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Model thin films of niobia 4, 12, and 50 A thick, corresponding to 1, 3, and 13 monolayers, 
deposited by RF-sputtering onto silica (Nb,O,-SiO,), were prepared for a study of the interactions 
between surface and supporting oxides. These samples were treated in air at 773 and 873 K for up 
to 16 h and then observed by electron microscopy. For reactively sputtered films, Nb20s in 
monolayer and multilayer amounts dewetted the substrate after heating at 773 K, and crystallized 
to either T- and/or H-Nb205 at 873 K. These observations are different from those found for 
Nb205-Si02 high-surface-area samples, prepared by incipient wetness impregnation and similarly 
treated. In the high-surface-area samples, there is a strong interaction which results in the 
stabilization of surface-phase Nb20s at a monolayer coverage and formation of T-Nb205 at higher 
loadings. The difference in behavior between the low- and high-surface-area samples can be 
understood in terms of stabilization of surface niobia due to surface hydroxyl groups in the latter. 
These results illustrate the applicability of model thin films to the study of surface oxides. c 1987 
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INTRODUCTION 

A surface-phase oxide is defined in this 
paper as a material consisting of one oxide 
stabilized and dispersed on the surface of a 
different oxide to a monolayer coverage or 
less. The term surface oxide is used to 
denote a system in which the supported 
phase has a larger than monolayer coverage 
or is weakly interactive with the underlying 
oxide. The surface structure, surface chem- 
istry, and catalytic behavior of surface- 
phase and surface oxides have been ex- 
tensively studied by numerous workers 
(l-24). Common examples are V205/Ti02 
oxidation catalysts and Mo03/A1203 hydro- 
desulfurization catalysts. 

A theme common to these studies has 
been the effects of changing variables such 
as support phase and composition, prepara- 
tion temperature and environment, and sur- 
face oxide loading on the catalytic proper- 
ties of the systems studied. Although much 
has been learned concerning the chemical 
nature of surface oxides, including the type 

of bonding, both within the surface oxides 
and to substrates, and the valence of surface 
species, comparatively little work has ap- 
peared on the physical structure of the 
surface phase and the role of the underlying 
support on the surface structure. 

V205 surface oxide catalysts serve as a 
good example of how the support can 
strongly influence the structure of surface 
oxides and, in turn, their catalytic proper- 
ties. V205 interacts differently on different 
supports. On Ti02, the (010) face of V205 is 
selectively exposed (l-3), leading to high 
activity for reactions such as o-xylene oxi- 
dation and to high surface acidity, as com- 
pared to V205 supported on A&O3 or Si02, 
where no preferred crystal orientation to 
the surface was found (4-6). Others have 
also found that the composition of the sup- 
port strongly affects the structure of the 
supported V205 over many support compo- 
sitions (7, 8). 

The structure of the support may influ- 
ence the structure of the oxide on the 
surface. While Inomata et al. have reported 
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that modifications of the TiOz support, ei- 
ther anatase, t-utile, or both, have no effect 
on the overlying V205 structure (3), others 
have reported a support-phase effect, 
where anatase-supported V205 has a higher 
activity (9). The effects of different prepa- 
ration methods could be responsible for 
these differences. 

Observations similar to these have been 
reported for other systems. For Moo3 sup- 
ported on various oxides including A&03, 
TiOs, CeOz, and ZrO*, different surface 
structures were found depending on the 
support (10). Del Arco et al. found that 
V205 and Moo3 supported on TiOz had 
different structures; V205 occurred as 
patches on the support while Moo3 was 
continuous (II). The effects of surface ox- 
ide loading on the structure have also been 
noted. Below a certain coverage, both WO3 
and Moo3 on SiO2 remains as stable sur- 
face-phase oxides, while above a certain 
coverage, distinct crystals were observed 
(12, 13). Similar behavior occurs in the 
V205/Ti02 system (14). 

These results clearly indicate the strong 
influence of the support on the structure, 
and thus the catalytic behavior, of surface 
oxides which can have varying extents of 
interaction with the substrate. Thus there is 
a need for better understanding this influ- 
ence, especially where the support may 
also be a catalyst for some reactions. An 
example is the oxidation of methanol and 
n-heptanol over TiOz, which is used as an 
oxide support (7). The selectivity of these 
reactions changes as a function of the sup- 
port used and the extent of surface cover- 
age, as any exposed support can exert 
influence on the products. A study of the 
“wettability” of the support by supported 
oxides may lead to new insights into the 
nature of these interactions and to the de- 
velopment of more advanced catalysts. 

With this goal in mind, we undertook a 
study of niobia-silica (Nb*O,--SiOJ surface 
oxides. This combination is effective as a 
catalyst in aldol condensation reactions 
(IJ), and has been extensively studied by 

Ko et al. as a support for metal catalysts 
(Z6, 27). Nickel was found to interact less 
strongly with a Nb205-SiOz surface-phase 
oxide than with bulk NbzOS under similar 
reduction conditions (16). These results 
suggested that the behavior of niobia on 
silica is crucial to the behavior of the sur- 
face-phase oxide toward nickel, with the 
key point being whether niobia wets, par- 
tially wets, or completely dewets the silica 
surface. In particular, the main interest is to 
define how the support/surface-phase inter- 
action varies as a function of loading and/ 
or the environment of the surface-phase 
oxide. 

In order to observe directly the wetting 
behavior of Nb205 by transmission electron 
microscopy (TEM), we have prepared 
Nb205-Si02 model thin films by following a 
procedure similar to that used by Rucken- 
stein and others (18-20). Our preliminary 
results demonstrated that these topologi- 
tally flat films are convenient and appro- 
priate for TEM study (22). In this paper we 
report the effects of preparation conditions 
and treatment on the wettability and crys- 
tallization of Nb205 on SiOz in the model 
thin films and compare their behavior to the 
high-surface-area analogues. 

EXPERIMENTAL 

Preparation. Two series of niobia-silica 
(Nb205-Si02) surface oxide materials were 
prepared: high-surface-area (HSA) and thin 
film (TF). Details of the preparation proce- 
dure and characterization of the HSA 
samples have been reported elsewhere (26). 
In brief, a hexane solution of niobium(V) 
ethoxide (Alfa Products) were impregnated 
onto high-surface-area (300 m’/g) silica 
(Si02, Davison grade 952) to incipient wet- 
ness. The niobia precursor was decom- 
posed in nitrogen at 673 K for 2 h, and then 
calcined in oxygen at 773 K for 2 h. This 
procedure produced a homogeneous mono- 
layer of niobia, and can be repeated to 
deposit subsequent second and third layers 
of NbzOs . 

