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oxide surfaces. The last section of this chapter is
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The heat of adsorption of molecules at surfaces is a key
thermodynamic parameter for the understanding of ad-
sorption and reaction at surfaces and, consequently, also
for heterogeneous catalysis. It is also a key parameter in

30.1 Methods for Calorimetry

The isosteric method, which measures the pressure re-
quired to keep a constant coverage of the adsorbate at
the surface as a function of temperature, can be ef-
fectively used only when it is possible to check the
equilibrium coverage in a reliable way over a large
enough range of temperatures. It cannot, thus, be em-
ployed when irreversible adsorption occurs, and it can
be affected by the changes in the arrangements of ad-
sorbates at the surface while the temperature and the
pressure are being modified [30.1]. Thermal desorp-
tion spectroscopy (TDS or TPD) is more routinely
used, since it is compatible with conventional UHV ex-
perimental setups; it cannot, however, be used when
desorption does not occur. Moreover, the extraction of
thermodynamic data from TPD curves is affected sig-
nificantly by the method employed for the analysis. The
basic idea of calorimetry is to measure the temperature
change occurring at the surface when adsorption occurs.
While measurements for non monocrystalline surfaces
have been conducted over a long period of time [30.2],
measurements for single-crystal surfaces became sys-
tematically available only in the 1990s. After a few
previous attempts by Kyser and Masel [30.3], the first
single-crystal calorimeter was developed by the group
of King in Cambridge [30.4, 5], and a systematic inves-

providing a test for the first principles quantum theory
calculations now widely used to study processes at sur-
faces.

tigation of adsorption of different gases at single-crystal
surfaces was undertaken. These results have already
been reviewed in detail [30.1]. Here, we shall present
only some of them: the effect of promoters on the heat
of adsorption, the measurement of the energy difference
between surface phases, the heat of reaction, lateral in-
teractions among adsorbates, and the role of defects in
adsorption. The main limitation of the first Cambridge
calorimeter, which essentially monitored the change in
the infrared emission caused by the temperature in-
crease upon adsorption, was the restriction to room
temperature adsorption and to nonactivated systems.
A different calorimeter, based on pyroelectric detection,
was then developed by the same group; this calorimeter
allowed the measurement of heats of adsorption at dif-
ferent temperatures [30.6]. This design was extensively
improved by the group of Campbell [30.7, 8] at Wash-
ington University in Seattle, who extended the method
to the measurement of the heat of adsorption of met-
als and of nanoparticles at surfaces. Some of their latest
achievements will also be reviewed in this chapter. Re-
cently, similar experimental setups have been developed
also by other research groups [30.9, 10] improving the
sensitivity and extending the set of systems for which
the heat of adsorption can be measured.

30.2 Definition of the Heat of Adsorption

Adsorption at surfaces is an exothermic process, and
the differential molar enthalpy change is, thus, nega-
tive. According to the usual convention we define the
differential molar adsorption heat ¢ as its opposite. The
isosteric adsorption heat g is defined according to the
Clausius—Clapeyron equation

dlnP ]
A(1/T) |y

where P is the pressure, T the absolute temperature,
R the gas constant, and 6 the fractional surface cover-
age. In practice it is necessary to measure the change
in the gas pressure needed to keep the fractional sur-
face coverage constant while changing the temperature.
This approach suffers from two drawbacks: firstly it can

qs(0) = —R [ (30.1)

be applied only when adsorption takes place reversibly,
and secondly, a reliable indicator of the actual surface
coverage is needed; 6 can be checked in different ways,
i.e., monitoring the work function, the diffraction pat-
tern, or some specific spectroscopic signal (vibrational
or electronic) related to the adsorbate, but care is needed
since these indicators may be affected in some cases
also by change in the temperature, especially because
a relatively wide range of temperatures is required for
an accurate measurement. Moreover, when the temper-
ature is increased, the pressure required to maintain
a constant coverage may increase beyond the capabili-
ties of traditional UHV techniques, thus further limiting
the practical feasibility of this approach. An example is
reported in Fig. 30.1, which shows the pioneering work
of Tracy and Palmberg [30.11]. They first measured the
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30.3 Experimental Setups

