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The adsorption and desorption of the system CO/Pt(111) and C6H6/Pt(111) at 300 K has been investigated
with a pulsed molecular beam method in combination with a microcalorimeter. For benzene the sticking
probability has been measured in dependence of the coverage θ. For coverages θN0.8 transient adsorption is
observed. From an analysis of the time-dependence of the molecular beam pulses the rate constant for
desorption is determined to be 5.6 s−1. With a precursor-mediated kinetic adsorption model this allows to
obtain also the hopping rate constant of 95.5 s−1. The measured adsorption enthalpies could be best
described by (199−77θ−51θ2) kJ/mol, in good agreement with the literature values. For CO on Pt(111) also
transient adsorption has been observed for θN0.95 at 300 K. The kinetic analysis yields rate constants for
desorption and hopping of 20 s−1 and 51 s−1, respectively. The heats of adsorption show a linear dependence
on coverage (131−38θ) kJ/mol between 0≤θ≤0.3, which is consistent with the desorption data from the
literature. For higher coverage (up to θ=0.9ML) a slope of −63 kJ/mol describes the decrease of the
differential heat of adsorption best. This result is only compatible with desorption experiments, if the pre-
exponential factor decreases strongly at higher coverage. We found good agreement with recent quantum
chemical calculations made for (θ=0.5ML).
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1. Introduction

Modification of surfaces and interfaces, and therewith the control
of their physico-chemical properties is of fundamental interest for
various disciplines. This endeavor might be more fruitful, if simple
systems like single crystal surfaces are understood at first. For
example regarding the Haber–Bosch process, the rate limiting step
in the heterogeneously catalyzed chemical reaction to ammonia is the
adsorption of nitrogen on Fe(100) [1,2]. Therefore, the experimentally
determined heat of adsorption is an informative value when
comparing different catalyst surfaces, and a key property to discuss
the microscopic processes involved in heterogenous catalysis [2–4].

Differentmethods have been developed tomeasure the adsorption
enthalpy. In the past decades often temperature-programmed
techniques have been deployed, giving rise to a desorption of the
adsorbate, which itself is followed by mass spectrometry [2,5–9].
Subsequently modeling the desorption kinetics facilitates extracting
the activation energy of the desorption process. In the case of a
vanishing energy barrier the heat of adsorption can be calculated from
this experimental data as well. Wherever the adsorbate cannot be
desorbed intact upon heating, or where the desorption models and
their involved presumptions are undesired, a direct method for the
measurement of adsorption enthalpies is necessary [3,4,10,11]. Early
attempts of determining adsorption heats on single crystals directly
with calorimetry were made by Kyser and Masel [12] and Kovar et al.
[13]. However, the first single crystal adsorption calorimeter (SCAC)
giving data for various systems was pioneered by King et al. [3]. In
their setup a pulsed molecular beam was used in combination with a
mercury–cadmium–telluride detector to measure adsorption enthal-
pies of gaseous compounds on various single crystal surfaces [3]. C. T.
Campbell and coworkers improved the sensitivity of the SCAC by
using a pyroelectric polyvinylidene fluoride (PVDF) foil in mechanical
contact with a thin substrate to study adsorption of low vapor
pressure molecules [4,10,11,14]. We also developed an adsorption
microcalorimeter combined with a pulsed molecular beam source,
which allows one to study the adsorption thermodynamics and
desorption kinetics of both high and low vapor pressure molecules.
Within this article results are presented for CO and benzene on Pt
(111). The Pt(111) surface was chosen because recent calorimetric
data are already available for benzene adsorption, which enables us to
validate the functioning of our setup [10]. For the adsorption of CO on
Pt(111) only an older set of calorimetric data exists, which shows
some discrepancies to thermal desorption experiments and recent
quantum chemical calculations [15,16]. Therefore, we have reinves-
tigated the adsorption enthaplies for CO on Pt(111) with an
independent setup in order to contribute new calorimetric results to
the discussion.
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mailto:schiesser@cluster.pc.chemie.tu-darmstadt.de
http://dx.doi.org/10.1016/j.susc.2010.09.001
http://www.sciencedirect.com/science/journal/00396028