Two types of TF samples were made, 
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one on silicon wafers suitable for surface 
analysis, and the other (the majority of the 
samples prepared) on silica thin films suit- 
able for electron microscopy. In a method 
similar to that used by Schmidt et al. (19) 
and others (20), crushed silicon (Atomergic 
Chemicals Corp.) was placed in a tungsten 
boat held between copper electrodes inside 
a diffusion-pumped bell jar which has base 
pressure of about 1 x 10M6 torr. In order to 
produce flat, uniform films, the silicon was 
evaporated onto cleaved single-crystal hal- 
ite surfaces, and the thickness as deposited 
was measured in situ with a quartz crystal 
thickness monitor. The films were then 
floated off of the halite and picked up onto 
200-mesh stainless steel grids. These were 
then oxidized at 1273 K for 4 h in flowing air 
(3 liters/h) to produce amorphous silica 
films approximately 500-1000 A thick. The 
other type of silica support was prepared by 
oxidizing both sides of a silicon (111) wafer 
(Atomergic Chemicals Corp.) as above, 
then stripping the oxide off of one surface 
with a few drops of 40% hydrofluoric acid 
to provide a conducting surface. This pro- 
duced about 800 A of silica supported by 
silicon. 

Niobium was RF-sputter-deposited onto 
the silica TF supports. A conventional di- 
ode-type RF sputtering system was used, 
operating at 13.56 MHz and coupled to the 
cathode. The target was a foil of niobium 
(99.8%, Alfa Products) insulated from the 
cathode by an alumina supporting disk. 
Depositions were done using argon or oxy- 
gen/argon mixtures as the discharge gas, 
and as-deposited thicknesses were mea- 
sured by a quartz crystal thickness monitor 
which had a resolution of about 2 A for 
niobia. As-deposited thicknesses were es- 
timated from the amount of mass needing to 
be coated on the quartz crystal surface to 
produce a measured change in the fre- 
quency of the crystal’s vibration. Experi- 
mentally determined deposition rates were 
about 10 A/min in Ar and 3 A/min in 02/Ar. 
Thicknesses equivalent to 4, 12, and 50 A 
were prepared, corresponding to 1, 3, and 

13 monolayers of NbzOs, based on the 
volume coverage of a Nb205 monolayer on 
an HSA support (26). This procedure re- 
sulted in two series of samples, those that 
were inertly sputtered (IS) in argon and 
those that were reactively sputtered (RS) in 
oxygen/argon mixture. 

After sputtering, the films were exposed 
to oxygen for a few minutes before removal 
from the sputtering chamber and exposure 
to atmosphere in order to minimize surface 
contamination. The as-deposited niobium 
TF’s were oxidized at 773 and 873 K for 2, 
6, and 16 h in flowing air (3 liters/h), similar 
to the treatment of the HSA samples (16). 

Characterization. Surface analysis of the 
TF samples was affected by either X-ray 
photoelectron spectroscopy (XPS) per- 
formed at the University of Minnesota Sur- 
face Analysis Center or by scanning Auger 
microprobe (SAM). Both HSA and TF 
samples were examined by TEM on a 
JEOL JEM 120CX electron microscope. 
No additional preparation was necessary 
for TEM on the TF samples, while HSA 
samples were prepared by ultrasonically 
suspending a powdered sample in water, 
then placing a drop onto a holey carbon film 
supported on a copper grid and allowing the 
drop to dry. 

RESULTS 

Thin films. Silica thin films as prepared 
above were examined by TEM and a typi- 
cal region is shown in Fig. 1. In general, the 

Fig. 1. TEM photomicrograph of 800-A amorphous 
SiO, thin film, illustrating uniform contrast. 



Fig. 2. TEM photomicrograph of inertly sputtered (IS) monolayer NbzOj film, showing development 
of dewetting with length of time of heating at 773 K. Some indistinct crystallites are visible in (c). The 
changes in overall contrast are due to different silica film thicknesses. (a) 4(-,A), (b) 4(.500,2,A), (c) 
4(500,16,A). 

oxidized films have weak contrast features, 
indicating that they are amorphous and 
homogeneous. Occasionally, crystallites of 
tridymite, the medium-temperature phase 
of SiOZ, were observed and identified by 
comparing d-spacings obtained using trans- 
mission electron diffraction (TED) data 
with tabulated values (22). The presence of 
these crystals indicated that the films were 
fully oxidized. Surface analysis of the silica 
films indicated the presence of only Si and 
0, but with a small surface C contamina- 
tion, as found by XPS and SAM. 

As-deposited sputtered niobium films are 
depicted in Figs. 2a, 3a, and 4. Films depos- 
ited in an inert atmosphere, such as 
50(-,A) (Fig. 4a),’ exhibit a salt and pep- 
per contrast found neither in micrographs 
of the reactively sputtered films, such as 
50(-,O) (Fig. 4b), nor in the clean film 
(Fig. 1). This contrast difference was found 

r The nomenclature 4(-,A) indicates a 4-A film of 
Nbz05, as deposited and inertly sputtered (IS) in 
argon; while 12(600,6,0) would indicate a 12-A NbzOS 
film, heated at 873 K (600°C) for 6 h, made by reactive 
sputtering (RS) in oxygen/argon. 

Fig. 3. TEM photomicrograph of reactively sputtered (RS) monolayer NbzOs films, showing 
development of dewetting, similar to, but not as extensive as that in Fig. 2. (a) 4(-,O), (b) 4(500,2,0), 
(c) 4(500,16,0). 
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Fig. 4. TEM photomicrograph of as-deposited 50-A NbzOS films, inertly sputtered (a) 50(-,A), and 
reactively sputtered (b) 50(-,O). The IS film has contrast features due to “island” formation during 
sputter deposition not seen in the RS film, indicating different growth mechanisms of the as-deposited 
films. The IS films grow by an island mechanism (Volmer-Weber type growth) while the RS films grow 
more nearly layer-by-layer (Frank-van der Merwe type growth). See text for details. 

for all the as-deposited films, but was ob- 
served most clearly in the thickest films, as 
in Fig. 4. 

