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The effect of subsurface oxygen on the desorption of 7-bonded
propylene from Ag(110) was studied using temperature pro-
grammed desorption and x-ray photoelectron spectroscopy. The
kinetic parameters for propylene desorption from Ag(110) without
subsurface oxygen were compared to those for propylene desorp-
tion from Ag(110) when the subsurface region was saturated with
oxygen. In the limit of zero coverage the activation energy and
preexponential factor for propylene desorption from Ag(110) with
subsurface oxygen is equal to the activation energy and preexpo-
nential factor for propylene desorption from Ag(110) without sub-
surface oxygen (E, = 12.7 = 0.6 kcal/mol, » = 1.2 x 10'0s7").
On both Ag(110) surfaces, with and without subsurface oxygen,
the activation energy for desorption decreases as the propylene
coverage increases indicative of weak repulsive interactions. The
difference in the lateral interaction energy for propylene on the
two surfaces is within the experimental uncertainty. Subsurface
oxygen apparently does not affect the kinetic parameters even for
the desorption of a weakly 7-bound species from Ag(110), even
though surface oxygen is known to strengthen such bonds. o 1995

Academic Press, Inc.

1. INTRODUCTION

The role of subsurface oxygen in catalysis is not well
understood. Many have concluded that adsorbed atomic
oxygen and subsurface oxygen are necessary in ethylene
epoxidation reactions on Ag(110) (1-3). Hartree—
Fock-~Slater cluster calculations (3) predict that subsur-
face oxygen weakens the chemisorbed oxygen-silver
bond, thereby facilitating atomic oxygen transfer to ethyl-
ene (3). However, Campbell et al. (4) propose that subsur-
face oxygen is not necessary in the epoxidation reaction.
Furthermore, NEXAFS studies show that subsurface ox-
ygen neither alters the orientation nor detectably shifts
the position of the energies of the lowest unoccupied orbit-
als of chemisorbed molecular oxygen on Ag(110) (5).

The presence of chemisorbed surface oxygen atoms is
known to increase the sticking probability of propylene
adsorbed at 140 K on Ag(110) (6). It has also been reported
that oxygen strengthens adsorption for several oxygen-
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containing molecules on the Ag(110) surface (7-9). It is
hypothesized (10) that the highly electronegative oxygen
atoms withdraw electrons from neighboring silver atoms
at the surface, leading to electron-deficient silver atoms
which act as Lewis acid sites for electron donors, resulting
in a stronger adsorbate—silver bond. It has been suggested
that in the case of olefins such as ethylene and propylene
this interaction most likely occurs with the olefin 7 system
(6). Studies have shown that for propylene oxidation,
combustion occurs via an acid-base reaction with the
chemisorbed atomic oxygen (6, 11). In addition, it has
been demonstrated that electrophilic attack by O(a) on
the olefinic bond is a crucial step in epoxidation (12, 13).
Propylene adsorption on the oxygen-covered Ag(110) sur-
face has been studied previously, but it was assumed
that the effect of subsurface oxygen was negligible in this
reaction (6). In this study we show that subsurface oxygen
does not affect even the weak bonding of alkenes to the
silver surface atoms. Hereafter we refer to subsurface
oxygen as O(s).

The effect of subsurface oxygen on the activation en-
ergy, preexponential factor, and lateral interaction energy
for propylene desorption from Ag(110) was investigated
using three different methods to evaluate temperature-
programmed desorption profiles, including leading edge
analysis, Redhead analysis, and isotherms. The second
virial coefficient for the 2D adsorbed phase was calculated
using the quasiequilibrium assumption from the desorp-
tion isotherms, in which the coverage and rate of desorp-
tion are related to the chemical potential which is ex-
pressed in terms of a virial expansion (14-16). A complete
derivation of this can be found in the work of Kevan
et al., in which the 2D adsorbed phase second virial coef-
ficient for methane on Ag(110) (14), CO on Cu(001) (15),
CO on Cu(011), NH; on Cu(001), and ND; on Cu(001)
(16) were calculated. These studies have shown that the
second virial coefficient for C°H4 on Ag(110) at 57.5 K and
59.5 K are —94 A2 and —80 A? (14), respectively; CO on
Cu(011) and CO on Cu(001) (17) at 75-79 K also exhibit
negative values of B,, indicating that attractive interac-
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tions predominate among these adsorbed molecules. The
NH,;/Cu(001) and ND,/Cu(001) systems were found to
have positive values of B,, indicating repulsive interac-
tions between 200 and 230 K.

