Chapter 7

BF; Adsor ption on SnO, (110)

7.1 Introduction

The nature of acidic and basic sites on oxide surfaces can be described in both
Lewis and Brensted terms. For clean metal oxide surfaces (no surface protons), the
properties are principally described in terms of Lewis acidity and basicity. On metal
oxides, coordinately unsaturated metal cations are generaly thought of as Lewis acid
sites, while the oxygen anions are thought of as Lewis base sites [1,2]. The electron-
deficient metal cations exhibit acidic, electron-acceptor character, while the electron-rich
oxygen anions exhibit basic, electron-donor character [1,2].

Carbon dioxide is commonly used as an acidic probe molecule for characterizing
the basicity of oxide surfaces [3-9]. The interaction of carbon dioxide with an oxide
surface can be viewed ssimplistically as an acid/base reaction between a basic oxide ion
and acidic CO, to form a surface carbonate: CO, + O ® COs*. This simplistic view
tends to ignore the detail that variations in the coordination of CO, with an oxide surface
make it a non-specific probe. For example, the formation of a bidentate carbonate
surface species likely requires the interaction of CO, with neighboring cations and oxide
anions (i.e., asite pair [9]), while the formation of a monodentate carbonate may require
only adirect interaction with a surface oxide anion [9]. In addition, other types of surface
species/complexes may be formed such as bent CO,* anions at metal centers, and linear
unperturbed physisorbates [10-12]. With this variety of possible CO,/surface complexes,

it is clear that the heat of adsorption (or the activation energy for desorption) which
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characterize the strength of the interaction is not, in general, a simple measure of a unique
surface property that is simply attributable to surface basicity.

The atomic viewpoint of cations and anions as Lewis acid and base sites suggests
that a method for probing the properties of individual atomic sites would be useful. We
have recently used BF;3, a strong Lewis acid, as a probe for the Lewis basicity of surface
oxide ions on Cr,05 (1012) [13]. Thermal desorption experiments indicate that terminal
oxide ions on the oxygen-terminated surface (formed by the dissociative adsorption of
O,) are stronger Lewis base sites than three-coordinate oxide ions on the stoichiometric
surface [13]. CO, thermal desorption experiments suggest the opposite trend, but
coordination differences associated with the bidentate and monodentate adsorbates
formed on the stoichiometric and oxygen-terminated surfaces, respectively, makes the
interpretation of these results in simple acid/base terms difficult.

In the previous study of BF; adsorption on Cr,Oz (1012), the Lewis basicity of
three-coordinate and singly-coordinate (terminal) oxide species was characterized. In the
case of Cr,Os, both of these surface oxide species are thermally stable in ultrahigh
vacuum to over 1200 K. For the SnO, (110), the object of the present investigation,
surface preparations to produce surfaces exposing three-coordinate and two-coordinate
(bridging) oxide surface species have been utilized. Of these two types of surface oxide
anions, the two-coordinate bridging oxygen are labile, and can be removed by heating to
temperatures of 650 K or less, alowing a first look at the interaction of BF; with oxide

species of dissimilar thermal stability.

7.2 Experimental
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For TDS experiments, the nearly-stoichiometric surface was exposed to BF; at
190 K and heated to 650 K using a linear temperature ramp of 2 K/sec. The “reduced”
and “highly-defective” surfaces were exposed to BF; at 170 K and heated to 650 K using
a linear temperature ramp of 2 K/sec. (Due to oxidation of the sample holder hardware
during an oxidation treatment, the nearly-stoichiometric surface could not be cooled to as
low an ultimate temperature as was possible following high temperature annealing
trestments.) During TDS experiments, the background pressure was less than 27 10
Torr between doses. Gas exposures reported in this study have not been corrected for ion
gauge sensitivities.

XPS spectra were collected at 170 K from the nearly-stoichiometric surface and
150 K from the “reduced” and “highly-defective” surfaces. The binding energy scale for
all reported X PS spectra has been shifted to align the Sn 3ds/, peak to 486.4 eV. All XPS
experiments were run at a pass energy of 200 eV. The 200 eV pass energy corresponds
to an Ag 3ds2 line width of 2.1 eV. A pass energy of 200 eV was used to achieve better
signal-to-noise for the boron 1s feature since boron 1s has a small x-ray absorption cross

section [14].

