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Chemisorbed CO can be completely removed from the Pt(ll1) surface in the temperature range 318 to 348 K for hydrogen 

pressures above 2 X lo-’ Torr. Thermal desorption of CO in this temperature range in the absence of hydrogen removes only a 

fraction of the adsorbed CO. A series of in situ isothermal kinetic experiments are presented in this paper which show that CO 

displacement in the presence of 0.2 Torr of hydrogen is a first-order process in CO coverage with an activation energy of 10.9 

kcal/mol. We propose that the origin of this effect is that repulsive intereactions between coadsorbed atomic hydrogen and carbon 

monoxide induce high desorption rates of CO characteristic of high CO coverages, presumably due to lower values of the desorption 

activation energy. The importance of these results is to show that high coverages of coadsorbed hydrogen resulting from substantial 

overpressures of Ha may substantially modify desorption activation energies, and thus the coverages and kinetic pathways available, 

even for strongly chemisorbed species. These phenomena may play an important role in surface reactions which occur at high 

pressure. 
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1. Introduction 

There have been many studies focused on 
chemisorption of CO and H, on transition metal 
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surfaces because of the widespread use of these 
adsorbates to characterize metal catalysts and be- 
cause these molecules are the primary reactants 
for Fischer-Tropsch synthesis of hydrocarbons. 

Chemisorption of hydrogen on platinum surfaces 
has been investigated in detail [l-3]. Hydrogen 
adsorbs dissociatively on Pt(l11) with an initial 

sticking coefficient of 0.1 at 150 K which de- 

creases with increasing coverage [2]. The satura- 
tion coverage of hydrogen on clean Pt(ll1) is 0.80 
ML [2]. In the limit of zero coverage, the activa- 

tion energy for H, desorption from Pt(ll1) is 19 
kcal/mol [I]. CO adsorption on Pt(ll1) has also 
been studied extensively [4-81. CO is adsorbed 
molecularly on Pt(ll1) with an adsorption energy 
of 31 kcal/mol at low coverage [4-71. The desorp- 
tion activation energy decreases sharply above &., 
= 0.50 ML where compression of the adlayer be- 

gins and repulsive interactions become important 
[4]. The activation energy for desorption continues 

to decrease as 19,~ increases, approaching the heat 
of sublimation as the CO adlayer becomes 

closest-packed. 
Studies of the coadsorption of CO and H, 

reveal repulsive interactions between these ad- 
sorbed species and a tendency for these coad- 

sorbed species to form islands [9]. On a Pt(ll1) 
surface precovered with Q, = 0.22 ML, Bernasek 
et al. [lo] performed thermal energy atom scatter- 
ing (TEAS) experiments which showed that CO 
forms islands with a local density of I!&, = 0.50 
ML on the hydrogen saturated surface at 180 K. 
The CO islanding induced by coadsorbed hydro- 
gen has also been studied by infrared reflection 
absorption spectroscopy (IRAS) [ll]. These IRAS 
studies confirm the results of Bernasek et al. [lo] 
and suggest an optimum temperature of 150 K for 
the growth of large islands. Evidence has also been 
presented for a weak direct interaction between 
these coadsorbed species [ll]. 

These coadsorption experiments performed in 
UHV have provided a great deal of useful infor- 
mation on the interactions of these adsorbed 
species, yet some processes and intermediates may 
dominate only under high pressures of the re- 
actant gases. Several experiments have been per- 
formed recently to investigate the interaction be- 
tween CO and hydrogen on transition metal 

surfaces under high pressures of hydrogen. It is 
helpful to summarize the results briefly here. The 
displacement of CO on Ni(lOO) has been studied 
with transient fluorescence yield near-edge spec- 
troscopy experiments [12] similar to the experi- 

ments reported in this paper. On the Ni(lOO) 
surface, in situ isothermal displacement experi- 

ments in the 278 to 330 K temperature range 
indicate that CO is rapidly displaced by hydrogen 

pressures above 1.0 X lo-’ Torr. The displace- 
ment rate can be fit by two sequential first order 
processes with activation energies of 7 kcal/mol 
for high CO coverages and 10 kcal/mol for lower 
CO coverages. These in situ transient results were 