We report here that subsurface oxygen does not affect
the kinetic parameters for propylene desorption on
Ag(110). The activation energy and preexponential factor
are equivalent in both systems, and the lateral interaction
energies differ by only by about 1 kcal/mol. The virial
analysis yields positive second virial coefficients in
agreement with the overall behavior of the desorption
peaks as a function of coverage.

2. EXPERIMENTAL

Temperature programmed desorption (TPD) and x-ray
photoelectron spectroscopy (XPS) were carried out in
an ultra-high-vacuum chamber previously described (18).
The crystal was placed in contact with a liquid-nitrogen-
filled cooper block and could be cooled to 100 K. A tung-
sten filament mounted behind the crystal was used to
radiatively heat the crystal. The temperature of the crystal
was monitored using a chromel-alumel thermocouple
pressed into a hole in the crystal. TPD data were acquired
using a UTI 100C mass spectrometer interfaced to an IBM
XT computer. The computer program used allowed up to
10 masses to be scanned simultaneously.

The Ag(110) surface was cleaned by argon-ion bom-
bardment at 300 K followed by annealing to 760 K until
no impurities were detected using Auger electron spec-
troscopy. Residual surface carbon was removed by ad-
sorption/desorption cycles in which 24 L (1 L = 10°®
Torr - s) of oxygen was dosed at 300 K. The oxygen
cleaning cycles continued until the integrated temperature
programmed reaction yield of CO, produced from carbon
oxidation was less than 5% of the yield of the desorbed
oxygen. The subsurface oxygen was removed by argon
ion bombardment at 300 K followed by annealing to
760 K. A series of adsorption/desorption cycles in which
0.5 ML O, was dosed at 300 K and heated to 700 K were
conducted to increase the amount of subsurface oxygen.

The relative coverage of propylene was determined us-
ing XPS by utilizing the fact that the photoelectron inten-
sity in the XPS peak is directly proportional to the cover-
age (19). A known surface coverage was used as a
standard to determine the XPS signal per monolayer (ML)
of adsorbate atoms, where one ML is defined as the num-
ber of silver atoms in the first layer of the Ag(110) surface
(8.5 x 10" cm™2). The number of carbon atoms present
in an adsorbed layer was calculated from the area of the
C(1s) XPS peak using the measured relative sensitivity
value of 3.31 = 0.2 for oxygen and carbon. Details of
the XPS coverage calibration procedure are published
elsewhere (20).
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The C (1s) and O (1s) peaks were normalized to the Ag
(3ds,) peak to account for any drift during experiments
or changes in signal intensity due to modifications in the
crystal position relative to the x-ray source. The Ag
(3d,,,) peak was recorded prior to each C (1s) and O (1s)
spectra. For all the XPS spectra, 256 scans (44 min) were
collected at 300 K and signal averaged at an analyzer pass
energy of 50 eV. The error in the C (1s) binding energy
was calculated in a previous study to be =0.3 eV (21).

Propylene (99.0% purity) was obtained from Liquid
Carbonic; oxygen (99.998% min. purity) and argon
(99.995% min. purity) were obtained from Matheson Gas
Products. These gases were used without further purifi-
cation.