7.3 Results
7.3.1 Thermal Desorption Spectroscopy

BF; adsorption was examined by TDS for the nearly-stoichiometric, “reduced”,
and “highly-defective” surfaces. In simple Lewis acid/base terms, one might expect
different basicities for the nearly-stoichiometric and “reduced” surfaces because of the

different types of oxygen, bridging (two-coordinate) and in-plane (three-coordinate),
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exposed at these surfaces. The coverage dependence of the BF; desorption traces from a
nearly-stoichiometric surface is illustrated in Figure 7.1 (a). At the lowest dose
investigated, 0.13 L, one BF3; desorption feature is observed with a desorption peak
temperature of about 300 K. For a 0.5 L BF; exposure, this feature shifts down in
temperature to 250 K. For the “reduced” surface, the coverage dependence of the BF;
desorption traces isillustrated in Figure 7.1 (b). At the lowest dose investigated, 0.03 L,
one BF3 desorption peak is observed with a peak maximum near 380 K. With increasing
BF3 coverage, this feature shifts down in temperature to 220 K at an exposure of 0.5 L.
The coverage dependence of the BF3; desorption traces for the “highly-defective” surface
is shown in Figure 7.1 (c). At the lowest dose investigated, 0.03 L, one broad BF3;
desorption peak is observed with a peak maximum near 390 K. With increasing BF;
coverage, this feature shifts down in temperature to 250 K at an exposure of 0.5 L. The
differences in desorption temperatures between surfaces are primarily dependent on the
BF; coverage on the surface. The desorption temperature is lower with higher BF;
coverage on al SnO, surfaces. [Note: TDS spectra are shown for only small BF;
exposures, 0.03-0.5 L, because BF; desorption signals from the sample support hardware
are apparent for larger exposures.]

The BF3; desorption features from the various SnO, surfaces are similar. Unlike
the case for BF; adsorption on Cr,Osz (1012) surfaces [13], there is no evidence of
desorption at different temperatures associated with surface oxygen anions of different
coordinations. The nearly-stoichiometric surface exposes two types of lattice oxygen,
two-coordinate bridging oxygen and three-coordinate in-plane oxygen, but only one BF;

desorption feature appears on this surface. The “reduced” and “highly-defective”
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Figure 71 The TDS spectra shows desorption intensity versus
temperature for BF; adsorbed on a nearly-stoichiometric SnO, (110)
surface (a), “reduced” SnO, (110) surface (b), and “highly-defective”
SnO, (110) surface (c).
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surfaces with only three-coordinate O® anions available exhibit one BF; desorption
feature, which is attributed to desorption from these three-coordinate O* anions (see XPS
results below). The desorption temperatures from the “reduced” and “highly-defective”
SnO;, surfaces at low BF3 coverages are similar to the desorption temperature (~370 K)
reported for three-coordinate O* anions on Cr,O; (1012) [13]. The desorption
temperatures observed for the nearly-stoichiometric surface are similar to those on the
“reduced” and “highly-defective” surfaces. All surface preparations of SnO, give similar
BF; desorption behavior as shown in Figure 7.1. No separate BF; desorption signal is
observed that might be attributable to adsorption at two-coordinate bridging oxygens on
the nearly-stoichiometric surface.

A decrease in desorption temperature with coverage is often characteristic of a
second-order desorption process [15]. However, a second-order Redhead analysis of the
TDS data shows no linearity suggestive of second-order behavior that might indicate a
recombination process for BF; desorption [15]. All BF; desorption features are thought
to be first-order and originate from a molecular BF; adsorbate. XPS data (below) also
suggests a molecular adsorbate associated with these TDS features. The temperature
decrease in TDS is attributed to a variation in the first-order activation energy for
desorption with coverage. Assuming a normal pre-exponential of 10* s?, the apparent
first-order activation energy for desorption is estimated from the Redhead equation to be
13.5-24.5 kcal/mol for the BF; desorption feature seen on all SnO, surfaces [15]. No
attempt was made to independently determine the pre-exponential via the method of
heating rate variation. The heating rate was kept intentionally low (2 K/sec) to avoid the

possibility of thermal fracture of the ceramic sample.

119



While the BF; desorption features are attributed to molecular surface species, BF;
adsorption on the nearly-stoichiometric SnO, (110) surface is not a clean molecular
adsorption/desorption process. Trace amounts of HF and F, were detected during each
BF; TDS run on the nearly-stoichiometric surface. Hence, some BF; dissociation occurs.
No gas-phase reaction products are seen in TDS for the “reduced” and “highly-defective’
surfaces, even though BF; dissociation occurs (as shown below with XPS). A
comparison of the desorption behavior seen in TDS between the nearly-stoichiometric
and “reduced” surfaces is shown in Figure 7.2. For a 0.13 L exposure of BF;, the
desorption traces from molecular BF; are nearly identical, but small amounts of HF and
F, desorb from the nearly-stoichiometric surface, while none is observed from the
“reduced” surface. On the nearly-stoichiometric surface, the HF desorption feature is a
broad feature in the temperature range of 350-550 K, while the F, desorption features
have temperatures of about 300 K and 400 K as shown in Figure 7.2.