As outlined above, the basic principle behind the de-
velopment of a single-crystal calorimeter (SCAC in the
following) is the measurement of the change in the tem-
perature of a sample upon adsorption of a measured
dose of adsorbate. In order to obtain a quantitative re-
sult for the heat of adsorption it is necessary to measure
accurately and reliably the heat released to the sam-
ple upon adsorption and the amount of adsorbing gas.
The result was attained by using sample of very low
thermal capacity (i.e., single crystals with a radius of
some mm, and a thickness of some micrometers) and
by dosing the desired gas by use of a supersonic molec-
ular beam (SMB). The flux of the SMB is measured
prior to each experiment by a spinning rotor gauge. The
surface of the sample is then exposed at normal inci-
dence using a pulsed SMB and the sticking probability
and the increase in the temperature are measured si-
multaneously. The coverage is obtained by integrating
the amount of gas adsorbed at each pulse. The differ-
ent SCAC setups can be classified on the basis of the
method used to measure the heat released and the tem-
perature change.

The calorimeter initially developed by the group of
King (Fig. 30.2a) measures the change in the infrared

Fig. 30.1 (a) Heat of adsorption as a function of cover-
age for CO on Pd(100). (b) Pressure as a function of the
inverse temperature required to keep a constant CO cov-
erage on Pd(100). Coverage is monitored by the work
function of the surface. Curves corresponding to differ-
ent work functions and, thus, to different coverages are
reported (Adapted from [30.11], with permission from El-
sevier) <«

change in the work function A® of Pd(100) as a func-
tion of temperature for different CO pressures. From
these curves of pressure versus inverse temperature
were obtained (Fig. 30.1b). The coverage of CO on
Pd(100) is monitored by monitoring the work function.
The coverage for each A® was obtained as follows. In
a series of experiments CO was adsorbed at room tem-
perature until the work function changed by A®.

The sample was then rapidly flashed to 500°C;
the integral of the pressure rise is proportional to the
amount of CO that has desorbed. The absolute calibra-
tion of the coverage was possible using the c(4 x 2)-45°
low-energy electron diffraction (LEED) pattern which
corresponds to a coverage of 0.5 ML. Using the Clapey-
ron equation, the heat of adsorption as a function of 6
is obtained.

intensity emitted by the back of the sample upon ad-
sorption of gas. The intensity is measured by a suitable
IR detector and is calibrated by comparing the signal
measured upon adsorption with the one recorded when
the clean surface is exposed to a laser of known power
impinging at normal incidence and correcting for the
reflectivity of the sample at the laser wavelength. The
reflectivity is measured in a separate experiment by op-
tical methods. The change in radiated power from the
back of the crystal is proportional to the third power of
the temperature times the change in 7' due to adsorption.
The sensitivity, thus, drops as T3 and for this reason
the infrared detection technique is inadequate for low-
temperature measurements.

In order to overcome this limitation another detec-
tor was developed that employs the pyrolectric effect;
the increase in the temperature produced by adsorp-
tion is measured by monitoring the pyroelectric signal
in place of the IR emission. In the first design [30.6],
the detector element was a LiTaO5; wafer 0.3 mm thick
onto which AuCr electrodes had been deposited. The
single crystal (which had a thickness of &~ 2 um) was
bonded to the wafer by cold welding onto an interme-
diate layer of polycrystalline Ni, which, in turn, was

1007

€°0€|D Med



1008 PartG I Gas Surface Interaction
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evaporated onto one AuCr electrode. The voltage sig-
nal generated between the two electrodes was passed
through a specially designed high-impedance ampli-
fier and then acquired digitally. In subsequent designs

(Fig. 30.2b) [30.7,8], a pyroelectric ribbon is moved
carefully until it touches the backside of the sample and
the pyroelectric signal is recorded. A similar method is
used in the latest experimental setups [30.9, 10].