The leading edge method (22, 23) was used in this study
to determine the activation energy for desorption, the
preexponential factor, and the lateral interaction energy
for propylene desorption from Ag(110) with and without
Of(s). A small temperature interval in which T and 8 remain
relatively constant (A8/6 = 0.03) was selected at the low-
temperature, high-coverage side of the TPD curve. An
Arrhenius plot (In(r) versus 1/T) of this interval yielded
a straight line with slope —E(#)/R and intercept equal to
In(v) + n In(6), where n, the reaction order, was assumed
to be one. The value of » was calculated from the intercept
of the Arrhenius plot at a particular value of 8. The slope
of this line was taken for coverages up to 3% of the total
initial coverage. Only In(rate) values larger than —4.0
were accepted in the analysis; this limit corresponds to
the minimum resolution of the analog/digital converter.
Details regarding the leading edge analysis are published
elsewhere (20). The global coverage dependence of the
activation energy was taken as £ = E; + W8, where E,
is the activation energy in the limit of zero coverage and
W is the lateral interaction energy.

The activation energy was also calculated using the
Redhead peak maximum method and compared to the
values obtained from the leading edge analysis, using (31),

E = RT,(In(vT,/B) — 3.46), [

where T is the peak temperature for desorption, v is the
preexponential factor, and B the heating rate (9 K/s with
O(s), 6 K/s without O(s)). The value of v (10" s~!) used
in the Redhead calculation was obtained from the leading
edge analysis. The isothermal analysis is discussed below.

3. RESULTS

3.1. X-Ray Photoelectron Spectroscopy

The chemisorbed oxygen O (is) peak and the subsur-
face oxygen O (1s) peak were observed at 528 eV and 531
eV, respectively. Figure 1 indicates that the low energy
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FIG. 1. XPS spectra of subsurface oxygen on Ag(110) (A) after

several adsorption/desorption cycles in which oxygen was dosed at 300
K and the surface was heated to 690 K. In the final cycle oxygen
was dosed at 300 K and the surface was not heated. (B) After several
adsorption/desorption cycles in which oxygen was dosed at 300 K and
the surface was heated to 690 K. In the final cycle oxygen was dosed
to 300 K and the surface was heated to 690 K. (C) After sputtering for
30 min at 300 K and annealing to 760 K.

peak at 528 eV observed at ~280 K is no longer observed
after the surface is heated to 595 K (curve b). This result
suggests that the oxygen corresponding to the low energy
peak (528 eV) recombines and desorbs as molecular oxy-
gen, a reaction known to occur at 590 K (24). In addition,
the low energy oxygen state at 528 eV was found to com-
bine with adsorbed carbon and desorb as CO, at 450 K
and O, at 590 K. The O (1s) peak at 531 eV is not reactive
to C(a) and does not desorb as CO, or O, below 800 K.
The reactivity and desorption temperature of the O (1s)
peak at 528 eV indicate that this peak represents chemi-
sorbed atomic oxygen whereas the peak at 531 eV is
attributed to oxygen located in the subsurface region.
The assignment of the low energy peak at 528 eV to
chemisorbed surface atomic oxygen and the high energy
peak (531 eV) to subsurface oxygen is in agreement with
previous XPS subsurface oxygen studies on silver
(25-27). Joyner and Roberts (25) observed a chemisorbed
atomic oxygen peak at 528.3 eV and a subsurface oxygen

peak at 530.3 eV. These assignments were based on both
astudy of the angular dependence of the O (1s) spectra and
the observation that the high energy peak is unreactive to
C(a), while no C(a) is observed in the presence of the low
energy peak. In addition, Campbell er al. (28) observed
a subsurface oxygen peak at 528.5 eV and a chemisorbed
atomic surface oxygen peak at 528.1 eV. In a similar
study, Barteau (27) assigned the XPS peaks observed at
531.2 eV and 529.2 ¢V to subsurface oxygen and chemi-
sorbed atomic oxygen, respectively.