After deposition and removal from the 
sputtering chamber, all sputtered niobium 
films, both IS and RS, were found to con- 
tain fully oxidized niobium (Nb”) as deter- 
mined by XPS, with no evidence for nio- 

bium in any other oxidation state. The 
binding energy for Nb’+, the Nb(3&) sig- 
nal, referenced to the C(ls) peak at -284.6 
eV, was between -207.0 and -207.5 eV for 
all the samples examined, which agrees 
well with the accepted range of -207.0 to 
-207.4 eV (23). XPS did not detect other 
elements in these samples with the excep- 

Fig. 5. TEM photomicrograph of inertly sputtered films treated at 873 K for 2 h. All three have 
crystals of only H-Nb205, the amount and size of which increases with initial NbzOs thickness from 4 
A, (a) 4(600,2,A), through 12 A, (b) 12(600,2,A), to 50 A, (c) 50(600,2,A). The differences in overall 
contrast level of the micrographs and relative contrast of the H-Nb205 crystallites are due to the 
different silica film thicknesses and slightly different imaging conditions used. 
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Fig. 6. TEM photomicrograph of reactively sputtered monolayer Nbz05 films heated at 873 K, 
showing the development of niobia crystallization. T-Nb205 occurs in (a) 4(600,2,0) and (b) 
4(600,6,0); both T- (lighter) and H-NbZ05 (darker contrast) are in (c), 4(600,16,0). The differences in 
overall contrast levels of the three micrographs are due to varying silica film thicknesses. 

tion of minor C contamination, which was 
easily removed by sputtering. Grunder and 
Halbritter have found that niobium sponta- 
neously oxidizes to depths of approxi- 
mately 6 nm in air at room temperature 
(24, 29, supporting the observation of the 
as-deposited films being fully oxidized after 
exposure to oxygen. 

After heat treatment at 773 and 873 K for 
2, 6, and 16 h, both the IS and RS films 

were examined by TEM. Representative 
micrographs are shown in Figs. 2 and 5 for 
the IS films, in Figs. 3 and 6-8 for the RS 
films. Figure 2 is typical of all three thick- 
nesses (4, 12, and 50 A) of IS films treated 
at 773 K, while Fig. 3 is representative of 
RS films treated at 773 K. As seen in Figs. 2 
and 3, there is an appearance of contrast 
features with continued heat treatment 
time. This behavior is also noted in the 12- 

Fig. 7. TEM photomicrograph of reactively sputtered 12-8, NbzOS films heated at 873 K. The 12-w 
films develop larger and more extensive H-Nb205 crystals than the monolayer (4-A) films, compared 
with Fig. 6, as there is more “free” niobia in the 12-8, films. (a) has T-Nb205 , while both (b) and (c) 
contain T- (lighter) and H-Nb205 (darker contrast). (a) 12(600,2,0), (b) 12(600,6,0), (c) 12(600,16,0). 
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Fig. 8. TEM photomicrograph of reactively sputtered SO-A NbzOS films heated at 873 K. All three 
contain microcrystalline, indistinct T-Nb205 (continuous appearing medium contrast) and well-crys- 
tallized H-Nb205. Heating times range from 2 h (a) 50(600,2,0), through 6 h (b) 50(600,6,0), to 16 h (c) 
50(600,16,0). These films should be compared with those depicted in Figs. 6 and 7 for the effects of 
increasing film thicknesses on niobia crystal development. In these micrographs, both T- and H-Nb205 
are more extensive because of the availability of more niobia for crystallization. The relative amount of 
H-NbzOs is seen to increase with longer heating times. 

and 50-A films, and is interpreted as ag- 
glomeration of niobia into “islands” on the 
surface of the silica. No crystallinity could 
be observed in electron diffraction patterns 
obtained from regions containing the is- 
lands, in all of the RS films and also for the 
IS films heated for at least 6 h. After 16 h 
these islands became much darker on the IS 
films (Figure 2c) and gave rise to weak 
crystalline diffraction patterns. 

Figures 6, 7, and 8 illustrate the changing 
appearance of the RS films with respect to 
both heating times at 873 K and film thick- 
ness. As time and thickness were in- 
creased, crystallites on the samples became 
more clearly developed and larger. The 
same behavior was found for the IS films, 
as seen in Fig. 5. 

At least two different crystalline phases 
of niobia were detected by TED, depending 
on film thickness, heating time and temper- 
ature, and sputtering environment. Diffrac- 
tion patterns corresponding to these two 
phases are shown in Fig. 9, together with a 
pattern showing amorphous scattering from 
silica (Fig. 9a). One phase was seen to 

Fig. 9. Representative transmission electron dif- 
fraction patterns from selected samples. (a) is 
amorphous silica, (b) is a spot pattern corresponding 
to H-Nb205, and is taken from 12(600,6,A), (c) is a 
weak ring pattern corresponding to T-Nb205, taken 
from 12(600,2,0), and (d) correpsonds to T-Nb205 
from an HSA sample, NSIII (600,16). In all patterns, 
the intense central spot arises from amorphous diffrac- 
tion from the silica support and significantly distracts 
from available information. 
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produce either distinct spot patterns, as 
illustrated for 12(600,6,A) in Fig. 9b, or 
combinations of spotty ring and multiple 
spot patterns. The other phase occurred 
exclusively as weak ring patterns, where 
typically only the two to three strongest 
reflections were found, as seen in Fig. 9c 
for 12(600,2,0). 

weak ring TED patterns, is called T-Nb205 
in this paper. 