30.4 Overview of Experimental Results by the Cambridge Group

A very large amount of data has been obtained by the
Cambridge group starting from the 1990s. We shall
briefly overview the most significant results in the opin-
ion of the authors. We shall consider the following
topics here:

a) The dissociative adsorption of oxygen from the
regime of chemisorption to the onset of oxidation
on low Miller index Ni surfaces

The effect of surface temperature and potassium
precoverage on Ni oxidation

b)

¢) The experimental determination of the energy dif-
ference between surface phases

The effect of lateral interactions between adsorbates
on the heat of adsorption and their role in surface
chemistry

The heat of adsorption in presence of defects

Heat of adsorption of hydrocarbons and determina-
tion of the metal-C bond energy

The heat of reaction for CO oxidation

The determination of prefactors for desorption.

d)
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30.4.1 Dissociative Adsorption

Dissociative oxygen adsorption and substrate oxida-
tion are among the most common phenomena occurring
when reactive surfaces are exposed to O,. Figure 30.3a
shows the sticking probability s measured at normal
incidence and at room temperature (RT) by the King
and Wells method using a pulsed supersonic molecular
beam of O, impinging onto a clean Ni(100) surface. By
integrating s over the exposure time and multiplying it
by the beam flux it is possible to obtain the total amount
of oxygen that has adsorbed (apparent oxygen adatom
coverage). In Fig. 30.3a, s is plotted versus such appar-
ent coverage. Three regimes are present:

i) Initially s is large (& 0.55) and decreases rapidly
with increasing exposure to the beam.

ii) After reaching a minimum s increases again and
remains relatively large (> 0.1) until an apparent
coverage of &~ 5 ML of oxygen adatoms is reached.

iii) Thereafter, s remains constant, indicating that
a stable regime has been attained in which the
amount of oxygen adsorbing during the length of
the pulse is desorbed in the time between two sub-
sequent pulses.

The contributions of these three regimes have been
deconvoluted and are shown by the continuous lines in
the figure. Figure 30.3b shows the net sticking probabil-
ity (obtained by subtracting the reversible contribution
to s) as a function of the net adatom coverage (obtained
by subtracting the amount of oxygen that desorbs be-
tween subsequent pulses). The first regime corresponds
to the rapid building up of an adsorbed oxygen layer,
while the second one indicates the formation of an ox-
ide layer at the surface. Ni oxidation is believed to start
at nucleation points and to go on by island growth.
Oxygen incorporation occurs only at the edges of the
islands; after an initial increase s reaches a maximum
and decreases as long as islands get larger until the ox-
ide growth stops at & 3.5 ML. Formation of a thicker
oxide then becomes extremely slow or suppressed un-
der the experimental conditions of this experiment.

Figure 30.3c shows the heat of adsorption as a func-
tion of coverage for Ni(100), as well as for the other
low Miller index surfaces (Ni(110) and Ni(111)) at
RT. The heat of adsorption is relatively large for all
surfaces but exhibits different behaviors. On Ni(100)
a rapid decrease with increasing coverage is present.
This decrease is due to repulsive lateral interactions
between second-nearest neighbors. The interaction be-
tween third-nearest neighbors must be, on the contrary,
weakly attractive, since an ordered p(2 x2) structure
forms. For Ni(110), the initial heat (475kJ/mol) is

a) Sticking probability

0 2 4 6 8 10
Apparent oxygen atom coverage (Ni ML)

b) Sticking probability
0.6,
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0
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¢) Adsorption heat (kJ/mol)
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Fig. 30.3 (a) Sticking probability versus apparent O
adatom coverage on Ni(100) at RT, showing the
chemisorption, oxidation, and reversible regimes. The
smooth line running through the experimental data is the
sum of the other lines used to fit the data, including two
straight lines as an empirical fit to the chemisorption
sticking probability, a peaked curve corresponding to ox-
idation by island growth, and a curve corresponding to
reversible molecular oxygen adsorption. (b) Net sticking
probability (obtained from the one in (a) by subtracting
the reversible contribution) as a function of absolute cover-
age. (c) Oxygen differential adsorption heat on different Ni
single-crystal surfaces at 300 K (Reprinted from [30.12],
with the permission of AIP Publishing)