2099A. Schießer et al. / Surface Science 604 (2010) 2098–2105
2. Experimental

The experiments were performed in two stainless steel ultrahigh
vacuum (UHV) chambers, separated by a gate valve and with base
pressures b5⋅10−10mbar. The sample preparation chamber was
equipped with a turbo molecular pump (pumping speed 170 Ls−1), an
Argon sputter gun, a radiative heater (250 W-filament) and a low
energy electron diffraction optics (MiniLEED from OCI). The SCAC
chamber with a volume of about 15 L is pumped by a turbo molecular
pump (pumping speed 450 Ls−1) and is equippedwith the calorimeter,
a pulsed molecular beam source and a quadrupole mass spectrometer
(QMS 112 from Balzers), that is placed neither in the line of sight of the
source nor of the sample.
Fig. 1. The fraction of the molecular beam intercepted by the sample f as a function of
nozzle-to-sample distance L. The squares represent the data obtained for benzene
(using an initial sticking probability of 0.96±0.01 [18]) and the circles for CO (using an
initial sticking probability of s0=0.84±0.01 (see 3.2.1).
2.1. Sample preparation

A2 μmthickPt(111) single crystal (Mateck)was sandwichedbetween
two 100 μm Ta sheets (12×12 mm), each had a 7 mm diam. hole in the
center. After spot welding them, the obtained sandwichwasmounted on
a sample holder, containing an 8 mm diam. hole, in order to provide
access to the back side of the sample. Then the sample was cleaned by Ar
sputtering (750 V, 5 μA/cm2) and annealing in 5⋅10−7mbar O2 at 850 K
by radiative heating with the tungsten filament located 4 mm from the
back side of the Pt(111). The temperature of the sample during
annealing was measured using an infrared sensor. Sputtering and
annealing cycles followed by flash annealing to 1000 K were repeated
until the single crystal revealed good LEED patterns. X-ray Photoelec-
tron Spectroscopy (XPS) was used to confirm cleanness of the sample
and impurities were below its detection limit. The cleaned sample was
transferred from the preparation chamber into the SCAC chamber to
reach room temperature.
Fig. 2. Schematic setup of the SCAC experiment: To start a calorimetric measurement
the teflon carrier is moved towards the sample holder until mechanical contact is
obtained. Then the combined sample holder/teflon carrier setup is driven close to the
orifice disk.
2.2. Molecular beam source

The piezoelectric pulsedmolecular beam source [17], which permits
us to investigate both low and high vapor pressure molecules, is the
main difference compared to the SCAC setup deployed in Campbell's
group [18], and is described briefly here. A piezoelectric disk translator,
driven by a high voltage pulse, opens a nozzle which allows the
molecules of the vapor phase to escape from the gas reservoir, thereby
forming a pulsed molecular beam, which enters the sample in the SCAC
chamber. From the pressure decrease in the gas reservoir after several
pulses one can easily calculate the number of molecules per pulse by
applying the ideal gas law. In the present experiments the reservoir
contains about1 mbarof either anhydrousbenzene (99.8%purity) or CO
(99.97% purity). The anhydrous benzene was used without any
additional cleaning step, due to the low solubility of atmospheric
gases in benzene [19]. The beam source was operated with pulses of
50 msduration and a repetition rate of 0.5 Hz. The pressure peaks of the
molecular beam pulses were typically 3⋅10−8mbar.

The fraction of the molecular beam intercepted by the sample as
a function of the distance between the nozzle of the gas doser and
the sample is displayed in Fig. 1. By using the initial sticking
probability s0=0.96±0.01 of benzene on Pt(111) reported in the
literature [18], the fraction f of benzene was determined. We decided
to perform our experiments at a working distance of L=8 mm,
corresponding to a fraction of f=0.31±0.01, in order to avoid
gradients across the sample, which might adulterate the measure-
ment of the heat of adsorption. The variation of the intercepting
fraction versus nozzle-to-sample distance for CO is similar to the data
of benzene, when using the initial sticking probability of s0=0.84±
0.01 (see Section 3.2.1). Therefore we conclude that the beam profile
of the gas doser is not influenced by the mass of the molecules in a
significant way.
2.3. Measurement of heats of adsorption

In Fig. 2 a schematic setup of the SCAC is presented.
The calorimeter design follows that of Campbell's group [14]. To be

more specific, it consists of a 9 μm thick pyroelectric polymer ribbon
(β-polyvinylidene difluoride, PVDF) (6 mm×25 mm) with gold
electrodes on both sides for electric contact. This ribbon is clamped
(together with a 25 μm Kapton foil to provide a better mechanical
stiffness) between copper blocks to build an arc. The PVDF/Kapton arc
is gently pressed to the back side of the cleaned Pt(111) to guarantee
thermal contact.