Niobia occurs in a multiplicity of phases, 
most of which are metastable. An excellent 
review which simplifies and clarifies the 
complex nomenclature of Nbz05 phases 
was published by Schafer et al. (26) and 
recently summarized by Burke (27). The 
phase producing ring patterns exclusively, 
as in Fig. 9c, has d-spacings corresponding 
to those of either T- (29) or TT-Nb205 (28). 
These phases were named by the German 
workers, and signify the low- (fief) and 
very-low- (tief-tief) temperature forms of 
Nb205. TT-Nb205 first crystallizes at about 
673 K from amorphous NbzOs, while T- 
NbzOS forms from TT-Nb205 at slightly 
higher temperatures (26). Subsequent ob- 
servations on pure T- and TT-Nb205 pro- 
duced in our laboratory have shown that 
these phases are most likely identical and 
represent different degrees of crystal per- 
fection moderated by the presence of impu- 
rities, rate of crystallization, and other fac- 
tors (30). This phase, characterized by 

The situation is more complicated for the 
phase having the diffraction pattern illus- 
trated in Fig. 9b. While about a dozen 
d-spacings could be measured from this 
pattern, four Nb205 phases, H-, B-, N-, and 
M-Nb205, have d-spacings sufficiently 
close that any of them might fit the ob- 
served diffraction pattern (31-37). Experi- 
mental and literature d-spacings are com- 
pared in Table 1. While either H- or 
M-Nb205 gives the best fit to the experi- 
mental data, the observed phase will be 
considered as the most stable under the 
experimental conditions used, H-Nb205 
(30). 
The phases found by TED in the TF 

samples are summarized in Table 2. Some 
samples were found not to have distinct 
crystalline features in the TED patterns and 
are indicated by dashes. Other samples 
contain one or both of T- and H-Nb205. A 
few samples had crystalline diffraction pat- 
terns too weak for positive identification; 
these are indicated by “X.” At 873 K the IS 
samples were found to be exclusively H- 
Nb20S, while the RS samples contained 
both T- and H-Nb205. 

The different types of diffraction features 
arising from the two phases are due to the 

Fig. 10. Electron diffraction patterns corresponding to the samples shown in Fig. 8. The rings are 
diffractions from T-Nb205, while the spots arise from H-Nb20T and the broad ring and central spot are 
amorphous diffractions from the silica support. With increasing heating time, from (a) to (c), the 
relative intensity of H-Nb20S increases, while T-Nb20S intensity remains about the same, indicating 
the growth of H-Nb20J crystals with time. 
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TABLE 1 

Experimental and Literature Values of d-Spacings and Relative Intensities for Niobia”jb 

12(600,6,A)‘d 50(600,16,0Fd H-Nbz0,(31)‘,f M-Nbz05(34) N-Nbz05(33)e,g B-Nb205(37) 

d@) I d& I d(& I d(& I d(& I d& I 

3.66 m 
3.61 W 

3.30 m 

2.85 S 

2.26 W 

1.94 m 
1.78 m 

1.73 m 
1.69 m 

1.60 W 

1.57 W 

3.88 m 
3.75 m 

3.21 vs 
3.16 S 

2.94 W 

2.90 W 

2.70 W 

2.60 S 

1.94 m 
1.87 VW 

1.76 m 
1.75 W 

1.61 m 
1.60 m 

3.83 <lO 3.86 10h 
3.75 70 3.75 S 

3.74 50 
3.65 100 3.64 50h 
3.56 <lO 3.59 S 

3.28 <lo 3.36 W 

3.17 <lo 3.16 loh 

3.01 <lo - 
- - 

2.84 10 2.79 m 
2.83 10 
2.71 20 2.70 30h 
2.55 10 2.54 W 

2.32 10 2.32 m 
1.92 20 1.91 S 

1.82 10 1.78 W 

1.79 10 
1.74 10 
1.69 10 1.70 VW 

1.69 10 
1.58 10 
1.56 10 1.58 m 

- 

3.77 S 

- 
3.59 m 
- 

3.22 vvw 
3.18 W 

2.92 VW 
2.88 VW 
2.84 VW 

2.68 VW 
2.59 W 

- 
- 

3.64 80 
- 

3.32 65 

3.08 100 

2.98 80 
- 
- 

2.69 45 
- 

2.22 14 
1.96 30 
1.81 45 
1.81 35 
1.72 10 
1.71 20 
1.70 55 
1.61 7 
1.57 6 

a Intensities are given either numerically, with most intense peak = 100; otherwise letters indicate vs, very 
strong; s, strong; m, medium; w, weak; VW, very weak. 

b Only those d-spacings which might correspond to experimental d-spacings are reported here. Dashes indicate 
no reported spacing which matches experimental value. 

c Obtained by electron diffraction. 
d d-spacings for the two experimental measurements differ as crystals in different orientations were used to 

obtain the given TED pattern. The error for these measured values is about 5%. 
e Obtained by X-ray diffraction. 
/ Called a-NbzOs by Holtzberg ef al. (31). 
;y No d-spacings reported below 2.51 A. 
’ Additional d-spacings taken from Ref. (35). 

size of the crystallites present. T-NbzOs 
occurs exclusively as randomly oriented 
microcrystalline aggregates, which produce 
rings in the diffraction patterns. The size of 
the H-Nb205 crystals varies from 100 to 
over 10,000 A, as seen in the series of 
micrographs (Figs. 6-8), with the largest 
crystals occurring on those samples having 
the thickest films and longer heating times, 
as shown in Fig. 8. Corresponding diffrac- 
tion patterns showing this same trend are 
shown in Figure 10. 

Crystalline niobia on the IS films also 

gave rise to ring and spot features in the 
same diffraction pattern; however, both 
can be assigned to H-Nb205. In Fig. 5b, for 
example, regions of both more- and less- 
well-crystallized H-Nb205 are visible. In 
both IS and RS films there are regions 
where the silica appears to be completely 
dewetted, most clearly illustrated in the 
50-A RS films (Fig. 8). Whether these re- 
gions are completely devoid of niobia is not 
known, as TEM is not sensitive enough to 
reveal monolayers. However, mass balance 
considerations on the monolayer (4-A) film 
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TABLE 2 

Phases Found by TED in TF Samples 

Treatment Phase(s) observeda 

Inertly Reactively 
SpUttWd sputtered 

4A 12.A so.4 4A 12A 50 A 

(500,Z) - - - - - - 

C5W6) - 
(5W16) -x- - - 

WmZ) X H H T  T  T+H 
WW) H H H T  T+H TtH 
WQ,16) H I-l H T+H T+H T+H 

‘Dashes, no crystalline features observed; X, crystalline; T ,  T-  
NbzOz; H, H-NbZ05. 

lead to the conclusion that if bulk niobia 
crystals are formed, then niobia must at 
least partially dewet regions of the silica 
film in order to support crystal growth. 

ffigh-surface-area samples. The I-ISA 
samples were examined by TEM and the 
results are presented in Figs. 9d, 11, and 12 
and in Table 3. Bare silica is compared with 
NSI (500,2) and NSIII (500,2)2 after the 
initial calcining step in Fig. 11. No addi- 

’ In the HSA samples, NSI refers to a monolayer of 
Nb205 on silica, while NSIII indicates three lriyers. 
(50&Z) indicates heating at 773 K for 2 h. 