lower than for Ni(100), and the drop with 0 is less
steep because of the formation of Ni—O chains, which
shield the O atoms, thus decreasing the magnitude of
repulsive interactions between them. Also, for Ni(111),
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q is initially (440 kJ/mol) lower than for Ni(100), since
adsorption occurs at threefold hollow sites; ¢ initially
increases due to the rearrangements of the adatoms at
the surface to minimize the repulsive interactions. Such
a reordering is made possible by the presence of an
effective precursor-mediated adsorption path (evident
from s(@), which is, however, not reported here). Re-
pulsive interactions set in thereafter, causing a decrease
of ¢g. The three low Miller index surfaces studied here
behave similarly in the oxidation regime with heat of
adsorption of the order of 200kJ/mol. Finally, when
oxide growth stops, and reversible adsorption of oxygen
starts to occur on the oxide film, the heat of adsorption
decreases to & 87 kJ/mol.

30.4.2 Surface Temperature and Potassium
Precoverage on Ni Oxidation

The heat of adsorption of O, on Ni(100) was also mea-
sured as a function of the surface temperature using
a pyroelectric detector [30.12]. The results are shown
in Fig. 30.4. It is apparent that: i) for 6 <0.25ML,
q is constant (and possibly slightly increasing with 6)
at 410K, while it is initially lower and decreases with
increasing coverage for lower temperatures. ii) Above
0.25ML, g decreases rapidly at 410K than at lower
T. A simple Monte Carlo simulation using a lattice-
gas model provides a consistent explanation for all
these observations [30.12]. The interaction between
first neighbors is prohibitively high, since the saturation
coverage does not exceed 0.5 ML in the chemisorption
regime. The interaction between second-nearest neigh-
bors must be strongly repulsive (by 30kJ/mol) in order
to account for the sudden drop observed at 410 K above
0.25 ML when the sites of the ¢(2 x 2) structure starts
to be occupied. The third-nearest neighbors’ interaction
must be weakly attractive (by 1.5kJ/mol) to explain
the tendency to form the p(2 x 2) structure and in this
way to account for the slight increase in g between
0 and 0.25ML at 410K. Since 0.25 ML is the cover-
age expected for an ordered p(2 x 2) overlayer, these
findings indicate that at 410K, the mobility of the O
adatoms is high enough to allow the system to minimize
the repulsive interactions by avoiding the occupation of
second-nearest neighbor sites and possibly even to max-
imize the heat of adsorption, exploiting the fact that
third-nearest neighbor interaction is weakly attractive.
At RT, on the contrary, the mobility is not high enough
to allow for the formation of a fully-ordered overlayer;
repulsive interactions show up already < 0.25 ML, be-
cause of the occupation of second-nearest neighbor
sites. This effect becomes even more evident at 90 K,
where the limit of immobile adsorbate is reached and
anearly monotonic decrease in ¢ is observed. The effect
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Fig. 30.4 (a) Differential heat of adsorption of O, on
Ni(100) versus apparent O adatom coverage on Ni(100)
at different temperatures in the low-coverage regime
(Adapted from [30.12], with the permission of AIP Pub-
lishing). (b) Sticking probability (lower graph) and differ-
ential heat (upper graph) for O, on Ni(100) at RT without
K. (c) Sticking probability (lower graph) and differential
heat (upper graph) for O, on Ni(100) at RT for a K precov-
erage of 0.3 ML (Reprinted from [30.13], with permission
from Elsevier)

of K preadsorption [30.15] on ¢ and s for oxygen ad-
sorption on Ni(100) is apparent from Fig. 30.4b,c. For
fx = 0.3 ML, the initial sticking coefficient is 0.85, i.e.,
more than two times larger than for the bare Ni(100)
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surface, and remains constant up to 6o = 0.33. The heat
of adsorption is initially higher (by 40kJ/mol) than for
the bare surface and decreases similarly with increasing
coverage. In the range of coverage corresponding to the
formation of the oxide, the presence of K completely
modifies the behavior of the system; s remains nearly
constant up to an oxygen coverage of 2 ML, while ¢
is constant until 1.3 ML of oxygen and decreases to-
wards the reversible adsorption regime afterwards. The
presence of K thus affects the kinetics much more effec-
tively than the thermodynamics of oxygen adsorption
at Ni(100). The increased charge density in the surface
region due to K adsorption increases the probability
of dissociation of O, in the molecular precursor. For
a K precoverage > 0.15 ML, the molecular state is sta-
bilized and the rate of oxidation of the substrate is
increased. The measurements of the effect of the K pre-

coverage on the heat of adsorption of O, on Ni(111) and
Ni(100) are discussed in larger detail in [30.1].