At a distance of 6 mm from the source a gold plated orifice disk
(2 mm thick) and a gold flag, which covers the orifice (7 mm diam.
hole) are mounted. Together with the calorimeter the sample was
driven in contact with the orifice (flag closed) and the pulsed
molecular beam source was switched on.

All molecules coming from the source were scattered by the flag or
the orifice disk, and thus could not reach the Pt(111). After a few
pulses the flag was opened and the molecules could impinge onto the
Pt(111) surface. The orifice disk provided that only molecules heading
for the Pt(111) were able to pass — undesired adsorption on other
parts was avoided.

The adsorption of molecules caused an increase of the temperature
of the Pt(111) surface and also of the pyroelectric PVDF foil. The
pyroelectric current was amplified with a current-to-voltage convert-
er by a factor of 1011 V/A. After the adsorption process was finished,
the gold flag was closed again to prove the stability of the molecular

image of Fig.�2
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beam source. During each SCAC experiment the pyroelectric signal,
the signal from the pressure decrease in the reservoir of the pulsed
molecular beam source, as well as the signal of the quadrupole mass
spectrometer (QMS)were collected synchronously with two USB6008
(from National Instruments) data acquisition units.

Before and after such a calorimetric measurement, calibration of
the microcalorimeter was carried out with laser pulses striking the
front side of the single crystal surface through a view port. Generation
of the laser pulses (50 ms length) of known energy was achieved with
a diode laser (645 nm), a tailor made laser shutter [20] and a NIST
certified photo diode. Furthermore, for the calculation of the absorbed
laser energy, the reflectivity of the Pt(111) foil and losses due to
absorption of the view port had to be taken into account. The
reflectivity of 0.74±0.01 at 645 nm was determined, using a NIST
certified photodiode with a large surface area to collect all reflected
light.

Measuring the current directly with a current-to-voltage converter
has the advantage that the electric capacity of the detector does not
influence the pyroelectric signal. The pyroelectric current is known to
be proportional to the variation of temperature with time and thus the
integrated pyroelectric signal represents the actual temperature (or
the pyroelectric generated electric charge) with respect to the initial
temperature of the PVDF foil. In Fig. 3 the pyroelectric current (a) and
the integrated signal (b) are displayed for three situations: a laser
pulse strikes the Pt(111) sample, only adsorption of CO occurs and
desorption of CO occurs after adsorption took place. All three curves
exhibit a nearly indistinguishable behavior for the first 50 ms after the
corresponding pulse was applied, but then the desorption process
leads to a significant mismatch. Therefore we evaluate the peak of the
pyroelectric current, in order to get the information about the heat
released during adsorption, without taking the slower desorption
process into account.
Fig. 3. a.) Averaged and normalized (to their peak) pyroelectric currents obtained with
a 50 ms laser pulse (thick gray line), adsorption without desorption (thin black line),
and adsorption with desorption taking place between the molecular pulses (dotted
line). b.) Signals obtained by integration of the pyroelectric current, which correspond
to the electric charge or the temperature respectively.
The pyroelectric peak current was proved being proportional to
the absorbed laser energy between 0 and 50 μJ. The calorimeter
constant of the presented experiments was 115±15 nj/pA, depend-
ing on the quality of the contact and age of the pyroelectric ribbon.
The pulse-to-pulse standard deviation of the measured heats of
adsorption is about 10–15 nJ, similar to the accuracy reported recently
in the literature, although our single crystal was twice as thick [4]. It
might be worth mentioning, that we observed negative interfering
signals when the PVDF foil was not supported by a Kapton foil. We
suspect the change in the surface stress caused by adsorbing
molecules, which is registered by the piezoelectricity of the PVDF
foil, but is damped by the use of the Kapton foil.

3. Results and discussion

3.1. Benzene

3.1.1. Net sticking probability
Typical QMS data collected during an SCAC experiment for

benzene on Pt(111) are shown in Fig. 4a. After the gold flag was
opened, the QMS peaks were diminished due to the adsorption of
benzene. Following a period of constant adsorption, the QMS peaks
increased and start to saturate. According to the method originally
developed by King and Wells [21] the net sticking probability is
calculated from the total area ∫pidt under the QMS signal for each
pulse i

si;net =
1
f

1−
∫pidt
∫p0dt

0
@

1
A; ð1Þ

wherein ∫p0dt corresponds to the area under the peak of the QMS
signal for pulses with the flag closed. The normalized areas under the
QMS signal are shown in Fig. 4b. From this it becomes clear that the
net adsorption terminates about 25–30 pulses after opening the flag.
The fraction of impinging molecules intercepted by the crystal surface
f was determined to be 0.31±0.01, as described before.

