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Titania, lanthana, and alumina were coated on silica by the impregnation of silica with solutions
of the corresponding salts, followed by drying and calcination. Threshold values for monolayer
spreading of the three oxides were estimated by XRD and XPS, and the two methods gave consistent
results. When a 2-dimensional close-packing model is used to calculate the amount of oxides needed
to form a complete monolayer on the silica surface, the experimentally determined threshold
coverage by titania is only about 30%, while alumina can cover up to 85% of the surface, and
lanthana tends to be coated in excess of a monolayer. The results are discussed for each case.
Though a decrease in surface area on coating was observed more or less in each case, the pore-size
distribution pattern did not alter significantly, except in the case of lanthana coating, where a peak
of large pores appeared. The distribution of the coating oxides throughout the pores of silica was
practically uniform even with these simple coating methods, as verified by argon ion etching.
Platinum deposition on the coated supports by impregnation was also uniform. Its electron binding
energy is not significantly influenced by the monolayer coatings but appreciably lowered by lanthana

coating. © 1991 Academic Press, Inc.

INTRODUCTION

Some SMSI oxides, such as titania, zer-
conia, and rare-earth oxides used as catalyst
supports, often significantly affect the activ-
ity and selectivity of the catalysts, favorably
in many cases (/~7). But such catalyst sup-
ports usually have some shortcomings such
as lower stability and smaller surface area.
Foger and Anderson (8) attempted to over-
come such shortcomings by spreading tita-
nia in layers on alumina, and achieved some
success.

The practice of employing a highly po-
rous, physically strong, and chemically inert
skeleton material as the base for con-
structing catalysts by the deposition of vari-
ous components in layers, may be a good
idea in developing the art of “‘catalyst archi-
tecture.’” Silica is a good candidate for such
a skeleton material.

The method of depositing the adlayers on
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the support has been varied (/, §-12), but a
simple method of spreading layers of com-
pounds on porous supports has been used
by Xie and co-workers (/3—-16). According
to these authors, many compounds which
can wet the support surface tend to spread
spontaneously on support surfaces when
heated in contact with the support at tem-
peratures far below the melting points of the
compounds, until a monolayer is reached.
No multilayer or separate aggregates or
crystallites will occur before monolayer
coverage. Although the disappearance or
absence of XRD patterns might not be a
strong criterion for monolayer spreading
(12), it is at least a reliable criterion for thin
layers (at most 50 A) and absence of large
crystallites. It is also relatively simple and
possibly acceptable for practical applica-
tions, where an exact monolayer is not
strictly required. The uncertainty of this
method can be further alleviated by em-
ploying an extrapolation procedure.

The present paper reports results ob-
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tained by coating silica with titania, lan-
thana, and alumina to a ‘‘threshold load-
ing,”” which means the loading before the
occurrence of detectable crystallites, in a
simple manner similar to that employed by
Xie et al., and the use of such ‘‘monolayer’’-
coated supports for preparing Pt carrying
samples (0.5%) of the sort usually used in
catalytic oxidation or combustion. XRD
was used for determining threshold loadings
and XPS was used for characterizing the
samples, and also for checking the threshold
loading values found by the XRD method.

EXPERIMENTAL
Coating of Silica

Silica and purity of reagents. Mini-spheri-
cal silica containing Na 140 ppm and Fe
98.7 ppm, manufactured by Qindao Marine
Chemical Product Factory (a popular prod-
uct widely used in China as catalyst support,
both in laboratories and chemical industry,
especially favorable for fluidized bed use)
was crushed to pass a 200-mesh screen, then
boiled in 6 N HCl (AR grade) for 1-2 h,
filtered, washed with distilled water to neu-
trality, dried at 393 K, and finaily calcined
at 773 K for 4 h. The BET area of the sample
used for threshold loading determination
was 398 m?/g after the above treatment, and
that for catalyst preparation was 493 m?/g
(pore volume 0.94 ml/g).

Unspecified chemicals used in this work
were all AR grade (analytical reagents),
which is a purity grade just next to the high-
est GR grade (guaranteed reagents), ac-
cording to the grading system of purity used
in China.