The XPS O (1s) peak intensity of 531 eV was used
to quantify the amount of O(s) relative to a saturated
chemisorbed atomic oxygen layer (0.5 ML). A p(2 x 1)
LEED pattern was observed prior to acquisition of the
XPS spectra in Fig. I, curve A. Previous studies (27, 29)
have found that a p(2 x 1) LEED pattern is observed at an
oxygen coverage of 0.5 ML (saturation coverage). These
studies verify the assumption that the peak at 528 eV in
Fig. 1 represents 0.5 ML chemisorbed atomic oxygen.
The subsurface oxygen peak at 531 eV in curve A is 3.4
times larger than the chemisorbed atomic oxygen peak
(528 eV). The subsurface oxygen peak in spectrum B is
4.75 times greater than the chemisorbed atomic oxygen
peak in spectrum A, corresponding to approximately the
equivalent of 2.5 ML of subsurface oxygen. The distribu-
tion of O(s) below the surface can not be deduced with
these XPS data. Although the XPS sampling depth of the
O (lIs) electrons is approximately six atomic layers, it
is not certain how many layers below the surface the
subsurface oxygen extends. However, since the XPS sig-
nal for subsurface oxygen did not decrease when surface
oxygen was desorbed, and the subsurface oxygen readily
exchanged with isotopically labeled surface oxygen, it
appears that subsurface oxygen was not depleted from the
near-surface region by the treatment employed to desorb
surface oxygen.

3.2. Temperature Programmed Desorption

The peak temperature for the desorption of propylene
on Ag(110) both with and without O(s) shifts downward
as the coverage increases. The temperature-programmed
desorption spectra from Ag(110) without O(s) are shown
in Fig. 2 for coverages ranging from 0.04 ML to 0.74 ML.
The desorption temperature ranges from 170 to 155 K in
this coverage region. Figure 3 shows the desorption peaks
from Ag(110) with subsurface oxygen, which range from
168 to 150 K for coverages between 0.06 and 0.71 ML.
The rate of desorption and the peak temperature are lower
for the surface without subsurface oxygen independent
of any kinetic differences in the rates of desorption, since
the heating rate used was lower (30). Even without cor-
recting for differences in heating rates, it is clear that the
desorption energies do not differ appreciably on the two
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FIG. 2. Temperature programmed desorption spectra of propylene

on Ag(110) without Ofs). Propylene was dosed at various coverages at
100 K.

surfaces, since the difference in peak temperatures differ
by only about 5 K at comparable coverages. The TPD
data from the two surfaces is compared directly in Fig. 4.

The leading edge analysis yields nearly equal values of
E, and v for propylene desorption from Ag(110) with and
without O(s); however, the calculated values of W appear
somewhat different (Fig. 5). Linear regression of the data
gives E, = 12.7 = 0.6 kcal/mol and W = —9.0 = 1.2 kcal
for desorption of propylene from Ag(110) without O(s)
and E, = 11.7 = 0.4 kcal/mol and W = —3.1 = 0.5 kcal
from the surface with O(s), where E; is the activation
energy at O,y = 0 and W is the lateral interaction
energy. For the system without O(s), v = 7 = 2 x 10"
sec ': with O(s) v = 3 =2 x 10" s7'. Some interference
from the low-temperature desorption state was also pres-
ent in the low coverage TPD on the surface without O(s).
For this reason the magnitude of W obtained from the
threshold analysis for the surface without O(s) is some-
what uncertain.