Defining a monolayer as the saturation coverage at 300 K, a
monolayer is reached as soon as the net sticking probability attains
zero. Considering the number of molecules per pulse (determined
from the pressure decrease in the reservoir of the pulsed molecular
Fig. 4. a.) Normalized QMS signal (78 amu) for the adsorption of benzene on Pt(111) at
300 K. After eight pulses (each containing 1.8 ⋅1013 benzene molecules) the flag was
opened, after 37 pulses the flag was closed again. b.) The circles refer to the normalized
area under the QMS signal for each pulse.

image of Fig.�3
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beam source) permits one to obtain Ni,net
ads , i.e. the net number of

adsorbed molecules per pulse

Nads
i;net = Npulse⋅f ⋅si;net : ð2Þ

Summation of overall pulses reveals that for a monolayer 8.4 ⋅1013
molecules are adsorbed on the Pt(111) surface on an area of 0.38 cm2

at 300 K. This is in good accordance with the literature value of a
monolayer 2.3⋅1014/cm2 [10]. Thus the total coverage after each
pulse i is given by

θi =
∑
i

i=1
Nads
i;net

∑
i=∞

i=1
Nads
i;net

=
∑
i

i=1
si;net

∑
i=∞

i=1
si;net

: ð3Þ

The coverage dependence of the net sticking probability is
displayed in Fig. 5.

The coverage dependence of the sticking probability on flat metal
surfaces is often described by a precursor-mediated behavior. Kisliuk
[22] introduced amodel in which he considered that amolecule either
strikes an occupied site, where it might desorb with a certain
probability or it hops to a neighboring site. If this new site is empty,
the molecule can either chemisorb or desorb. The sticking probability
s is expressed in dependence of the coverage θ and the initial sticking
probability so.

s =
so

1 + K θ
1−θ

� � ; with K =
kd

kd + kh
: ð4Þ

The Kisliuk parameter K contains the desorption and hopping rate,
kd and kh respectively. Therefore the parameter describes the degree
of mobility of the precursor state: small positive values of K
correspond to a highly mobile precursor, whereas K→1 describes
an immobile precursor and hence a simple Langmuir kinetics. It
should be mentioned, that this model neglects adsorbate interactions
other than site blocking and ad-layer ordering.

Using Eq. (4) to fit the coverage dependence of the net sticking
probability, as shown in Fig. 5, an initial sticking probability of
so=0.96±0.01 and a Kisliuk parameter of K=0.06±0.01 is found
which is in reasonable agreement with the value of 0.035 reported by
Campbell et al. [10].
Fig. 5. Coverage dependence of the apparent (□) and net sticking (■) probability for
benzene on clean Pt(111) at T=300 K obtained from Fig. 4. A model for precursor-
mediated adsorption is fitted to the data using the Kisliuk Eq. (4) (solid curve). One
monolayer (ML) corresponds to 2.3 ⋅1014molecules/cm2.
3.1.2. Desorption kinetics at θN0.8
With pulsed experiments desorption between the pulses could be

observed from a comparison of the peak maxima with respect to the
area under the QMS signals. While the area under the QMS signal for
each pulse includes the non sticking molecules plus the molecules
eventually desorbed between the pulses, the height pi,max of the QMS
signals only contains the molecules that never stuck on the single
crystal surface. In order to take also the transiently adsorbed
molecules into account, a so-called apparent sticking probability is
introduced, which is given in analogy to Eq. (1) for each pulse by

si;app =
1
f

1−
pi;max

p0;max

 !
; ð5Þ

but now the peak heights have to be used for the calculation of si, app.
We took the QMS peak heights which were reached within about
50 ms after the beginning of the gas pulse, because after this time no
more new molecules enter the chamber. As the QMS signal is the
result of a square like pulse from the gas doser folded with an
exponential function arising from the pumping speed, integration up
to the pulse-on-time would lead to the same result. Therefore the
apparent sticking probability we are using is an equivalent expression
to the “short-time sticking probability” used by Lytken et al. [23].