30.4.3 Energy Difference Between
Surface Phases

‘We now show that it is possible to use microcalorimetry
also to measure the energy difference between sur-
face phases, information previously obtained only by
theoretical methods [30.16]. It is known that the bare
Pt(100) surface can exist at RT in two different phases:
a metastable (1 x 1) and a hex phase. Upon annealing
to 500K the (1 x 1) phase turns into the hex one. It
is, however, possible to adsorb molecules such as CO
(or NO) at RT starting from both phases and ending
with a (1 x 1) phase. The differential heat of adsorp-
tion of CO was then measured at RT starting from both
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Fig. 30.5 (a) Sticking probability S (fop) and differential heat of adsorption ¢ (bottom) for CO adsorption on Pt(100)-hex
and Pt(100)-(1 x 1) at RT. (b) The two initial states of clean Pt(100), the two different CO adsorption pathways (a and
b), and the identical final state, Pt(100)-(1 x 1)—c(2 x 2)-CO. The difference in the integral adsorption heat g; (c) along
paths @ and b is the energy difference between the initial states (12 kJ/mol). ([30.1], © ACS 1998; adapted from [30.14],

with the permission of AIP Publishing)
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phases. Since the final state is the same, i.e., a ¢(2 x 2)
CO-covered (1 x 1) phase with a coverage of 0.5 ML,
by comparing the integral heat of adsorption it was
possible to obtain experimentally the energy difference
between the hex and the (1 x 1) phase [30.16]. The in-
tegral heat of adsorption is defined as

J qaigrd0

fT . (30.2)

qint(e) =

The difference between the integral heats g;, at a cover-
age of 0.5 ML multiplied by the coverage is, thus, equal
to the difference in energy between the bare hex and
(1 x 1) phases, which comes out to be 12kJ/mol.

30.4.4 The Role of Lateral Interactions
in Surface Chemistry

The heat of adsorption of molecules is often strongly
coverage dependent. Such dependence can arise for
different reasons: direct and indirect interactions be-
tween adsorbed molecules, coexistence of molecular
and dissociative adsorption, etc. Lateral interactions
may arise from three contributions: dipole—dipole inter-
action, Pauli repulsion, and substrate-mediated interac-
tions.

Dipole—dipole interactions are long-range forces
but they are too small to explain the experimentally
observed decrease in ¢g. Pauli repulsion is definitely
stronger, but since it arises from the overlap of elec-
tron wavefunctions it can play a role only between
first neighbors. Thus, we can conclude that the ma-
jor contribution to lateral interactions is provided by
substrate-mediated interactions. They can be either
repulsive or attractive, and their magnitude can be
estimated by the change in the heat of adsorption
with increasing coverage. One example is provided
in Fig. 30.6 for CO adsorption on Pt(111). For 6 =
0.33 ML, a (+/3 x +/3)R30° overlayer of CO molecules
forms (Fig. 30.6). In this structure, each CO admolecule
is surrounded by six next-nearest neighbors. If we
assume that adsorbate—adsorbate interactions can be de-
scribed as sum of forces between couples of molecules
(or atoms), i.e., if pairwise addictivity holds, then the
repulsive interaction w, can be easily estimated

~ q(0)—¢(0.33)
W)= ——7"———

5 =3.8kJ/mol .