The activation energy for propylene desorption from
Ag(110) with O(s) calculated using the Redhead method
is in agreement with the leading edge values. Using Eq.
(1] from the Redhead analysis and a preexponential value
of 10" s™', we obtain E = 10.1 * 0.5 kcal/mol at T, =
150 K and £ = 11.9 = 1.0 kcal/mol at T, = 175 K. The
higher of these desorption temperatures corresponds to
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FIG. 3. Temperature-programmed desorption spectra of propylene
on Ag(110) with O(s). Propylene was dosed at various coverages at
100 K.
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FIG. 4. TPD spectra from Figs. 2 and 3. Propylene on Ag(110) with
subsurface axygen TPD peaks are solid lines and propylene on Ag(110)
without subsurface oxygen spectra are represented by dashed lines.
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FIG. 5. Results for activation energy as a function of coverage. The

data points were calculated using the leading edge analysis. The slope
of the linear regressed line is equal to the lateral interaction energy, W.

the lowest coverage, therefore the value obtained at this
temperature should be close to the E, value obtained from
the leading edge analysis, as it is. In addition, at T, = 150
K, Oropyiene = 0.64 ML, which gives E = 10.1 + 0.5 kcal/
mol using the leading edge method. This value agrees with
the value of E calculated at 7, = 150 K from the Redhead
analysis. Given that the Redhead analysis results agree
with the leading edge results at the highest and lowest
propylene coverages, it is clear that the interaction energy
calculated from the Redhead method is within experimen-
tal error of the value obtained from the leading edge analy-
sis for the surface with O(s).

The Redhead calculations agree with the leading edge
results obtained in the low coverage region for the system
without O(s) but disagree with the leading edge results in
the high coverage region. For example,at T= 170K (8 =
0.07 ML), E = 12.4 = 1.2 kcal/mol using the Redhead
analysis compared to 12.7 * 0.6 for the value of E, ob-
tained in the low-coverage region by the threshold analy-
sis. The two methods do not agree at higher coverage,
however. At 6 = 0.5 ML the leading edge analysis gives
E = 8.2 = 0.5 kcal/mol, compared to E = 11.2 = 1.2
kcal/mol using the Redhead method (T = 155 K). We
attribute this difference primarily to the interference from
the low temperature desorption state in the leading edge
analysis, since this difference does not persist in the iso-
thermal treatment (see below). The results from the lead-
ing edge analysis and the Redhead peak maximum method
are summarized in Table 1.

To estimate the accuracy of the lateral interaction en-
ergy values calculated from the other methods, W was
calculated by computing the second virial coefficient, B,,
obtained from temperature programmed desorption (20).
Plots of the desorption isotherms, integrated to obtain
relative coverages and thereby In(ry/0) vs 6, at various
temperatures are shown for propylene on Ag(110) with
and without O(s) in Figs. 6 and 7. According to the follow-
ing expression derived from the quasi-equilibrium approx-
imation and the virial equation of state for the rate of
desorption (20), the slope of these isotherms is propor-
tional to B,.

rg _0@.7) AgkT (—EO)
ON,, hQ,A2 ky T

s )
f:)(p(lzl 7 B, AH , [2]

where (N, /A) is equal to the number of adsorption sites
per unit area of the Ag(110) surface (8.47 x 10'* atoms/
cm?), o(T, 0) is the thermally averaged sticking coeffi-
cient, A is the area of adsorption sites per unit area of

TABLE 1
Leading Edge and Redhead Peak Maximum Analysis Results

Leading edge analysis

Redhead peak
maximum analysis

Propylene on Ey w v Temp. Ey
Ag(110) (kcal/mol) (kcal/mol) (sec™") (K) (kcal/mol)
With O(s) 11.7 £ 0.4 -3.1 £ 1.6 x 10 178 K 119+ 1.0
150 K 10.1 = 0.5
Without O(s) 12.7 * 0.6 -9.0 = 2.0 x 10 170 K 124 = 1.2
155 K 11.2 x 1.2
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FIG. 6. Plot of propylene on Ag(110) with O(s) In(r/coverage) as a
function of coverage for temperatures 147, 149, 151, and 153 K. The
slope of the isotherms is proportional to the second virial coefficient, B,.
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FIG. 7. Plot of propylene on Ag(110) without O(s) In(r/coverage) as

a function of coverage for temperatures 147, 149, 151, and 153 K. The
slope of the isotherms is proportional to the second virial coefficient, B,.