With the number of apparently adsorbed molecules per pulse
Ni, app
ads the apparent coverage could be determined in the same way as

the net coverage was calculated. Since the apparent sticking
probability takes also the transiently adsorbed molecules into
account, the apparent coverage just appears to be greater than
unity, because desorption between the pulses is not considered. The
apparent sticking probability is displayed as a function of their
coverage in Fig. 5. It is obvious that the net and the apparent sticking
probability show the same behavior for a coverage between
θ=0 and 0.8, but then the net sticking probability tends to zero,
while the apparent sticking probability remains finite and tends
towards a constant value, i.e. at θN0.8 a part of the benzene molecules
is transiently adsorbed and become desorbed in the period of 2 s
between the gas pulses.

In order to learn more about this desorption process a simple
kinetic model of consecutive elementary steps is used. Let us consider
that a molecular gas pulse was applied and that the number of
intermediately, transiently adsorbed molecules Aads is given by Nads

(0). These molecules leave the surface with a desorption rate constant
kd=1/τd, i.e. the transiently adsorbed molecules can be found in the
gas phase after they persisted on the surface with a residence time of
τd. The desorbed molecules Ag stay for a certain time τp in the gas
phase before they exit the vacuum chamber through the turbo
molecular pump. Therefore τp is inverse to the pumping rate constant
kp=1/τp.

The kinetic model with the consecutive reaction steps is therefore
described by

Aads →
kd Ag →

kp
Apump: ð6Þ

Furthermore, one has to take into account, that there are still
molecules in the gas phase which never stuck to the surface. The
number of these molecules amounts to Ng(0). Hence the total number
of molecules in the gas phase Ng, which is measured directly with the
QMS, is given by

Ng tð Þ = Ng 0ð Þ + kd
kp−kd

Nads 0ð Þ
� �

⋅e−t =τp + kd
kp−kd

Nads 0ð Þ⋅e−t =τd : ð7Þ
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Fig. 7. Pyroelectric signals for the adsorption of benzene on Pt(111) recorded together
with the QMS data depicted in Fig. 4.
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If the flag is closed, neither permanent nor transient adsorption
takes place, thus Eq. (7) reduces to

N′g tð Þ = Ng 0ð Þ′⋅e−t =τp : ð8Þ

Fitting this function to the tail of a QMS signal with the gold flag
closed yields τp=36ms, or kp=28s−1 respectively.

In Fig. 6 two QMS signals are displayed, a QMS peak resulting from
a molecular gas pulse with closed flag (dashed line) and another QMS
peak at a net coverage of θ≈1 (solid line). Obviously the peak with
the closed flag is higher in magnitude but declines faster than the one
with the open flag, because no transient adsorption followed by
desorption takes place. However, the area (from 0 to 2 s) under both
peaks is equal as can be seen from Fig. 4. In order to illustrate the
different behavior of the two QMS signals the difference between
them is shown in the inset of Fig. 6. The desorption rate constant is
obtained by adjustingNg(t)−N′g(t) with the help of Eqs. (7) and (8) to
themeasured data (dashed line in Fig. 6), revealing a residence time of
τd=180±20ms, i.e. kd=5.6s−1 at saturation coverage.

Now with the just obtained value for kd and K=0.055 and using
Eq. (4) we are able to evaluate the hopping rate constant kh=95.5 s−1.
Beside kh the Gibbs energy of activation for the desorption process
Δ‡G=ln(kd/υ)RT may be estimated from the obtained kd and a pre-
exponential factor using the transition state theory of υ=kT/h=
6.25⋅1012s−1, yielding a value of 67 kJ/mol. This value is slightly
smaller than the observed desorption energy of 70–69 kJ/mol by Ihm
et al. [10].

3.1.3. Microcalorimetry
Typical pyroelectric data collected during an SCAC experiment for

benzene on Pt(111) are shown in Fig. 7. The peak heights of the
pyroelectric current are proportional to the heat released during
adsorption. They are decreasing nearly in a linear way for the first 13
benzene pulses even if a constant sticking probability was observed.
Then the pyroelectric signals decrease faster before they reach a
constant value. The differential molar heats of adsorption qcal, i are
calculated by dividing the heat released during the adsorption process
by the mole number of apparently adsorbed molecules Ni, app

ads . The
apparent number of adsorbed moles is used, because the height of
the detected heat signals is only due to benzene adsorption. However,
the differential molar heats for each pulse qcal, i have to be assigned
to the coverage θi arising from the net sticking probability.