(30.3)

Lateral interactions play a key role in surface chem-
istry. A paradigmatic example is provided in Fig. 30.7.
The differential heat of adsorption of NO on the bare
Ni(100) is initially quite high and decreases rapidly with
increasing NO coverage, due to lateral interactions. The
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Fig. 30.6a—c Differential heat of adsorption for CO on
Pt(111) (a) and sticking probability (b) versus coverage and
(c) model of the (v/3 x +/3)R30° (Adapted from [30.17],
with the permission of AIP Publishing)

relatively high initial value indicates that dissociative
adsorption takes place. The same figure shows also the
differential heat for NO on the same surface precov-
ered with different amounts of O adatoms; the initial
heat decreases rapidly with increasing O precoverage.
The data can be modeled by considering the sites oc-
cupied by the adatoms generated by the dissociation of
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Fig. 30.7a-c Differential heat ¢ (a) and integral heat g; (b)
of adsorption on NO on Ni(100) for different precoverages
of O atoms (MC: Monte Carlo simulation). (c) Possible ad-
sorption sites for the NO molecule (X) and for the N and
O adatoms resulting from its dissociation (Y, Y" and Z. See
text.) (Adapted from [30.18], with the permission of AIP
Publishing; [30.19], © Wiley 1996)

NO into N and O adatoms or by the oxygen adatoms
generated by the dissociation of O, [30.18]. The in-
tegral heat is shown in Fig. 30.7b. The model (MC)
assumes an initial heat of adsorption equal to the ex-
perimentally measured initial value and fits the decrease

in the heat of adsorption by assuming the same repul-
sive interaction between N-O, N-N, and O—O adatoms
in second-nearest neighboring sites. Occupation of first-
neighbor sites does not occur, as indicated by the value
of the saturation coverage in the chemisorption regime,
which is < 0.5 ML. The model properly describes the
data up to a certain coverage of adatoms (& 0.12 ML
for the bare surface and ~ 0.09 ML for a surface pre-
covered with O adatoms) and thereafter drops more
rapidly than experimentally observed. Above such cov-
erage, the experimentally measured differential heat
exhibits a plateau, which is assigned to nondissociative
chemisorption. We can, thus, draw the following picture.
As long as lateral interactions are not too strong, the heat
of adsorption is higher for dissociative than for molecu-
lar adsorption, and O and N adatoms form. Dissociation
eventually ends (and molecular chemisorption starts) at
the coverage for which the heat of dissociative adsorp-
tion falls below the heat of molecular chemisorption.

The schematic in Fig. 30.7c clarifies what hap-
pens in the different geometrical arrangements of the
O and N adatoms present on the surface. If a NO
molecule lands at the X site, the adatoms resulting from
its dissociation can try to occupy second and third-
neighbor sites. If the preadsorbed adatoms occupy the
sites shown in the left part of the scheme, dissociative
adsorption cannot occur because occupation of first-
neighbor sites is forbidden. If, on the contrary, the sites
around the X site are free, dissociation can occur by
occupying the Y sites. Occupation of the Z sites is not
expected to occur, it being thermodynamically less fa-
vored. These results indicate that the array of empty
sites that are required for dissociative adsorption to oc-
cur is quite demanding if the repulsive interactions are
large, as in the present case. The model is able to de-
scribe consistently both the coverage dependence of ¢
and of the sticking probability (not shown, [30.19]). We
expect this scenario to occur for several different sys-
tems; a similar argument has, in fact, been invoked to
explain the onset of molecular adsorption for NO on
Ni(211) [30.20, 21].