TABLE 3 

Phases Found by TED in HSA Samples 

Treatment Phase observed” 

One monolayer Three monolayers 

WV) A A 
WV) A T 
(6ooJ6) T T 

a A, amorphous; T, T-Nb205. 

tional contrast features can be observed 
because of the presence of niobia, and 
these samples were amorphous by electron 
diffraction. 

The NSI (600,2) and NSIII (600,2) 
samples appeared very similar to the cor- 
responding (500,2) samples. While no crys- 
talline contrast was observed directly, the 
TED pattern showed that NSI (600,2) was 
amorphous, while NSIII (600,2) had a faint 
diffraction pattern corresponding to T- 
Nb205. The (600,16) samples are presented 
in Fig. 12. Figures 12a and 12~ are NSI and 
NSIII at the same magnification as in the 
other micrographs; Figs. 12b and 12d were 
taken at the highest practical resolution of 
the microscope. 

Both NSI (600,16) and NSIII (600,16) 

Fig. 11. TEM photomicrograph of high-surface-area samples. (a) is HSA silica as received, while 
(b), NSI (500,2), and (c), NSIII (.500,2), contain one and three monolayers of NbzOS, respectively, after 
the initial calcining step. Little difference is seen in the appearance of the three samples in spite of the 
presence of niobia. 
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Fig. 12. TEM photomicrographs of high-surface-area samples, showing extent of crystallization at 
873 K after 16 h for the one- and three-monolayer samples. (a) and (c) are NSI (600,16) and NSIII 
(600,16), respectively, and (b) and (d) correspond to the same samples at higher (10x) magnification. 
Both samples contain T-NbzOs , seen as the vague darker spots in (b) for the monolayer sample, and as 
well developed crystals in (d) for the three-layer sample. 

proved to contain T-Nb205 crystals. The 
darker spots in Fig. 12b correspond to 
crystallites in NSI. NSIII (Fig. 12d) is seen 
to consist of relatively larger well-de- 
veloped crystals with connecting amor- 
phous regions. The crystals appear to be 
tabular and very thin, as details of in- 
dividual overlapping crystals can be eas- 
ily observed. The diffraction pattern from 
NSIII (600,16) is given in Fig. 9d, and is 
typical of all HSA samples containing T- 
Nb205. This pattern is similar to that of the 
T-Nb205 TF samples, but in this case the 
rings have a greater intensity as more dif- 
fracting crystals are present. Again, the 
presence of rings rather than spots is indic- 
ative of the presence of small crystals. 

These results are similar to what was 
found earlier by XRD (16). The differences 
from the earlier study are easily explained 
by the resolution of the two techniques 
used. While the resolution of TED is 
poorer, as only three spacings were ob- 
served, the technique allows for the identi- 
fication of much smaller particles. NSI 
(600,16) has particles too small for detec- 
tion by XRD and these are barely discern- 
ible in the TEM micrographs in Fig. 12b, 
although TED was possible from these par- 
titles. 

DISCUSSION 

The observation that the HSA and TF 
samples behave similarly, but not identi- 
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tally, toward heat treatment is significant. 
These subtle differences are indicative of 
different degrees of interaction between the 
niobia and silica, depending on the silica 
substrate used and the exact mode of niobia 
deposition. While the formation of niobia 
aggregates, either amorphous or crystal- 
line, was observed in all the monolayer TF 
samples, no such formation was observed 
in the NSI samples. In addition, no niobia 
aggregates could be observed on the NSIII 
samples treated at 773 K, while niobia 
crystals were observed in the same samples 
at 873 K. 

The results from the TF samples indicate 
that niobia dewets silica, even at monolayer 
coverage. What cannot be observed from 
TEM observations alone is the extent of 
this dewetting and whether dewetting oc- 
curs on the HSA samples, especially the 
NSI sample. If monolayer niobia on HSA 
silica is unstable with respect to heat treat- 
ment, these materials may not be useful as 
catalysts and catalyst supports, as the ex- 
posed silica is likely to influence the resul- 
tant catalytic chemistry. While previous 
observations have indicated the monolayer 
to be stable, no direct evidence was pre- 
sented (16). The following sections attempt 
to address this issue. 

Another feature not immediately appar- 
ent from the TEM micrographs is the stabil- 
ity of the monolayer in the presence of 
niobia above this amount. While multilayer 
niobia forms amorphous or crystalline ag- 
gregates, as in the TF samples and NSIII 
(600,2), whether monolayer niobia will also 
dewet the surface and join the aggregation 
is not clear. This issue represents a trade- 
off between the minimization of surface 
free energy and other interactions, such as 
chemical bonding between surface-phase 
niobia and silica. By comparison of the 
behavior of the two types of samples exam- 
ined, the problem of stability of a mono- 
layer in the presence of bulk niobia can also 
be discussed. 

Monolayer behavior: high-surface-area 
samples. As shown above, NSI was 

amorphous after treatment at both 773 and 
873 K, with the exception of the (600,16) 
sample, which was found to be weakly 
crystalline as T-Nb205. Silica apparently 
stabilizes NSI from the crystallization ob- 
served in NSIII. Mechanisms for surface 
interaction proposed for similar systems 
can be used to explain such a stabilization, 
as discussed below. 