Coating with titania. Weighed amounts of
TiCl, were dissolved in anhydrous ethanol
and added to dry silica prepared as above
to a little more than incipient wetness. The
mixture was heated at 333-353 K in arotary
evaporator and evaporated to dryness in a
period of about 2 h. Distilled water was then
added to the mass dropwise with shaking to
more than incipient wetness. The mixture
was then heated again in the same apparatus
at a temperature a little below boiling to
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drive off HCI and excess water in a period
of 3 h, and then dried at 393 K, keeping the
apparatus rotating at a rate of about 15 rpm.
The sample was finally transferred to a muf-
fle furnace and calcined for 5 h at 773 K in
air.

Coating with lathana. Aqueous solutions
of lanthanum nitrate strongly acidified with
HNO,; were used to impregnate silica in a
manner similar to that described above. The
mixture was evaporated slowly in the rotary
evaporator to dryness in 4 h, and further
dried at 393 K. It was then heated in a muffle
furnace at 623 K for 0.5 h to decompose the
nitrate. The final calcination was carried out
at 873 K for 8 h in air.

Coating with alumina. Alumina was
coated onto silica in the same manner as in
the case of lanthana, using aluminum nitrate
instead.

Pure Supports

Gamma alumina was provided by Shang-
hai Molecular Sieve Factory, with a BET
area of 261 m?/g. Lanthana was prepared by
calcining lanthanum nitrate at 853 K for 8 h,
BET area 7.1 m?/g. Titania was prepared by
hydrolyzing TiCl,, drying and calcining at
773 K for 5 h. Only anatase was detected by
XRD in samples thus prepared, and the BET
area was 28.3 m?%/g.

Determination of Threshold Loading

Threshold loadings of titania and lanthana
on silica were determined by plotting the
residual crystalline phase of titania and lan-
thana respectively against the total amount
of titania or lanthana loaded per gram of
silica. Extrapolation of the straight line to
zero residual crystalline phase gave the
threshold value of the dopant for monolayer
dispersion.

Alumina from thermal decomposition of
the nitrate failed to give clear XRD patterns
under calcining conditions used in this
work. Therefore its monolayer loading
threshold value was determined by repeated
impregnation, which is discussed below.
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Preparation of Platinum Catalysts

In a 100-ml round bottom flask, 7.4 g of
a solution containing 3.38 mg of Pt per
gram, prepared by dissolving chloroplatinic
acid in 2 N HCI, was mixed with 0.30 g of
monochloro-acetic acid dissolved in 10 ml
distilled water. Five grams of previously
prepared support was added and the flask
was fixed to a rotary evaporator. The mix-
ture was evaporated to dryness under ro-
tary in 1-2 h, and then dried at 393 K in
the same apparatus. The final calcination
was carried out in a muffle furnace at
773 K for 4 h.

Physical Measurements

XRD measurements were carried out on
a Rigaku Dmax-rA X-ray diffractometer,
operating at 40 kV and 50 mA, using CuK«a
radiation filtered through a graphite mono-
chromator, in a way of integrating scanning.

Specific surface areas and pore-size distri-
bution were measured by low-temperature
nitrogen adsorption on a Micromeritics Dig-
isorb 2500 apparatus.

XPS studies were made on a Per-
kin—Elmer PHI 5300 ESCA SYSTEM appa-
ratus, with MgKa (1253.6 eV, 250 W) radia-
tion as the X-ray source. A PE-7500
computer was used for data processing. The
energy scale was calibrated by Au 4f;, =
84.0 eV, and charge referencing was made
with C 1s = 284.6 eV. The pass energy was
35.75 eV, and chamber vacuum was better
than 1078 Torr.

RESULTS
Threshold Loading of the Oxides on Silica

Titania on silica. As mentioned above,
titania prepared in our experiments was
purely anatase if the calcination tempera-
ture did not exceed 773 K. Residual ana-
tase phase in samples of different titania
loading on silica was evaluated from peak
200 of anatase (20 = 48.14°), using peak112
of standard a-silica (20 = 50.2°) as refer-
ence. Calculations were made as follows
(14):
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where W is the residual crystalline phase of
component i per gram of silica, X; is the
known wt% of i in the sample prepared for
analysis, I; is the relative intensity of the
XRD peak chosen for component i, and
Ygica 1S the wt% of silica in the original
sample.

