 820 K, whereas
treatment of the TPD samples at these tem-
peratures resuited in an 80% decrease in
saturation CO coverage. Simoens ef al. (2)
reported that reduction of similar low-sur-
face-area Ni/TiO, samples must be carried
out at 973 K to observe significant loss of
nickel from the surface. Loss of nickel, pre-
sumably through diffusion into the oxide
matrix, was accompanied by significant
particle sintering and transformation from
raft-like to three-dimensional, hemispheri-

cal Ni particles.
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The CO TPD measurements on model

nickel titania-sunnorted catalvsts showed
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that CO adsorptlon behavior is a function of
nickel particle size, oxidation state of the
support, and pretreatment severity. Hy-
drogen TPD measurements showed that
suppression of hydrogen adsorption capac-
ity on Ni is more severe than suppression of
CO capacity for identical treatment condi-
tions. Severe loss of adsorption capacity
(for nonactivated states) was observed for
reduction temperatures greater than or
equal to 770 K. Complementary electron
microscopy studies of nickel on thin titania

films suggested that the nickel particles are
relatively stable during reduction in H, at
temperatures up to 820 K.

The results described above yield infor-

tha qikla
mation on the POssioid roles of electron

transfer (as inferred from TPD-derived ad-
sorption strengths), raft formation, special
interfacial site formation, and diffusional
processes with regard to so-called strong
metal-suppoit interactions. Although these
issues are not independent, they are dis-

cussed separately below for clarity.
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F1G. 7. Transmission electron micrograph of blank titania.

Evidence for Electron Transfer nia and supported nickel particles in the ab-
sence of titania species on the surfaces of

The CO TPD spectra in Fig. 2 provide the metal crystallites. The saturation CO
evidence for electron transfer between tita- coverage and average desorption energy
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Fic. 8. High-magnification transmission electron micrographs of 1-nm Ni on titania reduced in

flowing H, for 1 h at (A) 650 K and (B) 820 K.
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F16. 8—Continued.
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FIG. 9. Particle size distributions of nickel crystal-
lites from transmission electron micrographs of 1-nm
Ni on titania reduced in flowing H, for 1 h at 650 K, 750
K, and 820 K.

decreased for desorption from a 0.2-nm Ni
overlayer immediately following Ni deposi-
tion (i.e., prior to heating the sample) on
titania surfaces prereduced to increasing
extents. Note that in the absence of nickel
agglomeration during deposition, this
amount of nickel corresponds to a continu-
ous layer ca. one monolayer thick. The ex-
tent to which agglomeration occurred is not
precisely known, but it is thought to be min-
imized by holding the oxidized titanium foil
at 250 K during deposition. This presump-
tion was supported by electron microscopy
examination of untreated 1-nm Ni on titania
films which failed to reveal discrete crystal-
lites and by the CO TPD spectra which
showed little or no contribution from titania
adsorption sites for the titania surfaces pre-
annealed at temperatures less than or equal
to 650 K. The CO desorption traces during
the first flash consisted of a broad, high-
temperature peak near 390 K and a low-
temperature shoulder near 240-270 K. This
behavior, most notably the presence of the

low-temperature shoulder, is markedly dif-
ferent from the behavior of CO desorption
from titania-containing nickel foils (18) and
can be taken as evidence for charge transfer
between the underlying titania and the thin
nickel layer.

For titania surfaces preannealed at 720 or
800 K, CO adsorption strength and capacity
are reduced further, compared to the sam-
ple preannealed at 650 K. Because the cor-
responding CO desorption traces contain
minor contributions from CO adsorbed on
titania sites, it is thought that during the Ni
deposition process some agglomeration of
nickel, as well as diffusion into the bulk,
might occur during deposition despite the
low substrate temperature. Chung et al.
(20) have shown that nickel deposition on
single-crystal titania generates surface Ti*+-
anion vacancy sites.

A portion of the apparent metal-support
interaction described above may be due to
inherent structure sensitivity of CO adsorp-
tion on nickel. Comparison of the present
results with those of nickel on another sup-
port material is needed to help resolve this
issue. Only one other study combining TPD
and electron microscopy of nickel model-
supported particles has appeared in the lit-
erature. Doering et al. (I4) have investi-
gated the desorption behavior of CO from
nickel crystallites of varying average size
supported on mica (muscovite). For in-
creasing particle size from 1.6 to 5.4 nm,
the CO molecular desorption peak tempera-
ture increased by ca. 20 K. Peak shifts pres-
ently observed are markedly greater than
those observed due to particle size changes
of nickel on mica, suggesting that particle
size dependencies on CO adsorption
strength are of secondary importance.