30.4.5 Heat of Adsorption at Defects

It is well established that high Miller index surfaces can
be model systems for the investigation of adsorption
at well-defined defects; such surfaces indeed exhibit
a high amount of majority defects arranged in a reg-
ular way [30.22]. Several stepped surfaces have been
studied by microcalorimetry (i.e., adsorption of CO
on Fe(211) [30.23], of NO on Ni(211) [30.20], O,
and NO on stepped Pt surfaces [30.24], and O, on
Ni(211) [30.21]). Here, we will summarize here the
results obtained for two different cases: oxygen adsorp-
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Fig. 30.8 (a) Differential and integral heat of adsorption for O, on Ni(211) as a function of the O adatom coverage. The
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tion on stepped Ni(211) [30.21] and NO dissociation
on stepped Pt surfaces [30.24]. In Fig. 30.8, the dif-
ferential heat of adsorption and the sticking probability
of O, on Ni(211) are reported as a function of the ap-
parent adatom coverage. The initial differential heat of
adsorption ¢ (620kJ/mol) is significantly higher than
for low Miller index surfaces (Fig. 30.3) because of
the presence of low-coordinated adsorption sites at the
steps; ¢ then decreases rapidly with coverage due to
strong lateral repulsions between adatoms until a cover-
age of 1.8 ML of oxygen adatoms is reached. The drop
in g from 620 to 460kJ/mol between 0 and 0.5 ML
is due to repulsions between adatoms at a distance
of about 4.98 A (corresponding to w, = 40kJ/mol in
Fig. 30.8). At 1 ML, ¢ has dropped to 300kJ/mol due
to an additional repulsive interaction between adatoms
at a distance of 3.45 A. The addition of further adatoms
at the steps would cause further and stronger repul-
sive interactions between adatoms; at this coverage,
the steps are, thus, saturated and adsorption at ter-
race sites must set in until a coverage of 1.8 ML is
reached. At this coverage, ¢ suddenly increases, reach-
ing a maximum value of 310kJ/mol at 2.3 ML and
remains constant at about 270kJ/mol up to 4 ML. The
coverage dependence of the differential heat of ad-
sorption is closely related to the sticking probability

shown in the inset of Fig. 30.8. As for low Miller in-
dex surfaces, oxidation starts at nucleation points on
the surface and proceeds via formation of islands of
oxide. The number of sites at the boundaries of the is-
lands increases until the islands starts to merge; at this
point, the length of the island boundaries progressively
diminishes, and the sticking probability approaches
zero. Above this point, ¢ decreases slowly to attain
the steady-state value of 90kJ/mol around 9 ML. In
Fig. 30.9, the differential heat and the sticking probabil-
ity for NO adsorption on Pt(111), Pt(211) and Pt(411)
are compared. The fcc(211) surface consists of two-
atom wide (111) terraces separated by a single-atom
step of (100) orientation. The fcc(411) surface is more
complex; it consists of two terraces of (100) charac-
ter, one being two atoms wide and the other one atom
wide, separated by a single-atom step of (111) orien-
tation. The sticking probability behaves similarly on
these surfaces; it decreases quite slowly with coverage,
indicating that a precursor mechanism is active and is
not affected significantly by the presence of an ordered
array of steps or by the size of the terraces. The ini-
tial differential heat of adsorption is, on the contrary,
significantly affected by the presence of the steps: ¢
is higher on the (411) surface (217 kJ/mol), interme-
diate on Pt(211) (192kJ/mol), and lower on Pt(111)
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Fig. 30.9a,b Differential heat (a) and sticking probability (b) for NO adsorption on low and high Miller index Pt surfaces

(Adapted from [30.24], with permission from Elsevier)

(182 kJ/mol). This result is consistent with the follow-
ing trend: NO adsorbs molecularly on Pt(111), while it
dissociates at steps on Pt(211) and Pt(411). The amount
of dissociated NO is found to be greater for the latter
surface because of the larger size of the (100) facets
on Pt(411). For Pt(211), g indeed indicates dissociative
adsorption up to 0.26 molecules/cm?, while a similar
argument suggests dissociative adsorption to occur up
to 0.31 molecules/cm? for Pt(411). At higher cover-
age, when the steps are saturated, molecular adsorption
sets in, thus explaining the similar heat of adsorption
observed for Pt(111) and Pt(211). For Pt(411), g re-
mains relatively high up to a larger coverage; probably
incoming NO molecules will not be as close to the ad-
sorbed N and O adatoms and lateral interactions are,
thus, weaker, and a lower drop in ¢ is observed [30.24].