Vanadium salts have been shown to bond 
to the surfaces of numerous oxide supports, 
such as A1203, Ti02, and Si02, after im- 
pregnation and calcination, by a surface 
hydroxyl extraction mechanism (4, 7, 14, 
38, 39). Thus a direct surface metal-to- 
oxygen-to-vanadium (M-O-V) bond is 
formed, which serves to “anchor” the pre- 
cursor vanadium salt as well as subsequent 
vanadium oxide to a specific surface site of 
the support. A one-to-one stoichiometry of 
V atoms to surface OH groups was noted 
by these workers. Samples containing VZOS 
below and up to the monolayer coverage 
were amorphous by XRD after mild cal- 
cination (673 K, 2 h), while samples con- 
taining an excess of VzOs , above the mono- 
layer amount, were found to contain 
crystalline Vz05 by XRD and other meth- 
ods (II, 14). Similar results have been 
found for Moo3 on SiO2 (22), Moo3 on 
Zr02 (40), WOj on Al203 (23, 40, Moo3 on 
AlzOJ (IO), and MoOJ on Ti02 (II). 

For our Nb205-Si02 system, we propose 
that the reaction of niobium ethoxide and 
silica proceeds via a surface hydroxyl reac- 
tion mechanism as well. This results in a 
Nb-0-Si linkage in the anchored precur- 
sor, which is converted to surface niobia in 
the subsequent calcining step. Although the 
exact chemistry and the nature of the an- 
chored species are unknown, this postu- 
lates identifies the importance of oxygen 
linkages and, in essence, surface hydroxyl 
groups in the preparation of surface oxides. 
In their recent work on model thin films 
consisting of molybdenum oxide supported 
on alumina, Hayden and Dumesic (42) also 
noted the effect of MO-O-Al linkages on 
the morphology of the supported phase. 
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As mentioned earlier, crystallites of T- 
NbzOS are found for the NSI (600,16) 
sample, while other NSI samples remain 
amorphous. One explanation is that the 
surface-phase niobia can be made to par- 
tially dewet with a sufficiently severe heat 
treatment. Another explanation has to do 
with the measured BET surface areas of 
NSI (500,2) and NSI (600,16), which are 
377 and 304 m2/g Si02, respectively 
(16, 27). It is likely that with the loss in 
surface area of the sample, some niobia 
above the monolayer amount is trans- 
formed into T-Nb205. Even though present 
data cannot eliminate either of these possi- 
bilities, the observed behavior of the NSI 
(600,16) sample is consistent with the main 
conclusion of the above model. Specifi- 
cally, the surface phases in the HSA 
samples are more stable than their TF 
counterparts under similar treatments. The 
role of surface hydroxyls in affecting the 
sintering and crystallization behavior of ni- 
obia supported on thin films is discussed 
below. 

Monolayer behavior: Thin film sam- 
ples. The differences between the reac- 
tively sputtered (RS) and inertly sputtered 
(IS) monolayer thin film samples further 
clarify the behavior of the HSA samples. 
As seen most clearly in Fig. 4, the IS 
as-deposited film (Fig. 4a) shows a texture 
not seen in the RS as-deposited film (Fig. 
4b), and is indicative of film dewetting. The 
IS film probably grows by an island type 
mechanism (similar to Volmer-Weber 
growth), while the RS films are formed in a 
more nearly layer-by-layer (Frank-van der 
Merwe growth) manner, as described by 
Bauer and Poppa (43). A good assumption 
for the IS case is that, like most high- 
melting-point metals, as-deposited niobium 
will only partially wet the silica surface. 
Thus, niobium is expected to form islands 
on silica. 

The situation is different in the RS film, 
as seen by the absence of islands in the 
as-deposited morphology. Nbz05 films as 
deposited have been found to be oxygen 

deficient (44, 45). Based on this observa- 
tion an assumption can be made that the 
presence of oxygen in the sputtering gas 
leads to the formation of NbO, free radi- 
cals. When the NbO, radicals encounter the 
surface they stand a better probability of 
reacting with the surface. The reaction 
probably also involves surface hydroxyl 
groups, as in the case of HSA samples. As a 
consequence, the RS films can be more 
firmly attached to the silica surface, leading 
to Nb-0-Si linkages, than their counter- 
part IS films. 

The response to heat treatment of the 
two series of samples is dependent on this 
initial difference in film structure. While 
both IS and RS films show dewetting when 
treated at 773 K (Figs. 2 and 3), the dewet- 
ting is more dramatic for the IS case, and 
leads to the formation of poorly crystallized 
particles after 16 h of treatment. The crys- 
tallized aggregates could not be observed in 
the RS case, consistent with the assertion 
that niobia is more strongly held to the 
surface on the RS films. 

Effects of surface interaction on phase 
stability. At 873 K, the difference between 
the two series of monolayer TF samples is 
even more dramatic. On the IS samples, 
H-Nb205 was formed, while on the RS 
samples, both T- and H-Nb205 was found 
(Table 2). Recalling that T-Nb205 was the 
only phase found on the HSA samples, we 
can summarize the behavior of the three 
series of samples with the important obser- 
vation that the stronger the interaction be- 
tween the support and the surface oxide, 
the more dramatic is the effect on the 
surface oxide. This interaction leads to the 
inhibition of crystallization to the more 
stable H-Nb205 in NSIII and the prevention 
of crystallization in the case of NSI, with 
the concomitant formation of surface-phase 
niobia. The interaction is seen to be weak in 
the IS TF samples, moderate in the RS TF 
samples, and strong in the HSA sampies. 
Previous workers have also pointed to the 
effects of support/surface oxide interac- 
tions and their influence on surface behav- 
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ior, especially for the case of V205 on 
different titanias (I, 2, 8, 9). 

The physical basis for the varying 
strength of interaction in these series of 
samples needs to be identified. Perhaps the 
most important difference between the 
HSA and TF silica support is that the TF 
silica support was treated at 1000°C prior to 
niobia deposition. A well-known feature of 
silica with respect to heat treatment is 
permanent dehydroxylation of the surface 
with increasing temperature. Iler reports at 
least an 80% loss in surface OH content 
when silica is heated to 700°C or higher 
temperatures (46). The TF silica is likely to 
have fewer surface hydroxyls, on a per 
surface area basis, than the as-received 
HSA silica, which is fully hydroxylated. 