Evidence for Raft Formation

The transmission electron micrographs
obtained after hydrogen reduction suggest
that many of the nickel crystallites are
present as small, thin particles. On the ba-
sis of microscopy alone, however, no esti-
mate can be made of particle thicknesses.
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The CO TPD results provide indirect evi-
dence that nickel particles on titania may
adopt a flat morphology. For mica-sup-
ported Ni, molecular desorption was ac-
companied by decomposition of CO, with
the dissociation probability being greater
for smaller Ni crystallites (/4). It should be
noted that the presence of potassium, one
of the constituents of mica, increases CO
dissociation probability on nickel under
UHV-TPD conditions (23). Since CO ad-
sorbs molecularly on low-index single-
crystal Ni (24-29), but dissociatively on
stepped Ni surfaces (26), Doering et al.
concluded that CO dissociated at Ni sur-
face defect sites, i.e., edge and corner sites
of the particles. The density of these sites
increases with decreasing crystallite size,
consistent with the observed trend for CO
dissociation probability. Spherical crystal-
lites with diameters ranging from 2 to 3 nm
(the average size estimated using electron
microscopy) contain a substantial fraction
of edge and corner atoms (30). However,
no measurable CO dissociation took place
on Ni particles of this size when supported
on titania. If the crystallites were relatively
flat, they would behave like low-index crys-
tal planes and adsorb CO primarily in mo-
lecular form. The presence of titania adspe-
cies at the defect sites of the nickel particles
might also be expected to decrease CO dis-
sociation probability.

Simoens et al. (2) have provided further
independent evidence using ferromagnetic
resonance (FMR) that a significant fraction
of nickel crystallites are present on titania
as thin crystallites following low or moder-
ate-temperature reduction. Loss of ferro-
magnetic intensity following reduction was
consistent with the formation of thin, non-
ferromagnetic particles less than 3 layers
thick. It is important to note, however, that
while the small nickel particles investigated
in this study (ca. 2.5 nm in size) adopted a
raft-like morphology, larger nickel particles
may not. This would explain why raft-like
Ni particles are not always observed on ti-
tania (e.g. (31)).

Nature of Interfacial Sites

The absence of CO dissociation on these
low-surface-area Ni/TiO, samples provides
limited information on the nature of so-
called interfacial sites in catalysts exhibit-
ing strong metal-support interactions.
Burch and Flambard (6-8) have attributed
the higher methanation activities of Group
VIII metals supported on titania to the cre-
ation of special interfacial sites that are
highly active for CO bond breaking. In their
model, CO adsorbs at a metal-support in-
terfacial site, with the carbon end bonded to
a metal atom and the oxygen end bonded at
the anion vacancy associated with an adja-
cent Ti** cation. Presumably in this config-
uration the adsorbed CO would be more
susceptible to dissociation than CO associ-
ated with metal sites only.

The absence of CO dissociation under
the UHV conditions of the TPD experi-
ments suggests that if interfacial sites are
indeed important, then either (i) C and/or O
are bonded so strongly to the surface that
they cannot recombine and do not desorb
during the TPD experiments, (ii) the acti-
vation energy for CO dissociation remains
greater than that for CO desorption (for
equal preexponential factors for the two
processes), or (iii) the number of CO disso-
ciation sites is too small to detect with
UHV-TPD measurements. With regard to
the last possibility, transient isotope ex-
change studies of CO hydrogenation over
Ni and other Group VIII metals have
shown that only a small fraction of surface
sites participates in the reaction (32-36).
Thus, while the present findjngs do not
show evidence for the existence of special
interfacial sites, they do not necessarily
rule out the model of Burch and Flambard.

Diffusion and Transport Processes

Diffusion and transport processes that
might be important in model titania-sup-
ported catalysts during thermal treatment
include particle sintering, migration of sub-
oxides of titania onto the metal particles,
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and metal particle diffusion into the oxide
support.