The dissociation of BF; results in the deposition of boron and fluorine on the
surface after successive TDS runs as shown below with XPS. After the build-up of boron
and fluorine saturates, the “BFs-modified” “reduced” and “defective’ surfaces give a
larger BF; desorption signal in TDS for a given exposure than observed from an initially
clean surface. Similar to the case of BF3 adsorption on Cr,Os (1012) surfaces [13], the
shape and desorption temperature of the TDS features from these BFs-modified surfaces
are nearly the same as the TDS features arising from clean surfaces when the amounts of
desorbing BF; (i.e., the coverage of molecular BF3) are similar. The boron and fluorine
left on the surface affects the BF3; coverage for a given exposure but not the desorption

temperature for a given BF; coverage.
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Figure 7.2 The TDS comparison spectra shows desorption intensity
versus temperature for BF; adsorbed on a nearly-stoichiometric and
“reduced” SnO, (110) surface after a0.13 L exposurewith HF and F, as
products only on the nearly-stoichiometric surface. No corrections have
been made for mass spectrometer sensitivity.
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7.3.2 X-ray Photoelectron Spectroscopy
7321 O1s

X-ray photoelectron spectroscopy (XPS) was used to study the interaction of BF;
with the nearly-stoichiometric, “reduced”’, and “highly-defective” surfaces. Changes in
the oxygen 1s signal upon BF3 adsorption on SnO, (110) surfaces were seen with XPS.
These changes are shown in Figure 7.3 for the “reduced” surface only, but the spectra are
representative of what is seen from all the SnO, surfaces investigated. The O 1s feature
on the clean surface appears at a binding energy of 530.4 + 0.1 V. When the surface is
exposed to 5 L of BF3, the O 1s feature decreases in intensity and broadens to higher
binding energies. Curve fitting of the O 1s spectrum results in a large feature at 530.4 +
0.1 eV similar to the O 1s feature on the clean surface and an additional small feature at
higher binding energy (insert). Curve fitting gives a binding energy for this additional
feature of 532.7 = 0.1 eV for the nearly-stoichiometric surface, 532.6 + 0.1 eV for the
“reduced” surface, and 532.2 + 0.1 eV for the “highly-defective” surface. The higher
binding energy feature indicates charge transfer from surface oxygen to the boron atom in
adsorbed BF3; [16]. This higher binding energy feature disappears when the sample is
heated to temperatures where molecular BF; is removed in TDS experiments. Therefore,
the higher binding energy O 1s feature is indicative of a direct interaction between
molecular BF; and surface oxygen sites to form a Lewis acid/base adduct. A similar high
binding energy O 1s feature is also observed on Cr,O; (1012) following molecular BF;

adsorption at surface oxygen sites[13].
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Figure 7.3 XPS spectra shows the O 1sregion for aclean and 5 L BF;
exposed SnO, (110) surface with two peaks resolved by peak fitting
where the larger peak represents a clean surface and the smaller peak

representsthe BF; interaction with oxygen sites.
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7.3.22 BlsandF 1s

The nature of the adsorbed species was also investigated by XPS. For al XPS
experiments, the surfaces were exposed to 5 L of BF; (170 K for the nearly-
stoichiometric surface and 150 K for the “reduced” and *highly-defective” surfaces),
heated to 300 K to remove the majority of molecular BF3; observed in TDS, then heated
to 700 K and checked for residual boron and fluorine left from decomposed BF;. The B
1s spectra are shown in Figure 7.4, and the features are broad as aresult of running at the
high pass energy of 200 eV. For each of the three surfaces investigated, the binding
energy of the broad, B 1s feature decreases with increasing annealing temperature,
suggesting that the spectra contain multiple features that are not resolved because of the

low resolution of the measurements. The B 1sbinding energiesarelisted in Table 7.1.