These observations are consistent with 
the earlier postulate that the number of 
surface hydroxyls is an important parame- 
ter in controlling the extent of interaction 
on the different supports. The HSA sup- 
ports, with a high concentration of surface 
hydroxyls, enable a firm anchoring of the 
precursor and the subsequent stabilization 
of surface-phase niobia through Nb-0-Si 
linkages. The TF supports show either 
weak or no interaction with niobia as they 
have correspondingly less surface OH. Ni- 
obia on the IS films does not interact with 

the silica surface, as the initial deposition 
was in the form of metallic dewetted is- 
lands. Apparently when the metallic nio- 
bium is oxidized, the oxidation product, 
Nb205, remains inert with respect to the 
support. The RS films develop a moderate 
interaction with the surface, as in this case 
niobia is envisioned to be deposited as 
reactive molecules, but the interaction is 
limited by the lack of surface hydroxyls on 
the TF silica surface. 

This model satisfactorily explains the be- 
havior of niobia surface oxides, summa- 
rized in Table 4. “Free” niobia, as on 
IS-TF, crystallizes to H-Nb205. Niobia in 
the presence of surface-phase niobia, which 
is chemically held to the surface, forms 
T-NbzOs, as in HSA. RS-TF is interme- 
diate between these two extremes. Appar- 
ently three types of niobia can occur on 
silica, with differing degrees of interaction 
with the surface. 

Similar observations have been reported 
for other systems. For chromia on silica, 
Richter et al. (47) have compared their 
work with previous studies. They found 
that at low Cr03 coverages, CrOj is stabi- 
lized toward reduction. At higher cover- 
ages, they found the presence of both small 
clusters (oxyspecies) and “bulk-like” 
amorphous surface phases. When heated 

TABLE 4 

Summary of Differences in the Three Series Examined 

HSA RS-TF IS-TF 

S&OH groupsinm’ on surface High 
As-deposited chemistry (OC2H5),Nb-0-Si” 

4- and 12-A film behavior at 
773 K 

Monolayer behavior after 
873 K, 2 h 

12-A film behavior after 873 
K. 2h 

Apparently stable 

0’0 
crystallinity 
observed) 

Forms T-Nb205 

Low 
O,Nb-0-Si” 

+ 
O,Nb/HO-Sib 
Dewets 

Low 
NblHO-Sib 

Dewets 

Forms T-Nb205 Forms H-NbzOS 

Forms T-NbZ05 Forms H-Nb205 

u x denotes uncertainty in stoichiometry. 
b A I indicates no interaction. 
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above 575 K, the oxyspecies remained sta- 
ble while the bulk Cr03 was reduced to 
crystalline Crz03. This shows that Cr03 
forms both “interacting” and “noninterac- 
ting” states on Si02 . Similarly, for Co0 on 
ZrOz, Bettman and Yao proposed a dy- 
namic equilibrium between surface and 
bulk phase Co0 on Zr02, which could be 
adjusted by varying the Co0 coverage (48). 
Hayden and Dumesic (42), in a study using 
thin film samples, found that MO oxide 
species are highly dispersed on alumina for 
loadings below ca. 5 MO atoms/nm2. Above 
this loading both highly dispersed species 
and orthorhombic Moo3 crystallites exist. 

Different degrees of interaction are im- 
portant not only in considering the relation- 
ship between structure and coverage, as in 
the examples cited above, but also in com- 
paring samples prepared by different meth- 
ods. V20s on Ti02 was found to be unstable 
in the TEM by Vejux and Courtine (I) but 
not by Kang and Bao (2). In the first case, 
V205 was vapor deposited whereas in the 
second case, Vz05 was prepared through 
aqueous impregnation of vanadium oxalate 
followed by calcination. In light of the 
above results, one would expect a stronger 
interaction from the second preparation 
method, which gives a more stable sample 
when exposed to heating effects in the 
electron microscope. 

Multilayer film behavior. The above 
model can be extended to account for the 
behavior of the multilayer HSA and TF 
samples. The main difference between the 
monolayer and multilayer films is that while 
monolayer niobia is stabilized by the sur- 
face as a surface phase, as in the NSI 
samples, multilayer niobia is able to adopt a 
more stable bulk form. 

In the HSA samples, subsequent NbzOs 
layers are most likely deposited in the same 
manner as the monolayer, which involves 
the abstraction of surface hydroxyls and 
formation of metal-oxygen-metal linkages. 
The difference is that for the monolayer, 
Nb-0-Si bonds are formed, while for the 
second and third layers, Nb-0-Nb bonds 

occur, as in the mechanism proposed for 
multilayer V205/Ti02 systems (38). One 
reason for weakening of the multilayers is 
that impregnation of additional layers may 
not be stoichiometric (7), the consequence 
of which is that unreacted OH groups at- 
tached to niobium atoms may remain and 
be contained in the multilayer films. Fehl- 
ner and Mott have noted that the introduc- 
tion of water and M-OH groups reduces 
the average bond strength in glass formers 
(such as SiOZ and NbzOJ and increases the 
rate of reordering in the oxide structure 
(49). This destabilization of the multilayer 
films could be responsible for the crystalli- 
zation observed in the NSIII samples. 

Surface-phase niobia has been demon- 
strated to be highly stable. In all probabil- 
ity, the surface phase remains stable: even 
in the multilayer HSA samples. If the sur- 
face phase had become destabilized by the 
presence of additional niobia above mono- 
layer coverage, then behavior- similar to 
that of the TF samples would have been 
observed. The presence of H-Nb205 is in- 
dicative of destabilized dewetted niobia. 
H-NbZ05 was not found on the HSA 
samples, indicating that the surface phase 
remains stable under all experimental con- 
ditions and niobia film thicknesses. 

In the TF samples, the behavior ob- 
served for the multilayers is the same as in 
the monolayer samples; the presence of 
additional amounts of niobia serves only to 
make the phenomenon easier to observe. 
With increasing time and temperature, 
larger and more numerous crystallites or 
amorphous aggregates are found in the 12- 
and 50-A samples, as compared to the 4-A 
TF, with the exact phase observed depend- 
ing on the conditions used. These differ- 
ences between the TF and HSA samples 
are outlined in Table 4. On the 50-A RS 
samples, enough excess niobia is present 
from the start so that H-NbZOS forms earlier 
than in the other RS samples. T-Nb205 in 
the RS-TF samples indicates that some 
niobia is present as a surface phase on these 
samples and remains stable under all condi- 
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tions examined, as does the HSA surface- 
phase niobia. The presence of T-Nb205 is 
indicative of crystallization of niobia over 
surface-phase niobia. 