The constant K ;,,, found by several cali-
bration runs was 2.16, and values of W,,..,
obtained are plotted against L., (titania
added g/g silica) in Fig. 1. Extrapolation of
the straight line gives 0.12 g titania per gram
of silica as the threshold value for mono-
layer spreading of titania on silica, corre-
sponding to 0.030 g titania per 100 m? silica
surface.

Lanthana on silica. The threshold value
of lanthana monolayer coating was deter-
mined by XRD in the same manner as in the
case of titania coating. A pure crystalline
phase of A-lanthana was formed under the
above mentioned conditions. The 102 peak
of A-lanthana (20 = 39.52°) was used for
quantification, with reference to the 110
peak of a standard a-alumina sample (26 =
37.8°). Some La(OH); might form by the
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hydrolysis of the nitrate during impregna-
tion, and would not decompose even under
temperatures higher than 853 K, thus in-
terfering with the quantification of crystal-
line lanthana. This was avoided by acidi-
fying the impregnating solution strongly
with nitric acid.

Results obtained are plotted in Fig. 2. The
threshold value found by extrapolation is
1.35 g lanthana per g silica, corresponding
to 0.34 g lanthana per 100 m? silica.

Alumina on silica. Calcination of alumi-
num nitrate at below 873 K failed to give
any XRD peaks, so the XRD method of eval-
uating monolayer coating was not applicable
in this case. An alternative approach was
attempted by repeated impregnation, filtra-
tion, and calcination. The amount of alu-
mina loaded was monitored by the weight
increase of the sample and A’ concentra-
tion changes of the impregnating solution.
Results of the two ways of monitoring coin-
cided. :

The weight of alumina loaded onto a defi-
nite weight of silica, by repeating the cycle
of impregnation with fresh aluminum-nitrate
solutions followed by suction filtration and
calcination, increased with the number of
cycles but leveled off rapidly, as shown in
Fig. 3. The asymptotic value of alumina
loading may be approximated by the result
of ‘the third cycle, which gave 15.6% or

Times of impregnation

Fi1G. 3. Amount of Al,O, coated on SiO, against times
of impregnation.

0.185 g alumina per g silica, or 0.046 g alu-
mina per 100 m? silica.

This phenomenon of limited deposition
was verified by subjecting y-alumina to the
above cycles. There observed practically no
weight increase at the end of the first cycle.

Checking of threshold loading by XPS.
Strohmeier et al. (17) described in their pa-
per on Cu/alumina surface characterization
that on plotting Cu/Al atomic ratio found by
XPS and ISS against Cu content, the ratio
increased linearly with increasing Cu con-
tent at first and leveled off beyond 9-10 wt%
Cu. They attributed the linear part to surface
monolayer spreading of Cu. Plots of Ti/Si,
Al/Si, and La/Si found by XPS in this work
against the corresponding loadings are given
in Figs. 4 to 6. The points scattered consid-
erably with high loadings due to the onset
of inhomogeneity’ and segregates on the

Ti/Si ratio
o

6, 12 18 . 24
'l‘iO2 loaded wt%

F1G. 4. Plot of surface Ti/Si rati¢ against TiO, loading
on Si0,.
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surface, and go upward in the cases of lan-
thana and alumina coating. A similar up-
ward trend has been observed by Kohler ez
al. for CuQ/Si0, (18), and by Chen et al. for
Li/alumina (19). Chen attributed it to the
formation of over layers after full coverage.
This is possible in the case of our lanthana
coating.

Taking the tangenital point of the levelling
off part in Figs 4 to 6 as the monolayer
threshold, the threshold loadings are:
0.030 g, 0.040 g, and 0.22 g per 100 m? silica
surface, for titania, alumina, and lanthana
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F1G. 6. Plot of surface La/Si ratio against L.a;0; load-
ing on Si0;. .
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coatings, respectively. Comparing with the
values found by the XRD method, the
agreement is fairly good. The threshold
value of lanthana on silica found by XRD
quantification is apparently too high.

