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The adsorption and catalytic reactions of Hy, CO, and O, on Pt were investigated with
a quartz-crystal microbalance having a sensitivity of ~ 10710 g/cm? (<1072 monolayers of
oxygen). At zero coverage the sticking coefficients for Hy, CO, and O, were 0.62, 0.54,
and 0.38, respectively. The catalytic oxidation reactions all exhibited Langmuir-Hinshel-
wood behavior. Detailed rate curves were measured for the Hy-O, reaction. The maxi-
mum reaction probability was 0.32 per impinging Hj.

PACS numbers: 82.65.Jv, 68.45.Da, 82.65.My

Our intention with this Letter is (1) to describe
how catalytic reactions on surfaces may be stud-
ied with the quartz-crystal microbalance (QCM)
(whose capabilities for such studies are unappre-
ciated), (ii) to present results for the adsorption
and reactions of three different reactants on the
same Pt catalyst, and (iii) to present detailed and
absolute-reaction-rate data for the H,-O, reac-
tion on Pt.

The principle of the QCM (see, e.g., Stock-
bridge?) is that mass added to one of the elec-
trodes of an oscillating quartz crystal changes
the frequency of oscillation in proportion to the
added mass. The mass of the deposit may thus
be determined if the proportionality factor is
known. Even the small mass change caused by
adsorption of gases on the sample may be meas-
ured. The measurements were performed in a
modified version of the equipment used previous-
ly to investigate the oxidation of thin Ti films.?
The frequency of the ~ 10-MHz QCM crystal (AT
cut, temperature stabilized at 0°C), was in this
work measured by period-average measurements
of the small difference frequency between the
QCM frequency and that of a very stable refer-
ence crystal. This improved both the sensitivity
and the time constant by about an order of mag-
nitude, in comparison with the conventional fre-
quency measurements used previously. The sen-
sitivity and accuracy in these measurements
were 0,01-0.1 Hz corresponding to ~ 1073-10"2
monolayers of oxygen. The experiments were
performed in an ion-pumped, stainless steel UHV
chamber?® with a base pressure of <10™'° Torr.
High-purity platinum (99.99%) was evaporated
from a W crucible onto one of the electrodes of
the quartz crystal. The sample thickness and
diameter were ~ 300 A and 5 mm, respectively.

Figure 1 shows the surface coverage as a func-
tion of exposure when a Pt film was exposed to

0O, and CO at pressures of 2.4x 10”7 and 1.8x 1077
Torr, respectively. Unity coverage (0o0°*=1)
is defined as the saturation coverage of irrevers-
ibly adsorbed CO at 273 K. At CO pressures
>107°® Torr the coverage increased above this
value, but decreased to the saturation coverage,
6 =1, by CO desorption when the pressure was
lowered. To convert 6 to number of molecules
per cm®, we note that the saturation density of
CO molecules is about the same on several met-
als (Pt, Ni, Pd, Ru, Ir, and Cu) and is further-
more rather independent of the crystallographic
orientation.® Comparing these data, we found
8.0x 10** (+ 10%) CO molecules/cm? to be a most
likely saturation density at 273 K.

The saturation coverage of (atomic) oxygen was
00°* =0.820 5% (6.6 10™ atoms/cm?) indicating
a slightly smaller number of adsorption sites for
O atoms than for CO molecules (it is generally
agreed that O, adsorbs dissociatively on Pt).
This is in good agreement with the results re-
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FIG. 1. Coverage of CO molecules and O atoms on Pt
vs gas exposure (Pco=1.8X10"" Torr, Pp,=2.4% 1077
Torr). 6=1 is defined as the saturation coverage of CO
molecules (¥ 8X10'/cm?. The dashed curves show the
decrease in oxygen coverage due to HyO formation when
the sample was exposed to Hy gas (see Fig. 3). (1 L
=10"% Torr s.)
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FIG. 2. Hydrogen coverage vs exposure at different
pressures. The dashed line corresponds to the satura-
tion coverage in the limit Py, —~ 0.

/

ported by Joebstl* for Pt(111), by Nishiyama and
Wise for Pt foil® and by Weber, Fusy, and Cas-
suto® for Pt filaments but considerably larger
than Norton’s results for Pt foil.”

Figure 2 shows the increase in coverage of
(atomic) hydrogen with exposure at different hy-
drogen pressures. The saturation coverage of
hydrogen increased with increasing pressure,
but when the H, leak was closed the coverage de-
creased by desorption to a common, lower cover-
age. This behavior may be explained by either
the presence of two different adsorption sites
with different binding energies for hydrogen, or
a decrease in the adsorption energy with increas-
ing coverage. A plot of the pressure-dependent
saturation coverage versus the square root of the
pressure yielded a straight line at the lower pres-
sures, which supports the former interpretation.
From the intercept of the straight line with the 9
axis a saturation coverage (atomic hydrogen) of
045 =0.750 0" (6.0x 10'*/cm?®) at zero pressure
was obtained, in good agreement with one report-
ed value for Pt foil® and intermediate between re-
sults for various single-crystal planes.®