verified by a series of ex situ temperature-pro- 
grammed Desorption (TPD) experiments [ 13,141. 
Recently, a new low-temperature displacement 

mechanism for CO on the Pt(ll1) surface was 
observed in the presence of high pressures of 
hydrogen (0.001 to 0.1 Torr HZ) [15]. Tempera- 

ture-programmed fluorescence yield near-edge 

spectroscopy (TPFYNES) was used to continu- 
ously monitor the CO coverage as a function of 
temperature both in the presence and absence of 
hydrogen. For hydrogen pressures above 0.01 Torr, 
removal of CO began at 130 K (E,, = 10.6 
kcal/mol) instead of near the desorption tempera- 
ture of 400 K (E,, = 26 kcal/mol) in the absence 
of hydrogen. The large decrease in CO desorption 
energy appears to be caused by substantial repul- 
sive interactions in the compressed monolayer in- 
duced by coadsorbed hydrogen. 

In the in situ experiments, reported in this 
paper, fluorescence yield near-edge spectroscopy 
FYNES was used in isothermal kinetic studies to 
continuously monitor the CO coverage at constant 

temperature both in the presence and absence 
hydrogen on Pt(ll1). FYNES is a photon-in/pho- 
ton-out method which allows near-edge X-ray ab- 
sorption fine structure (NEXAFS) spectra to be 
obtained in situ under high pressures of reactive 
gases [16]. The in situ capability of FYNES to 
monitor the r* resonance of chemisorbed CO as 
a function of time at various crystal temperatures 
and pressures of hydrogen was used in order to 
obtain the surface CO concentration as a function 
of time in the presence of substantial hydrogen 
overpressures. 
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2. Experimental 

These experiments were performed at the Na- 
tional Synchrotron Light Source at Brookhaven 
National Laboratory on the Ul beamline. The 
details of the experimental apparatus have been 
described in greater detail previously [13,16,17]. 

The experimental apparatus consists of a multi- 
level UHV analysis chamber with a reaction 
chamber which can be isolated from the main 

chamber by using a gate-valve. The Pt(ll1) crystal 
was given a saturation exposure of CO at T < 100 

K in the main chamber and then raised into 
position in the reaction chamber where the FYNES 
spectrum was recorded at normal incidence in 

order to locate the energy position of the rr* 
resonance. The photon energies were calibrated 
using the strong carbon absorption feature at 291 
eV in the incoming beam due to carbon deposited 
on the beam line optics. The CO r* resonance 
was measured at 288.9 eV. Uptake experiments 
for CO on Pt(ll1) (vide infra) show that the 

intensity of the CO rr* resonance is linearly de- 
pendent on surface CO coverage. The experimen- 

tal arrangement precluded measurement of ab- 
solute dosing pressures when the sample was in 
the FYNES position. Therefore absolute sticking 
coefficients could not be determined. Control ex- 
periments were performed to ensure that the en- 
ergy position of the CO 7~* resonance was in- 
variant with coverage and temperature. FYNES 

spectra were recorded periodically to verify that 
the energy position of the r* resonance had not 
drifted due to instrumental instabilities. 

A typical transient FYNES desorption experi- 
ment involved dosing the Pt crystal with a satura- 
tion exposure of CO at low temperature (< 100 
K). The monochromator was then positioned to 
provide an incident photon energy of 288.9 eV, 
the energy of the CO 7r* resonance for chemi- 
sorbed CO on Pt(ll1). The temperature was then 
adjusted to the reaction temperature after the de- 

sired H, pressure was established. The fluores- 
cence yield intensity resulting from the CO +JT* 
resonance transition, i.e., the concentration of ad- 
sorbed CO, was measured as a function of time at 
constant temperature in the presence of flowing 
hydrogen and in vacuum. Special precautions were 

taken to ensure that the hydrogen was free of 
impurities [13]. 