Based on the electron micrographs of the
model-supported nickel samples, as well as
the CO TPD as a function of reduction tem-
perature, it appears that titania-supported
nickel particles are relatively resistant to
sintering. Two adsorption/desorption cy-
cles (with a maximum temperature of 650
K) following nickel deposition attenuated
the CO signal evolving from Ni sites by less
than 20%. Extended reduction at 820 K
gave nickel particles of 2.5 nm average size.
In contrast, for nickel particles supported
on mica, two flash desorption cycles in-
creased 3-nm particles ca. 40% in average
size, and decreased the CO desorption sig-
nal by 40% (I4). Further thermal treat-
ments continued to change particle mor-
phologies and increase the Ni particle size.
Indeed, titania has previously been re-
ported to inhibit particle sintering relative
to other support materials (1).

Indirect evidence about the presence of
titania adspecies on the nickel surface as
well as the surface concentration of these
species can be obtained through compari-
son of the present results with those re-
cently reported for CO and H, TPD from
nickel surfaces containing varying amounts
of titania (18).

The CO desorption trace from a satura-
tion CO coverage on the titania surface
containing 0.2-nm Ni (which had been pre-
viously reduced in hydrogen at 650 K for
120 s, and shown in Fig. 1) is very similar to
the trace from a nickel surface containing
ca. 0.7 monolayers of titania (18). This sug-
gests that the Ni particles on the former
sample contain a significant concentration
of titania adspecies. Larger Ni crystallites
(thicker original Ni overlayers) appear to
have progressively lower concentrations of
titania adspecies for equivalent treatment
conditions. For example, the ratio of the
CO and H saturation coverages and the
CO sticking coefficient for a 10-nm Ni on ti-
tania sample reduced at 650-720 K suggest
that nickel particles contain an average
titania concentration of ca. 0.1-0.2 mono-
layers.

RAUPP AND DUMESIC

The decrease in the initial sticking coeffi-
cient of CO, S§,, and the increase in the
CO: H ratio at saturation coverages on the
1-nm Ni/TiO, sample with increasing reduc-
tion temperature suggests that migration of
titania moieties onto the surfaces of the
nickel particles takes place. Previous
results have shown decreases in Sy and in-
creases in the CO : H ratio when increasing
concentrations of titania adspecies were de-
posited on a nickel foil (/8). Bartholomew
and co-workers (36) have observed a simi-
lar dependence in the ratio of CO and H,
uptakes on high-surface-area titania-sup-
ported nickel catalysts for progressively
higher reduction temperatures.

For reduction temperatures higher than
or equal to 770 K, the CO adsorption capac-
ity on Ni sites was reduced significantly.
Electron micrographs of the Ni/TiO, sam-
ples following 820 K reduction did not show
a large loss of nickel surface area. Ex situ
XPS analysis of the sample used in the TPD
studies indicated that very little nickel was
present near the surface. This apparent dis-
crepancy between the TPD/XPS and the
TEM studies can be rationalized in terms of
different reducibilities of the two different
supports. For the electron microscopy sam-
ples, removal of oxygen from the titania lat-
tice to the gas phase must occur for reduc-
tion of the support to take place. For the
TPD samples, an additional mechanism for
TiO, reduction exists, as discussed else-
where (12). This mechanism involves Ti
cation diffusion from the underlying metal-
lic titanium backing. Under UHV-TPD
conditions this latter mechanism predomi-
nates, leading to higher reduction rates than
would be observed in the absence of the
metallic Ti substrate.

For electron microscopy samples similar
to those used presently, Simoens et al. (2)
reported significant sintering of nickel and
loss of nickel from the support surface fol-
lowing reduction at 973 K. This was accom-
panied by a partial reduction of the titania
support. It appears that a similar phenome-
non occurred for the TPD samples but at a
lower temperature. Evidently, reduction
of the support plays an important role in the
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diffusional processes which are responsible
for these morphological changes. Reduc-
tion of the support could facilitate mobility
of TiO, species onto the metal.

CONCLUSIONS

The use of model-supported catalysts
studied under ultrahigh vacuum conditions
using TPD combined with electron micros-
copy allowed the following conclusions to
be reached: (a) an electronic interaction be-
tween thin, supported nickel particles and
underlying reduced titania weakens CO
chemisorption on nickel; (b) electron mi-
crographs and the lack of dissociative CO
adsorption on nickel suggest that the nickel
crystallites adopt a flat morphology; (c) no
evidence exists for the formation of inter-
facial sites active for CO dissociation under
UHV-TPD conditions; and (d) a variety of
diffusional processes may occur during
thermal treatment of a titania-supported
catalyst and can lead to different configura-
tions of the nickel.
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