Pore Size Distribution of Silica before and
after Coating

The process of coating as mentioned
above caused appreciable decrease in sur-
face area relative to the original silica. A
separate set of experiments were made to
assess the effect. The following percentage
reductions in BET surface area were found:
2.6, 35.6, and 76.5% for titania, alumina,
and lanthana coating, respectively. Doubts
about the structure alteration of silica by
hydrolysis during the coating process,
which was usually carried out in a strongly
acidic medium, were raised except in the
case of titania coating. Therefore the pore-
size distribution patterns of the coated sam-
ples and the uncoated silica, plotted as per-
centage of maximum pore volume vs aver-
age pore diameter, were compared as shown
in Fig. 7. A blank test for strong acid action,
simulating the condition for lanthana coat-
ing (30 ml 20% HNO, plus 2 g silica and
evaporated to dryness in 4 h), was con-
ducted and the pore distribution of the prod-
uct is also shown in that figure.

Only minor differences are observed be-
tween all the curves, except that a relatively
high peak appears at 475 Aand pores below
40 A disappear for lanthana coating (Fig.
7¢). As other features are not seriously al-
tered and the 475 A peak is absent in the
blank test sample (Fig. 7e), it is not likely a
result of silica hydrolysis, but rather a fea-
ture of segregated lanthana, or secondary
pores created by particie aggregation with
overdosed lanthana as the glue. Therefore
the possibility of silica deterioration through
hydrolysis in the course of coating operation
can be considered as insignificant if not to-
tally excluded. The surface area reduction
might be caused mainly by the clogging of
mesopores at the mouths (not filled up), and
the less chance of clogging for larger pores
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FiG. 7. Pore distribution of coated and uncoated sil-
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on silica; (¢) 40% lanthana on silica; (d) HCI washed
and calcined silica (see text); (¢) 30 ml HNO; + 2g SiO,
evaporated to dryness in 4h,

might be offset at least partially by its
greater contribution to pore volume. The
percentage pore volume reduction for the
three coated samples are: 2.1, 31, and
72.3%, respectively, being very similar to
the area reductions given above.

XPS Studies of Pure Oxides and Coated
Silica Loaded with Pt

Results of the electron binding energies
of the cations in different samples are listed
in Table 1. At least two peaks for Pt 4f;,
were observed in most of the cases, but only
the strongest one is given in Table 1. A
weaker peak around 71 eV accompanying
the stronger one is probably a sign of partial
reduction of Pt** during calcination. In sam-
ples containing Al, the Pt 4f peak was
masked by Al 2p, so that the BE for Pt 4d;,,
was recorded instead, although it is rather
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weak for samples with <1% Pt and harassed
by noises.

It can be seen that in samples coated with
monolayer alumina and titania, Pt 4f;, gives
practically the same BE as that in the case
of pure silica. But the influence of lanthana
is significant, as revealed by the consider-
able lowering of BEs of Pt 4f and Si 2p in
samples containing lanthana. This effect of
lanthana on Pd has been observed by
Fleisch et al. (20). The authors proposed
that the Pd surface might be partly covered
by patches of LaO, making the Pd nega-
tively charged. This is also possible in our
case for Pt. The L.aO, patches might have
formed during the process of preparation
rather than or in addition to latter migration,
because our samples were to be used in cata-
lytic combustion experiments, and were not
subjected to hydrogen reduction, and all the
samples examined were freshly prepared.
The influence of dispersed lanthana seems
to be more pronounced than that of its bulk
state. All the dispersed oxides seem to have
slightly higher BEs for their cations. The
low BE values for Si 2p in the alumina-
coated sample and for Pt 4d, in
Pt/Al,Oscannot be readily explained at pres-
ent, and therefore no discussion is at-
tempted.

Sputtering with an Ar* beam operating at
3 KV and 20 nA, effecting an etching rate
of about 30 A/ min, was used to characterize
the homogeneity of coating and Pt deposi-
tion. The results are shown in Fig. 8. The
distribution of Pt and the coating oxides is
in general basically uniform. This does not
mean that the coating cations have pene-
trated into the bulk of silica lattice, but
rather that the foreign cations are spread on
the interior surfaces of silica.