Phase stabilization in niobia jilms. 
Both T- and H-Nb205 are found in the RS 
TF samples, but only H-Nb205 is found on 
the IS TF and only T-Nb205 is found on 
HSA supports. The different phases stabi- 
lized are due to the extent of interaction 
with the amorphous silica support. The 
preferred state of niobia on silica, at 873 K, 
is dewetted crystals of H-Nb205 . Although 
both are oxides, niobia does not wet silica 
nor does niobia interact with silica, as 
shown by the following observations. The 
phase diagram for the Nb205/Si02 system 
shows complete immiscibility over all com- 
positions in the solid state, and significant 
immiscibility in the liquid state (50). In Fig. 
8, the large H-Nb20S crystals are clearly 
seen as lying over the surface, with poorly 
crystalline regions :.C T-Nb*Os and open 
areas of silica visible through the H-Nb205 
crystals, again indicating no interaction be- 
tween stable H-Nb205 and the surface. 
Pressure/temperature diagrams for NbzOs 
show that at lower pressures and at temper- 
atures above 750°C the equilibrium phase is 
H-Nb205; below 750°C the most stable 
phase is B-Nb205 (37). However, phase 
transitions between some of the different 
polymorphs of niobia are sluggish. The 
stability of T-Nb205 may be enhanced by 
several factors, including interactions with 
the silica surface and a slow rate of trans- 
formation to a more stable phase. 

H-Nb205 is the more stable phase at the 
crystallization conditions, but T-NbzOs is 
also found, perhaps indicating that there is 
an interaction with the surface that stabi- 
lizes T-Nb205. T-Nb205 has coordinated 
six- and seven-fold niobium with oxygen, 
arranged in an irregular manner so that the 
occupancy factor for any given niobium 
atom site is never greater than 0.5 (51, 52). 
The structure of H-Nb205, in contrast to 
that of T-NbzOs , consists of highly ordered 
blocks of Nb06 octahedra with regularly 

placed tetrahedral Nb (53, 54). The irregu- 
lar structure of T-Nb205 may be more flex- 
ible and allow for at least a partial incorpo- 
ration of Nb-0-Si bonded surface-phase 
niobia into the structure, which has only a 
limited mobility, being randomly attached 
to an amorphous silica support. Niobia 
oxygen-linked to the amorphous silica sur- 
face is likely to force additional niobia, 
situated near or on top of the surface-phase 
niobia, to crystallize into T-Nb205. In other 
words, surface niobia acts as a template for 
T-Nb205 formation. This will account for 
the absence of the H phase in the HSA 
samples, on which the surface is fully hy- 
droxylated and is able to bond to a full 
surface-phase niobia layer. Excess niobia, 
as in the NSIII samples, while having suf- 
ficient mobility to form crystallites, is pre- 
vented from crystallizing to H-Nb205 by 
the underlying disordered surface-phase 
niobia. 

The TF series presents a somewhat dif- 
ferent situation. In the RS samples, only 
part of the surface is covered with stable, 
Nb-0-Si bonded niobia because of the 
much lower silica surface OH concentra- 
tion. Niobia in the neighborhood of surface- 
phase niobia dewets the surface and is 
forced into crystallizing as T-NbzOs, as in 
the 4(600,2,0) sample. Additional niobia 
present away from the surface phase de- 
wets and forms the preferred H-Nb205 
phase. In the IS samples, no niobia is held 
to the surface, so all forms H-Nb205. 

On the basis of the above arguments for 
phase stabilization, T-Nb205 should be ex- 
pected to form smaller crystals, as T-Nb205 
is intimately associated with surface struc- 
ture on the molecular scale. H-Nb205 forms 
much larger crystals, as this form is found 
when niobia is not associated with the 
surface or surface-phase niobia. The elec- 
tron diffraction patterns from the TF and 
HSA samples bear out this observation, as 
seen in Figs. 9 and 10. 

Crystallization was not observed in any 
of the samples heated to 773 K, with the 
exception of the IS-TF samples heated for 
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16 h. The TF samples would be expected to 
crystallize, as islands of dewetted niobia 
were observed in these samples. These 
islands may represent areas that have crys- 
tallized, but the sizes of which were too 
small to produce detectable coherent scat- 
tering in the TEM. Another equally likely 
possibility is that the kinetics of crystalli- 
zation is too slow at 773 K to produce 
observable crystals within the time limita- 
tions of the experiment. Thus even in the 
16-h IS-TF samples, which contained the 
most moblie Nb205, only poorly developed 
crystallization was observed. 

SUMMARY 

This study illustrates the usefulness of 
model thin films in understanding the be- 
havior of oxide catalytic materials. Our 
results have shown that the influence of the 
support and preparation on the structure of 
surface oxides can be dramatic. Monolayer 
surface-phase niobia can be stabilized on 
high-surface-area silica, as the amorphous 
silica support contains surface hydroxyl 
groups which develop Nb-0-Si linkages 
for stabilization. The surface-phase niobia 
is stable to further heat treatments and can 
influence the morphology and structure of 
subsequently deposited niobia, above the 
monolayer amount, as revealed by the for- 
mation of microcrystalline T-Nb205. 

The presence of two crystalline niobia 
species, T and H, on the model thin films 
indicates that only part of the niobia is 
surface-stabilized on these supports, as T- 
Nb205 is found to be stabilized by incorpo- 
rating surface-phase niobia. On samples 
prepared in such a way as to prevent sur- 
face interactions from occurring, through 
deposition in an inert atmosphere, only 
H-Nb205 was formed, and the presence of 
this phase indicates a very weak interaction 
between niobia and the surface. 

The hypothesis presented here, which 
points to surface hydroxyl groups as impor- 
tant in stabilizing surface-phase oxides in 
both wet and dry preparation methods, is 
appealing in its simplicity. We have pro- 

posed a single model which gives a consis- 
tent picture of the stability and crystalli- 
zation of single and multiple layers of 
niobia on silica in low- and high-surface- 
area samples. The identification of this im- 
portant parameter will allow not only a 
better control of the preparation of similar 
oxide-oxide systems, but also a more 
meaningful comparison of results from dif- 
ferent laboratories in terms of the extent of 
interaction between the surface oxide and 
the support. 
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