The zero-coverage sticking coefficients were
obtained from the measured adsorption rates at
6 =0. To obtain absolute values the sensitivity of
the QCM and the ion gauge were needed. The ion
gauge was calibrated with a very accurate capac-
itance manometer calibrated by the volume-ex-
pansion method, while the sensitivity of the QCM
was taken from an earlier calibration.? We then
arrived at sticking coefficients at 6 =0 of 0.62,
0.54, and 0.38 (+ 10%) for H,, CO, and O,, re-
spectively. (In Fig. 1 the oxygen curve has a
steeper slope than the CO curve at 6 =0 because
it displays the coverage of O atoms.) Sticking co-
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FIG. 3. Each curve shows the H,O production rate as
a function of time when a partly oxygen-covered Pt sur-
face was exposed to H at constant pressure. The oxy-
gen coverages, 0o, att=0 were (from left to right):
0.07, 0.16, 0.21, 0.31, 0.40, 0.45, 0.55, 0.65, 0.70,
and 0.75.

efficients of 0.3 and 0.12 have been reported for
H, on Pt foil>° while common values for single-
crystal planes® are in the range 0.1-0.4. Report-
ed sticking coefficients for oxygen vary over a
large range but are usually = 0.1 in well-con-
trolled experiments. In a recent paper Gland and
Korchak™ reported a sticking coefficient of 0.5

at the step sites of a stepped Pt(111) surface
while values of 0.25 and 0.16 have been reported
for polycrystalline samples.>*' Norton’s value
of ~0.01 for Pt foil seems too small.'*** The CO
adsorption curve is characterized by an almost
constant sticking coefficient in the range 0< 6

< 0.5 which indicates adsorption via a precursor
state in the second adsorption layer. Similar ob-
servations have been made by other authors.® Re-
ported sticking coefficients for CO at §=0 are
usually 0.1-1 on all surfaces.*

The catalytic reaction between hydrogen and
oxygen to water on Pt was studied by exposing
partly oxygen-covered surfaces to H, gas at con-
stant pressure. The oxygen coverage then de-
creased (as indicated by the broken curves in Fig.
1) due to the overall reaction H,8+0%s~ H,08
until all the oxygen was removed. The rate
curves in Fig. 3 were obtained by differentiating
such coverage decrease curves with respect to
the time of H, exposure (py,=5.9% 10"° Torr).
Each curve corresponds to a different starting
coverage of oxygen and approximately gives the
rate of decrease of the oxygen coverage, or equiv-
alently the rate of water production, as a function
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of H, exposure. The appearance of a maximum is
a strong indication that the reaction is a Lang-
muir-Hinshelwood (LH) reaction, i.e., a reaction
between adsorbed oxygen and adsorbed hydrogen.
The so called Eley-Rideal reaction (adsorbed
oxygen +gas-phase hydrogen) would show a mono-
tonically decreasing rate with increasing H, ex-
posure. The rate at maximum, which slowly in-
creases with increasing initial oxygen coverage,
corresponds to a reaction probability of around
0.32 per incident H, molecule. The partial-pres-
sure curves of H,O recorded by the mass spec-
trometer were in general agreement with the
QCM rate curves but the former decreased more
slowly after the maximum, because of H,0O de-
sorption from the chamber walls.

When the experiments were instead performed
by exposing hydrogen-covered films to O,, a
somewhat different technique had to be used be-
cause of the large atomic mass ratio Mo/M .
The sample was exposed to small doses of O, and
the mass decrease due to each dose was record-
ed. The observed net mass decrease for each
dose was then solely due to the removal of hydro-
gen by production of H,O. The reaction rate again
showed a maximum (LH reaction).

Also the CO oxidation reaction was studied in a
few runs by exposing partly CO (O) covered sur-
faces to small doses of O, (CO) and recording the
mass decrease due to desorption of CO,. Both re-
actions showed a maximum and an induction peri-
od (LH mechanisms) which for large 6., was ex-
tremely long. With an initial CO coverage of 0.85
an oxygen dose of 1.8x10* L (1 L= 1 yTorr sec)
was required to reach the maximum rate of CO,
production. The reaction probabilities at maxi-
mum were about 0.5 and 0.05 per impinging mol-
ecule with preadsorbed oxygen and CO, respec-
tively.

Our reaction rate data for the hydrogen-oxygen
reaction agree quite well with the x-ray photo-
emission-spectroscopy studies by Norton and
Norton, Tapping, and Goodale'® and with the data
of Pacia and Dumesic® for Pt foil. The reaction
probability at maximum was, however, consid-
erably larger in our work than in Ref. 12, 13,
and our data could not be described by the pro-
posed simple rate law. Our reaction probability
at maximum, = 0.32, is on the other hand in close
agreement with that of Ducros and Merrill for
Pt(110).% Collins, Lee, and Spicer'® reported a
high reaction probability ~ 1, which contrary to
our findings was claimed to be coverage indepen-
dent. Initially, we also arrived at this erroneous

result because of bad control of the H, pressure.
The adsorption and reaction measurements
were carried out on many different films and the
results were very reproducible. Adsorption-re-
action-adsorption cycles with H, and O, could be
repeated many times (> 10) on the same film,
showing that irreversible changes of the surface
and poisoning effects were small. A prerequisite
was a very low background pressure for other
gases than H,O and that exposures were deter-
mined by partial pressure measurements and not
from recorded total pressures. The only system-
atic variation during the experimental series was
a variation in the surface roughness of the Pt
films as deduced from CO titration.!” However,
the sticking coefficients and relative coverages
for H,, CO, and O, were reproduced within 10%
independent of the surface roughness.
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