TABLE 2

Virial Coefficient Calculation Results

Temp. range w
Propylene\Ag(110) B, (AY) (K) (kcal/mol)
With O(s) 25.6 = 2.7 147 K-155 K -1.2 0.1
Without O(s) 433 + 2.54 143 K-153 K -22+0.2

Ag(110) atoms, g, is the internal partition function for the
gas phase molecules, Q, is the partition function for one
adsorbed molecule and includes internal vibration as well
as frustrated modes associated with localized adsorption,
and A is the thermal wavelength, 4/(2wmk,T)". This ex-
pression also follows straightforwardly from simple tran-
sition state theory with the assumption that the adsorbed
state can be described by the two-dimensional virial equa-
tion of state. If the virial expansion is truncated at j = 1,
plots of In(ry/6) vs 8 have a slope equal to 2B,(N_/A).

The values of B, averaged over the temperature ranges
listed on the figures obtained from the desorption iso-
therms are 25.6 = 2.7 A? for Ag(110) with O(s) and
43.3 = 2.54 A? for propylene desorption from Ag(110)
without O(s). A positive value of B, indicates repulsive
interactions, whereas a negative value is indicative of
attractive interactions. From these B, values the corre-
sponding values of W were determined using

W = —2B,(N_./0RT. (3]

The lateral interaction energies calculated from Eq. 3 are
—1.2 = 0.1 kcal/mol and —2.2 = 0.2 kcal/mol for the
system with and without O(s), respectively; the difference
is minimal. These results indicate that the lateral interac-
tion energy does not vary significantly with and without
O(s), and that the lateral interaction energy is small on
both surfaces.

4. DISCUSSION

The activation energy for desorption of propylene on
Ag(110) decreases slightly as the propylene coverage in-
creases for both Ag(110) with and without O(s). In other
work (18, 20) we have determined that the repulsive lateral
interactions apparent in desorption originate in locally
repulsive bimolecular collisions of the preferentially ori-
ented propylene adsorbates (33). Calculations of the char-
acteristic diffusion lengths indicate that the propylene
molecules will travel large distances and experience
107-10* bimolecular collisions, thus establishing quasi-
equilibrium before they desorb (18, 32). Consequently,
the repulsive interactions occur even at low propane cov-
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erage. The repulsive interactions between adsorbed pro-
pylene molecules appear to originate in forces exerted in
a bimolecular encounter on the surface which distort the
alkene from its preferred bonding orientation. These
forces steepen the repulsive portion of the intermolecular
potential, compared to that expected for simple physical
adsorption. These interactions are thus reflected in the
two-dimensional equation of state of the adsorbed alkene,
and they have the effect of destabilizing the species to-
ward desorption.

The results in this study indicate that subsurface oxygen
does not affect the electron density of the silver surface
atoms in such a way as to alter the binding energy of the
propylene-Ag bond. These observations are in agreement
with a previous study which concluded that O(s) does
not influence the orientation of chemisorbed molecular
oxygen on Ag(110) (5) and with studies that suggest that
subsurface oxygen does not promote the ethylene epoxi-
dation reaction (4). It appears that O(s) does not affect
the reactivity or bonding of silver at the surface in a
manner analogous to chemisorbed atomic oxygen. There
is, for example, no indication of the creation of Lewis
acid sites by O(s). Although surface oxygen creates Lewis
acid sites for adsorption, the interaction with subsurface
oxygen may be screened by silver atoms at the surface.

6. CONCLUSION

TPD and XPS results show that subsurface oxygen does
not affect the activation energy, preexponential factor,
or lateral interaction energy of w-bonded propylene on
Ag(110); Lewis acid sites similar to those created by
chemisorbed atomic oxygen are not observed.
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