Table7.1: 5L BF; 300K 700K

Sample Preparation
nearly-stoichiomeric surface 1934 1932 192.8
“reduced” surface 193.7 193.3 192.2
“highly-defective” surface 1940 192.7 1920

For the “reduced” and “highly defective’” surfaces, the binding energies for
residual boron left on the surface after heating to 700 K are similar: 192.2 eV and 192.0
eV, respectively. These B 1s binding energies fal in the range of 192.0-192.3 eV
reported for boron adatoms on Cr,03 (1012) [13], and suggest the desorption or complete
dissociation of BF3 by this temperature. Interestingly, heating to a similar temperature

following adsorption on the nearly-stoichiometric surface resultsin a higher B 1s binding
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Figure 7.4 XPS gpectra shows the B 1s region of the nearly-
stoichiometric SnO, (110) surface (top), the “reduced” SnO, (110)
surface (middle), and the “highly-defective’” SnO, (110) surface for: (a)
a5 L BF; exposed surface, (b) a surface annealed to 300 K, and (c) a
surface annealed to 700 K .
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energy of 192.8 eV suggesting something other than boron adatoms following complete
BF3; decomposition on this surface.

The higher binding energies observed for all surfaces following a5 L dose, and
the decrease to intermediate binding energies after heating to remove most of the
molecular species observed in TDS suggest unresolved higher binding energy
contributions to the spectra including molecular BF; and BFx fragments. Note that B 1s
binding energies of 194.9 eV and 194.3 eV have been observed for BF; in the acid/base
adducts NH3:BF3 and CsHsN:BFs, respectively [17].

The fluorine 1s XPS region is shown in Figure 7.5 for the nearly-stoichiometric
surface, the “reduced” surface, and the “highly-defective” surface along with binding
energies for the F 1sfeaturesin Table 7.2. Following an exposure of 5L of BF3, one F 1s
feature appears at a binding energy of 685.5 eV for the nearly-stoichiometric surface,
685.9 eV for the “reduced” surface, and 685.9 eV for the “highly-defective” surface.
Fluorine in the acid/base adduct NH3:BF3 has a reported F 1s binding energy of 686.6 eV
[17]. Because of the similarity in the fluorine binding energy, the F 1s feature in the
range of 685.5-685.9 eV after a5 L BF3; exposure is attributed primarily to molecular BF3
at base sites. After annealing the exposed surface to 700 K, the F 1s features shifts to
lower binding energies of 684.9 eV for the nearly-stoichiometric surface, 685.0 eV for
the “reduced” surface, and 685.0 eV for the “highly-defective’ surface. The 0.6-0.9 eV
shift to lower binding energies of similar values for the F 1s feature on all surfaces after
removing molecular BF; indicates a change from molecular to dissociated BF;. The

range of 684.9-685.0 eV for the F 1s feature after annealing to 700 K falls in the range of
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Figure 7.5 XPS gpectra shows the F 1s region of the nearly-
stoichiometric SnO, (110) surface (top), the “reduced” SnO, (110)
surface (middle), and the “highly-defective’” SnO, (110) surface for: (a)
a5 L BF; exposed surface, (b) a surface annealed to 300 K, and (c) a
surface annealed to 700 K .
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avariety of metal fluoride compounds (i.e., MnF, and CuF,) [17], indicating that fluorine

from dissociated BF; is likely bound at surface metal (i.e., Sn) sites. These details are

comparable to the XPS F 1s results seen from BF3 adsorption on Cr,Os (1012) surfaces

[13].
Table7.2: 5LBF; 300K 700K
Sample Preparation
nearly-stoichiomeric surface 6855 6851 6849
“reduced” surface 6859 6855 6850
“highly-defective’ surface 6859 685.0 685.0

7.4 Discussion

The BF3 desorption behavior from three-coordinate oxygen on the “reduced” and
“highly-defective” surfaces is similar to the BF; desorption behavior from three-
coordinate oxygen on Cr,O5 (1012) [13]. The “reduced” and “highly-defective” surfaces
expose one type of surface oxygen, three-coordinate O* anions. In TDS, one desorption
feature at 380-390 K at low BF; exposures is attributed to the three-coordinate O
anions, which is similar to the desorption temperature of 370 K attributed to three-
coordinate O anions on Cr,O3 (1012) [13]. Hence, a similar coordination environment
for the surface oxygen anions on SnO, (110) and Cr,O3 (1012) gives a similar desorption
temperature in TDS. In XPS, the B 1s feature after exposing the surfaceto 5 L BF; and
annealing to 700 K results in a binding energy of 192.0-192.2 eV, which isin the binding

energy range of 192.0-192.3 eV given for boron adatoms following BF3; exposure on

- 128 -



Cr,05 (1012) [13]. Hence, the B 1s signal following annealing to 700 K is attributed to
boron adatoms | eft on the “reduced” and “ highly-defective” surface.