DISCUSSIONS

The original purpose of this work was to
create monolayer coatings of oxides on a
silica skeleton, so as to make catalyst sup-
ports of high surface area and good abrasion
resistance, and yet with surface chemical
properties resembling those of the coating
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TABLE 1
Electron Binding Energies of the Cations (eV)
Pt 4f;, Pt 4ds, Si2p Al 2p Ti 2psn La 3ds,

Pt/Si0, 74.6 314.8 104.4
Pt/Al,O;4 4 313.1 74.6
Pt/TiO, 74.4 458.2
Pt/La,0, 73.8 834.3
Pt/ALO,/SIO, @ 314.8 103.1 74.8
Pt/TiO,/Si0, 74.6 104.2 458.6
Pt/La,0;/Si0, 72.5 102.8 834.7

4 Masked by Al 2p.

oxides. But the problem is actually compli-
cated and the idea of monolayer coating
merits further discussion.
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FiG. 8. Sputtering profiles of Pt catalysts on coated
supports. (a) Pt/Ti0O,/SiO,; (b) Pt/Lay04/8i0,; (c) Pt/
ALO,/Si0;.

Monolayer Dispersion of Titania

Fransen et al. (12) has set forth five crite-
ria for the presence of a monolayer on the
carrier surface of their Mo oxide catalyst.
Roozeboom et al. (21) added another two,
when studying their vanadia catalysts. The
criterion used by Xie et al. (13), based on
XRD detection of crystallites, was consid-
ered the weakest one by Scholten (in discus-
sion of Ref. (12)). Nevertheless, if the pur-
pose of a monolayer coating were only to
provide a modified, covered support surface
for further preparation, then the methodol-
ogy of using XRD may be made on a prag-
matic basis. Therefore, it was chosen in this
work to determine the threshold monolayer
loadings. Such a choice is further justified
by checking with XPS surface composition
measurements, although it is also not an ac-
curate method.

The Beijing University group (/3-16) pos-
tulated an apparently oversimplified model
of two-dimensional close packing mono-
layer of Q% ions on carrier surface for
monolayer spreading of any oxide. The dif-
ference between different oxides lies only in
the number and position of the cation. If the
ionic radius of 0%~ s taken to be 1.40 A, the
area of one TiO, unit corresponds to that
occupied by the parallelogram inscribing
two O?- ions, which is 1.36 x 10" m% A
monolayer calculated by this method should
have 0.098 g titania per 100 m” silica. The
experimental value 0.030 is only 30.6% of
full coverage. If the reduction in surface



454

area, which amounts to about 2—-8% is taken
into account, the coverage still does not ex-
ceed 34%. Liu et al. (16) obtained by this
method a 27% coverage of silica by MoO;,
roughly close to our result for TiO,/SiO,.
There may be operational, topographical,
and chemical reasons for this incomplete
coverage. But the most important one might
be chemical in nature. The lattice patterns
of the coating oxide and the skeleton are not
identical, so the coating shall neither grow
on the surface according to the skeleton lat-
tice, nor form a lattice of its own crystals,
but adapt to the surface environment, form-
ing a ‘‘surface phase oxide structure”
(SPO), a term used by Murrell et al. (22)
recently to describe their dispersion of silica
on alumina. In addition, surface functional

groups might also play an important role,

especially OH groups which. might be re-
sponsible for the binding of TiCl, to the sur-
face. The coverage would then be limited by
the number of OH groups and steric hin-
drance. The observed coverage corre-
sponds to 4.5 OH groups per 100 A2, if one
TiCl, is bound to silica through two OH
groups, which is a reasonable value (23).

With respect to the monolayer calcula--

tion, some authors used crystallographic pa-
rameters to estimate the area occupied by
a unit of the coating oxide. For example,
Fransen et al. (12) cited a value of 15.4 A?
for a MoO; unit, and Roozeboom et al. (21)
used 10.3 A2 for VO, 5 calculated from the
010 plane of V,Os crystal. The monolayer
threshold values calculated from these fig-
ures are much larger and the discrepancy
between theoretical and experimental val-
ues will be much greater than those-calcu-
lated from Xie and Liu’s model, which gives
20.4 A? for MoO; and 17.0 A2 for VO, 5. Al-
though theoretically less sound (24), the lat-
ter model seems practically more pref-
erable. :

Dispersion of Alumina

When the two-dimensional close-packing
model was applied to the coating with aly-
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mina, the monolayer loading calculated
should be 0.083 g alumina per 100 m? sur-
face. The experimental value of 0.046 corre-
sponds to 55% coverage. For the value of
0.040 found by XPS, the coverage is only
48%. If the reduction in surface area men-
tioned above is taken into account, the cov-
erage might amount to 75-85%, much closer
to a complete monolayer than in the case of
titania coating.