In a last step the increased kinetic energy of the benzene molecules
in the thermal molecular beam has to be considered. Thus the observed
Fig. 6. Transient adsorption behavior at θ≈1. Averaged QMS peaks with closed flag
(dashed line) and open flag at θ≈1 (solid line). The difference (grey line) between
these two QMS peaks is shown in the inset. The dotted line is the fit taking Eqs. (7) and
(8) into account.
heats qcal, i have to be corrected in order to obtain the differential molar
adsorption enthalpies

qads;i = ΔHads;i = − qcal;i +
1
2
RT

� �
: ð9Þ

Those are shown in Fig. 8 (filled squares) together with the
integral heats of adsorption

ΔHads;integ =
∑i

1ΔHads;i⋅Δθi
∑i

1Δθi
: ð10Þ

which are displayed as a thin solid line.
The measured coverage dependent differential heat of adsorption

decreases from 200 kJ/mol (θ=0) to 72 kJ/mol (θ≈1). The coverage
dependence could be described best by (199−77θ−51θ2) kJ/mol.
The data are in nearly perfect agreement with the measurements of
Ihm et al. [10] despite the slightly lower values for a coverage ranging
between θ=0.3 and θ=0.6. The relative error is estimated to be 5 kJ/
mol and the absolute error is about 4% due to the uncertainty in
optical reflectivity of the sample and 2.5% due to the error in the
determination of Npulse. We stress out that the adsorption enthalpy is
independent from the fraction f (and its error).

3.2. CO

3.2.1. Sticking probability
Typical data collected during an SCAC experiment for CO on Pt

(111) are shown in Fig. 9. After opening the flag the QMS peaks were
Fig. 8. Average of three measurements (○) of the differential molar adsorption
enthalpies compared with the data of Campbell (■); solid line: integrated molar
adsorption enthalpies. The grey solid line is a quadratic fit to our data.
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Fig. 9. a.)Normalized QMS signals (28 amu) for the adsorption of CO on Pt(111) at
300 K. After seven pulses (each contains 4 ⋅1013 CO molecules) the flag was opened,
after 68 pulses the flag was closed again. b.)The circles refer to the normalized area
under the QMS signal for each pulse.
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steadily recovering but did not reach the original peak height with the
flag closed again.

In analogy to benzene the net sticking probability was calculated
with Eq. (1) using the same fraction of f=0.31. The coverage was
determined with Eq. (3) yielding a saturation coverage of (7.5±0.1)⋅
1014molecules/cm2 at 300 K, a value that is within the experimental
error in agreement with the literature [7,8,24]. In our definition this
equals amonolayer. It should be noted that in the literature amonolayer
is often defined as one adsorbate molecule per substrate atom. Within
this definition a monolayer corresponds to 1.505⋅1015molecules/cm2

[7],which is almost exactly twice thenumber of adsorbedmolecules per
cm2 at the saturation coverage at300 K. The coverage dependence of the
net sticking probabilities is plotted in Fig. 10. Applying again the Kisluik
model to the CO data an initial sticking probability of s0=0.84±0.01
and K=0.28±0.01 has been found. Both values agree very well with
those reported in the literature for 300 K, with s0 ranging from 0.80 to
0.85 [3,5,8,25] and K ranging from 0.26 [24] to 0.30 [8].

The apparent sticking probability and the associated apparent
coverage for 300 K are also plotted in Fig. 10. It is obvious that the net
and the apparent sticking probability demonstrate the same behavior
for a coverage ranging from θ=0 to 0.95, but then the net sticking
probability drifts to zero, while the apparent sticking probability
remains finite and tends towards a constant value. This observation at
Fig. 10. Coverage dependence of the apparent (□) and net sticking (■) probability
measured for CO on clean Pt(111) at T=300 K from Fig. 9. Best fit to the net sticking
probabilities using the Kisliuk Eq. (4) (solid curve).
θN0.95 can be ascribed to CO molecules transiently adsorbed and
which desorb in the period of 2 s between the gas pulses.

3.2.2. Microcalorimetry
Typical pyroelectric data collected during an SCAC experiment for

CO on Pt(111) are shown in Fig. 11. The peak heights, respectively the
released heat, are decreasing in a nearly linear way for the first 25 CO
pulses, then the pyroelectric signals decrease more slowly until a
steady state is reached.