The nearly-stoichiometric surface exposes two types of oxygen, two-coordinate
bridging oxygen and 3-coordinative in-plane O* anions. In Figure 7.1, no apparent
differences in BF3; desorption behavior are noticed between the nearly-stoichiometric
surface and the “reduced” and “highly-defective” surfaces, which expose only three-
coordinate in-plane O anions. However, differences are seen for the nearly-
stoichiometric surface in the B 1s XPS data and TDS reaction products. The B 1s feature
after a 5 L BF3; exposure and subsequent annealing to 700 K decreases to 192.8 eV,
significantly higher than the binding energy for the B 1s features on the “reduced” (192.2
eV) and “highly-defective” (192.0 eV) surfaces, attributed to boron adatoms [13].
Differences in the B 1s binding energies between surfaces annealed to 700 K reflect a
contribution to the B 1s binding energy on the nearly-stoichiometric surface that is likely
the result of the presence of the labile two-coordinate bridging oxygen anions on the
clean stoichiometric surface. TDS also illustrates differences in reaction products from
BF; adsorption on SnO, (110) surfaces. HF and F, are detected as products from BF;
adsorption on the nearly-stoichiometric surface, while no gas-phase products are
observed on the “reduced” or “highly-defective” surfaces (Figure 7.2). The hydrogen in
the HF product probably originates from adsorbed water from the background resulting
from the high pressure oxidation and prolonged pump down time required to produce a
stoichiometric surface. The 400 K F, feature and 350-550 K HF desorption features fall
in the temperature range, 350-550 K, observed for the liberation of bridging oxygen from

the clean, nearly-stoichiometric surface [20]. Therefore, the reaction products seen on
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the nearly-stoichiometric surface likely result from the reaction of BF; with the labile
bridging oxygens. The higher binding energy for the B 1s feature after annealing to 700
K aso indicates a different chemistry for BF; in the presence of bridging anions on the
nearly-stoichiometric surface. Hence, we attribute the higher binding energy for residual
boron on the stoichiometric surface after annealing to 700 K to the formation of a boron
oxide layer with the labile bridging oxygen since it falls in the reported binding energy
range of 192.0-193.3 eV for boron oxide [17-19].

The lack of any additional features in TDS (Figure 7.1) for BF; adsorption at
bridging oxygens on the nearly-stoichiometric surface can be similarly explained by the
thermal instability of these bridging oxygens. While TDS readily distinguishes between
BF3 desorption from three-coordinate and terminal chromyl oxygen (Cr=0) on the Cr,03
(1012) surface [13], it does not give an indication of any differences in basicity between
the two-coordinate bridging and three-coordinate in-plane oxygen anions on SnO, (110)
surfaces. One difference between the situation with SnO, and the previously investigated
Cr,03 case is that the bridging oxygens on the stoichiometric surface are labile and can
be removed by heating between 300 and 600 K [20]. Hence, it is likely that the lack of
stability of the bridging oxygen at higher temperatures is related to the apparent reactivity
of these species with BF3. Given that a direct reaction seems to occur between BF; and
the labile bridging oxygen, it is understandable that a simple molecular
adsorption/desorption signature is not observed in TDS for the interaction of BF; with
bridging oxygen on stoichiometric SnO, (110).

In TDS, the BF3 desorption features shift to lower temperatures with increasing

BF; exposures for all SnO, surfaces. Molecular BF3; in Lewis adducts is expected to
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change from a planar molecular geometry to a tetrahedral geometry when bound to a
Lewis base [21]. Hence, adsorbed BF; is expected to acquire a dipole moment upon
interaction with basic surface sites. Repulsive interactions between the dipoles of BF3 in
the adlayer are the likely cause of the BF; desorption features shifting to lower

temperatures with increasing coverage.

7.5 Conclusions

BF3, while not a standard probe molecule, has been tested as a probe of the
surface basicity of oxygen anions on SnO, (110) surfaces. BF;3 interacts directly with
surface oxygen making it a direct probe of oxygen “base’ sites on SnO, (110), and
provides a reasonable probe for the basicity of thermally-stable three-coordinate O*
anions. BF; reacts with the more labile bridging oxygen, and no distinctive feature is
observed using TDS which can be used to provide a measure of the basicity of bridging
oxygen anions on SnO, (110). As on Cr,03 (1012) [13], the use of BF; as a probe
molecule is complicated by some dissociation and the slow build-up of surface boron and

fluoride during consecutive thermal desorption runs.
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