CO uptake experiments were performed by 
positioning the monochromator at 288.9 eV and 
placing the clean Pt crystal in the reaction cham- 
ber. With the gate-valve open, the CO pressure 
was adjusted with the gas doser in the main cham- 
ber. The CO r* resonance was monitored as a 

function of time to record the adsorption of CO 
on the Pt(ll1) surface. 

3. Results and discussion 

Fig. 1 shows the uptake for CO on Pt(ll1) 
performed at several different temperatures. These 
uptake experiments were performed in order to 
verify that the CO 7r* resonance intensity is lin- 
early proportional to CO coverage. The initial 
slope for all of the curves is linear, indicating that 
the intensity of the 7~ * resonance is indeed lin- 
early proportional to CO coverage. Absolute stick- 

ing coefficient measurements could not be made 
because the experimental arrangement precluded 
absolute pressure measurements. The inset shows 
a typical FYNES spectrum for a saturation cover- 
age of CO on Pt(ll1) showing the CO 1~ * reso- 
nance at 288.9 eV. The two higher temperature 

uptake curves (233 and 313 K) show only a weak 
dependence of S, on T, as has been observed 
previously [18], and lower saturation values than 
for 153 K. 

Fig. 2 shows a typical isothermal transient ex- 
periment for both vacuum and 0.2 Torr hydrogen 
performed at 338 K. First the Pt(ll1) surface was 
given a saturation exposure to CO at 100 K, and 
the intensity of the CO rr* resonance was moni- 
tored for about 100 s to calibrate the signal at 
saturation coverage. At this point the hydrogen 
flow was initiated while the crystal was at 100 K. 
In agreement with previous work [15], fig. 2 shows 
that no CO displacement occurs at this tempera- 
ture and H, pressure. After the hydrogen pressure 
was stabilized, the temperature was ramped to the 
desired reaction temperature. Reaction tempera- 
ture was reached in about 40 to 60 s and this point 
defines the zero of the time axis. Once the signal 
had decayed to a constant value, the temperature 
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Fig. 1. Uptake of CO on Pt(ll1) measured at three different temperatures. The inset shows a typical FYNES spectrum of a saturation 

coverage of CO on Pt(ll1) taken at normal incidence showing the CO T * resonance at 288.9 eV. 

of the crystal was flashed to 650 K in order to 
desorb any remaining CO so that a calibration 

point for zero coverage could be established. From 
our earlier work on this system [15], we know that 
removal of the compressed layer of CO (0.64 
down to 0.5 ML) occurs at very low temperatures 
(beginning at 130 K). Fig. 2 clearly shows that the 
desorption rate is higher in the presence of hydro- 
gen than in vacuum and that a much larger amount 
of CO is desorbed in the presence of hydrogen. In 
vacuum, at 338 K, the coverage decays to a con- 
stant value of 0.28 ML, while in the presence of 

0.2 Torr H,, the CO coverage decays to 0.03 ML. 
Fig. 3 shows a summary of our results for 

isothermal desorption of CO in hydrogen and in 
vacuum. The results for all temperatures show that 
the rate of desorption is greater in the presence of 
hydrogen than in vacuum and that the equilibrium 
coverage of CO is less in the presence of hydrogen 
than in vacuum at a given temperature. Fig. 3 also 
shows the fit of each curve to a single exponential 
function of the form e(t) = c + VT exp( - kt), the 

integrated rate expression for a first-order reac- 
tion. The value of c was fixed at 0.03 ML (the CO 
coverage remaining at infinite time measured from 
the experiments performed in the presence of hy- 
drogen) for all displacement experiments. The data 
for the hydrogen experiments is fit nicely by this 

integrated rate equation. The poor fit for the 
vacuum data to a single exponential decay is due 
to the fact that the activation energy for vacuum 
desorption of CO from Pt(ll1) is increasing as the 
CO coverage decreases [4]. The good fit in the 
presence of hydrogen indicates that there is little 
coverage dependence of the activation energy for 
CO desorption. 