In analogy to benzene the differential molar adsorption heats qcal
have been calculated from the heat released during each pulse and the
mole number of adsorbed molecules. The differential and integrated
molar adsorption enthalpies are shown in Fig. 12. The relative and
absolute error is the same as for benzene on Pt(111).

Furthermore the differential adsorption enthalpy can be roughly
described by a linear decay from initially 131 kJ/mol to 80 kJ/mol at
θ=0.9, then followed by a rapid decrease to 45 kJ/mol at the
saturation coverage (θ≈1).

For the initial heat of adsorption values of typically 124 kJ/mol to
146 kJ/mol were derived from desorption experiments as reported in
the literature [6–9,26,27], which are in reasonable agreementwith the
calorimetric data indicating the absence of an additional energy
barrier for desorption. From another SCAC experiment the value
found by Brown et al. [3] is somewhat higher (187±11 kJ/mol) [3].

At 300 K for low coverage almost all CO molecules occupy on-top
sites of the Pt(111) surface. For a coverage of θ=0.5 still about 80% of
the CO was found on-top and only 20% is bridged-bonded [26].
Consequently when comparing our values to the quantum chemical
calculation done at θ=0.5 the theoretically determined values for the
on-top adsorption enthalpies (and also bridged, if they are available)
have to be considered. In this comparison the measured differential
heats of adsorption have to be integrated from zero up to 0.5 ML first.
Our SCAC result and values from the theory are shown in Table 1.

A clear trend in the improvement of the theoretical calculations
over the last few years becomes evident. The older calculations were
performed with the Perdew–Wang-91-functional (PW91) (or the
even older P86 and P88 respectively), whereas the newer investiga-
tions deployed the revised Perdew–Burke–Ernzerhof functionals
(RPBE) [31]. The most recent quantum chemical calculation of
Abild-Pedersen and Andersson [16] is in nearly perfect agreement
with the experimental value even if the calculation refers to a
temperature of 0 K.

Besides the initial or the adsorption enthalpy at a certain coverage
the dependence of the adsorption enthalpies on coverage is more
relevant. A linear decrease with a slope of −38(±3)kJ/mol/ML (for
0bθb0.3)of thedifferential heats of adsorption canbefitted toour SCAC
data. This value is within the experimental errors in good agreement
with the ones obtainedbydifferent desorption experiments as shown in
Fig. 11. Pyroelectric signals for CO adsorption on Pt(111), recorded together with the
QMS data, depicted in Fig. 9.
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Fig. 12. Coverage dependent adsorption enthalpies for CO on Pt(111) at 300 K: average
of four measurements for the differential heat of adsorption (○), the integral heat of
adsorption (black solid line).

Table 1
Comparison of theoretical and the experimentally measured integral heats of
adsorption at θ=0.5.

ΔHads DFT method Ref.

180 kJ/mol PW91 Lynch et al. [28]
153 kJ/mol B88+P86 Zhang et al. [29]
150 kJ/mol LDA+PW91 Bleakley et al. [30]
129 kJ/mol RPBE Gajdoš et al. [15]
117 kJ/mol RPBE Abild-Pedersen et al. [16]
117 kJ/mol Experimental This work
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Table 2. The slopes obtained from desorption experiments using a
kinetic first order models with a fixed pre-exponential factor υ are
denoted with a star. These values are in less congruence with the SCAC
data at high coverage, as our slope of the differential adsorption
enthalpy becomes steeper with increasing coverage.

Because isotherms obtained by Kelemen et al. [6] suggested that the
order of the desorption process decreased at coverages higher than
θ=0.45 and became even negative near θ=1, they questioned the use
of a first order process with a constant pre-exponential factor. In fact
Taylor andWeinberg [33] pointed out that the so-called order plot [32]
they were using did not consider that the pre-exponential factor might
be a function of coverage. In otherwords, at higher coverage it is not the
order of the desorption process that is changing, but rather the pre-
exponential factor υ. Indeed their adsorption enthalpies are in good
agreement within the range between θ=0 and 0.45 but differ at
higher coverage due to the fixed pre-exponential factor. Moreover
Seebauer et al. [5] were able to extract the coverage dependence of υ(θ)
from their data, starting at 1014.4±0.5 s−1 and dropping down to about
107.5 s−1 at the saturation coverage. They did not use a desorption
Table 2
Comparison of the coverage dependent differential adsorption enthalpies with desorption