Dispersion of Lanthana

The monolayer loading for lanthana cal-
culated by Xie’s model is 0.27 g lanthana
per 100 m? surface. The experimental value
of 0.34 found by the XRD method is 26%
higher than the calculated. Liu et al. ob-
served similar results (I5), and attributed
the surplus to manipulation losses during
impregnation. This was unlikely in our case.

We note from XRD the easy formation of
La(OH); by the hydration of lanthana by
moisture in air. If it enveloped lanthana
crystallites or covered some parts of the sur-
face lanthana layer, the XRD method will
give a monolayer loading value higher than
actually needed. This is very probable be-
cause Rosynek and Magnuson (25) found
that lanthana absorbed water at 298 K form-
ing La(OH); even when the water vapor par-
tial pressure was <10 Torr, and Fleisch et
al. (20) found that La(OH), transformed to
a mixture of La(OH),, LaO(OH), and La,0,
after heating at 873 K for as long as 17 h.

Reduction in surface area was exorbitant
in this case, amounting to 76~86% of the
original. The coating is obviously not mono-
layer, and may consist of several layers of
oxide, hydroxide, and oxyhydroxide. The
presence of a large amount of OH groups
may provide active sites for multilayer
growth. The value of 0.22 g lanthana/100
m? silica found by XPS corresponds to 81%
coverage and is therefore more reasonable.
But the excessive reduction in surface area
suggests that the actual coverage is far in
excess of 100%. The possibility of silica
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structure destruction by hydrolysis has been
discussed above. If not excluded, it should
not be predominant.

In cases of coating by pure oxides, the
amount of oxide present in excess of that
needed for a monolayer coverage will go
into normal crystallite growth of its own,
instead of adding to the SPO layer to form
multilayers, because normal crystal growth
is energetically more favorable than the
growth of multilayers following a strained
SPO pattern. But before monolayer comple-
tion, the “‘wetting’” energy of the surface by
the dopant may make the -formation of a
SPO layer compete favorably with the for-
mation of crystallites and multilayers, so
that the latter processes would not occur.
These may explain the **spontaneous mono-
layer spreading of certain catalytic compo-
nents over carrier surfaces’’ reported by Xie
and co-workers (/3-16).

Another complication in the case of the
lanthana sample is that it may redissolve
during the preparation of Pt catalysts by im-
pregnation with strongly acidic H,PtCl,, and
then redeposite together with Pt, as Kieffer
et al. (2) had proposed in impregnating La
promoted silica with Rh salit solution. The
two species are intermingled instead with Pt
on top of lanthana in our case, causing the
encapsulation or embedding of Pt by lan-
thana.

The Pt loaded samples prepared in this
work are to be tested as combustion cata-
lysts, which will be reported in another pa-
per (Part 11 of this work), together with fur-
ther characterization with H, chemisorption
and TPD of H, (26).

CONCLUSION

Uniform coatings of titania, alumina, and
lanthana can be formed on silica by impreg-
nation with solutions of their salts (plus hy-
drolysis in the case of titania), followed by
calcination. The deposits of alumina and
titania are monolayers of more or less imper-
fect coverage, while lanthana forms
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multilayers or aggregates. Threshold mono-
layer loadings can be determined by XRD
quantification of the crystalline phase which
appears after the completion of monolayer,
employing an extrapolation procedure, or
by XPS surface analysis. The two methods
give consistent results. In the case of lan-
thana, the situation is complicated by its
easy hydration and the redissolution of the
coating when used in further preparation.
Platinum deposited on the coated sup-
ports has a uniformity similar to that of the
coating oxides. The electron binding energ-
ies of both Pt and Si are lowered appreciably
by the lanthana coating, but not significantly
influenced by alumina and titania.
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