Fig. 4 shows an Arrhenius plot for the rate 
constants for the isothermal displacement of CO 
by 0.2 Torr hydrogen determined from the ex- 
ponential fits shown in fig. 3. This plot gives an 
activation energy of 10.9 kcal/mol. This is in 
excellent agreement with the value of 10.6 
kcal/mol we obtained from TPFYNES experi- 
ments [15]. 
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Fig. 2. A typical isothermal transient experiment performed in vacuum and in 0.2 Torr hydrogen. The arrows show when the 

temperature ramp was initiated and when the reaction temperature was reached. 

Hydrogen-induced displacement of carbon 
monoxide from the Pt(ll1) surface is consistent 
with simple energetic arguments. The heat of de- 

sorption of CO is strongly dependent on the 
coverage for 8,o > 0.5 ML, causing Ed to de- 

crease from 26 kcal/mol at &., = 0.5 ML to less 
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Fig. 3. Transient isothermal kinetic experiments performed on Pt(lll) at 318, 328, 338 and 348 K. The left panel shows isothermal 

CO desorption measurements in vacuum. The right panel shows isothermal desorption (displacement) of CO in the presence of 0.2 
Torr hydrogen. The dotted lines in both panels are single exponential fits of the form 8(t) = c + Y, exp( - kt). 
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Fig. 4. An Arrhenius plot for the rate constants determined from the exponential fits shown in fig. 2 for PHZ = 0.2 Torr. The slope 

gives an activation energy of 10.9 kcal/mol. 

than 10 kcal/mol at saturation [4]. Hydrogen will 
displace more weakly bound CO under conditions 
where repulsive interactions in the adsorbed layer 
(CO(a)-CO(a), CO(a)-H(a)) reduce the desorp- 
tion energy for CO to a value smaller than the 
heat of adsorption for hydrogen. Based on the 
predominance of nearest neighbor interactions, 
and using the 6-8 kcal/mol value for the CO-H 
repulsion energy estimated by Bernasek et al. [lo], 
the lowering of the activation energy for desorp- 

tion (displacement) from 26 to 11 kcal/mol sug- 
gests that two to three hydrogen atoms are in- 
volved in the displacement of each CO molecule. 
We propose that under isothermal conditions, hy- 
drogen overpressures are inducing formation of 
CO islands with local coverages near the satura- 
tion value of 0.64 ML because of repulsive inter- 
actions in the coadsorbed overlayer. Thus as dis- 
placement proceeds, the coverage of hydrogen in- 
creases to maintain the densely packed CO islands 
which contain CO molecules with a heat of ad- 
sorption of about 11 kcal/mol. In the absence of 
hydrogen, desorption of a small amount of CO 
increases the heat of adsorption of the remaining 
CO molecules, causing a decrease in the desorp- 
tian rate. 

Selected experiments were also performed with 
0.02 Torr hydrogen flowing through the reaction 
chamber. These experiments give similar results 
since this lower pressure is still sufficient to gener- 
ate high enough surface hydrogen coverages to 
induce the formation of islands of CO having high 
local coverage. 

4. Conelusions 

Chemisorbed CO can be removed in the pres- 
ence of hydrogen in the range of 2 x lop2 to 

2 X 10-t Torr at temperatures that remove only a 
small fraction of adsorbed CO in the absence of 
hydrogen. In situ isothermal displacement experi- 
ments indicate that CO displacement is a first- 
order process with an activation energy of 10.9 
kcal/mol in the presence of hydrogen pressures 
above 0.2 Torr in the temperature range 318 to 
348 K. In the absence of hydrogen, isothermal 
desorption is not well-described by a simple first- 
order process, reflecting the increase of desorption 
activation energy with decreasing coverage. Sub- 
stantial repulsive interactions occur between 
coadsorbed CO and hydrogen which induce for- 
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mation of CO islands with local coverages near 
the saturation value of 0.64 ML. Extensive CO 
desorption occurs at low temperatures characteris- 
tic of E,, = 11 since the coverage of hydrogen 
increases as displacement proceeds to maintain 
the densely packed CO islands which contain CO 
molecules with a heat of adsorption of about 11 
kcal/mol. These experiments emphasize the im- 
portance of understanding the chemistry of coad- 
sorbed overlayers in the presence of reactive atmo- 
spheres in order to develop a realistic model of 
high-pressure catalytic reactions. 
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