ΔHads(θ=0) Slope [kJ/mol] Range of θ

133 kJ/mol −29(±10) 0–0.26
133 kJ/mol −39(±8) 0–0.3
135 kJ/mol −48(±6) 0–0.45
137 kJ/mol −36(±8) 0–0.54
135 kJ/mol −35(±5) 0–0.4
141 kJ/mol −65(±5) 0–0.9
138 kJ/mol −32(±9) 0–0.6
137 kJ/mol −27 0–0.9
124 kJ/mol −27 0–0.9
131 kJ/mol −38(±3) 0–0.3
132 kJ/mol −52(±2) 0–0.45
138 kJ/mol −63(±2) 0–0.9

★First order kinetics with a constant pre-exponential factor jυ=4⋅1015s−1 iυ=1 ⋅1015s−1

equation and fFalconer and Madix [32].
model but applied the Clausius–Clapeyron equation to their laser
induced desorption measurement. Their coverage dependence of the
differential heat of adsorption exhibits a slope of−67±6 kJ/mol in the
range of θ=0–0.9 which is comparable to our SCAC data.

We extracted a pre-exponential factor from the desorption
behavior of CO on Pt(111) at the saturation coverage with the help
of our kinetic model Eqs. (7) and (8) in analogy to benzene. The
obtained residence time τd for transiently trapped CO molecules was
50±20 ms, i.e. kd=20 s, and allows us to determine the hopping rate
constant kh=51 s−1 with Eq. (4). Furthermore assuming the non-
existence of an additional activation barrier the desorption energy is
obtained from Ed+RT /2=ΔHads=45 kJ/mol and applying the Arrhe-
nius equation a pre-exponential factor of υ=2 ⋅109 s−1 can be
determined. Moreover this value points to a constrained transition
state and is much smaller than the pre-exponential factors used for
the evaluation of the TDS spectra.
4. Conclusion

We investigated the adsorption and desorption behavior of
benzene and CO on Pt(111) using a new pulsed molecular beam
source capable to dose both high and low vapor pressure molecules,
and a modified detection mode of the pyroelectric microcalorimeter.
With this setup we find good congruence with the coverage
dependency of the sticking probability and adsorption enthalpies
published by Campbell's group for the adsorption of benzene on Pt
(111). Additionally the desorption energies of the transiently
adsorbed benzene on Pt(111) obtained with our kinetic model at
saturation coverage are in good agreement with their published data.

Reinvestigation of the system CO/Pt(111) confirmed an initial
sticking probability of 0.84 and the precursor-mediated behavior
which can be described by the Kisliuk model.

Further the initial adsorption enthalpy and its coverage depen-
dency up to θ=0.3 agree well with the result of desorption
experiments. For higher coverage the only agreement found is with
the desorption data, where no fixed pre-exponential factor was used.
Therefore the deviations between our SCAC data and the analysis of
the TDS spectra seem to be mainly due to the coverage dependence of
the pre-exponential factor. In addition our desorption analysis of
transiently adsorbed CO at saturation coverage seem to confirm a
constrained transition state. Recent quantum chemical calculations
are in perfect agreement with our SCAC data.

Limitations of the experimental setup can be found, where the
vapor pressure of themolecules is too low (b0.1mbar at 300 K), or the
sticking probability is very small. The first difficulty can be overcome
by modification of the gas doser to work at elevated temperatures.
The second problem can be solved by carrying out SCAC experiments
at lower temperatures like already performed by Lytken et al. [4].
experiments.

Method of determination Ref.

He scattering★,a Poelsema et al. [27]
TDS★,f Kelemen et al. [6]
TDS★,f Kelemen et al. [6]
TDS★,r,j Campbell et al. [8]
Laser induced thermal desorptionr,c Seebauer et al. [5]
Laser induced thermal desorptionr,c Seebauer et al. [5]
Time-resolved isothermal desorption★,w Kinne et al. [26]
TDS★,r,i Ertl et al. [7]
TDS★,r,i McCabe and Schmidt [9]
SCAC This work
SCAC This work
SCAC This work

wWigner-Polanyi-equation aArrhenius plot rRedhead analysis cClausius-Clapeyron
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Beyond that, measuring at lower temperature would additionally give
an access to the adsorption entropy.
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