30.4.6 Heat of Adsorption of Hydrocarbons

The measurement of the heat of adsorption of hydro-
carbons is particularly relevant, since it also provides
a way to determine the metal-C bond energy. This
value cannot be obtained by thermal desorption exper-
iments because adsorption of hydrocarbons at reactive
metal surfaces in most cases occurs irreversibly, pro-
ducing many different surface species, with different
degrees of dehydrogenation and with different rehy-
bridizations of the C—C bond inside the molecule. An
essay of such complexity is provided in Fig. 30.10,
which shows the heat of adsorption of a simple hydro-
carbon like ethene (C,Hy) on different Pt surfaces. The
different initial value of ¢ and its different coverage de-
pendences can only be understood by considering that
different radicals form. On Pt(100)-hex [30.25] quad-o

acetylene forms on the bare surface, followed by ethyli-
dyne between 0.06 and 0.18 ML. At higher coverage
di-o ethylene forms. Finally, reversible adsorption of
m-bonded ethylene occurs. These assignments explain
the decrease in ¢ and the plateau present at the different
coverages. On Pt(100)-(1 x 1), the situation is similar,
except for the fact that ethylidyne does not form be-
cause of the absence of threefold sites on this surface;
quad-o acetylene forms on the bare surface, followed
by di-o-bonded ethylene, and then by reversibly ad-
sorbed 7-bonded ethylene. For Pt(110), the situation is
quite different; it has been suggested that ethylylidine
(C-CH;-) forms on the bare-surface bonding in the
troughs of the (1 x 2) missing-row reconstruction. The
next species is ethylidyne (C—CHj), which probably
adsorbs on the (111) microfacets of the Pt(110) sur-
face; above 0.5 ML, di-o ethylene and then reversibly
adsorbed 7-bonded ethylene are observed [30.26]. On
Pt(111) [30.27] an unusual, nonmonotonic, dependence
of g on coverage is obtained. In the present case, several
reactions can occur

Ta) C,Hy(g) + 2* — CHCHs(a)
Ib) CHCH; (a) + 2% — CCHs/(a) + H(a)
) CyHy(g) +3* + H(a) - CCH;(a) + Ha(g)

At low coverage, no loss of hydrogen by recombination
takes place, and reactions Ia) and Ib) occur. At 0.17 ML,
reaction II) starts to occur, and a minimum in ¢ is ob-
served, since hydrogen desorption is endothermic. After
consuming all the preadsorbed H, eventually formation
of ethylidyne (reaction Ib) occurs. As the ethylidyne is-
lands grow, fewer and fewer threefold sites are available
and only bridge sites are vacant. They then favor the for-
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Fig. 30.10a-d Differential heat of adsorption for C,H, adsorption on (a) Pt(100)-hex, (b) Pt(100), (c) Pt(110)-(1 x 1),
and (d) Pe(111) at RT ((a,c) Adapted from [30.25], with permission from Elsevier; (b,d) adapted from [30.26], © 1995

by the American Physical Society)

mation of CHCHj3 and direct formation of ethylidyne
stops. Since no H, is lost by desorption, the measured
heat of adsorption increases, giving rise to a maximum
at &~ 0.35 ML. Thereafter, ¢ decreases again, declining
towards reversible -bonded ethylene adsorption. Sim-
ilar experiments were performed also for Pd(100) and
Ni(100). On Pd(100), adsorption of ethylene occurs re-
versibly at RT, and the measurement of ¢ is difficult.
The data for Ni(100) are shown in Fig. 30.11. As for
Pt surfaces, the interpretation of the results relies en-
tirely on the identification of the species present on
the surface. According to the literature (see the origi-
nal papers and [30.1] for details), CH and CCH initially
forms on this surface. The initial heat is associated
with the formation of methylidyne (CH) followed by
acetylide (CCH). The heat of adsorption was measured
at RT also for acetylene on Ni(100) and Pd(100). The
results are shown in Fig. 30.11. On Ni(100), the for-
mation of CH and then of CCH can account for the

Table 30.1 Averaged metal-C bond energies as obtained
from SCAC. (Data from [30.1])

Surface Metal-C bond energy
(kJ/mol)

Pt(110) 242

Pt(111) 244

Pt(100) 240

Pd(100) 171

Ni(100) 205

observed results. The lower value observed for Pd(100)
is explained by the fact that on the latter surface, de-
hydrogenation does not occur and that di-o acetylene
is present at low coverage after exposure at RT. The
calorimetric data have, thus, been used to estimate the
metal-carbon bond energy for Pt, Ni, and Pd. The re-
sults are summarized in Table 30.1. It is apparent that
the metal-C bond energy is strongly dependent on the
nature of the substrate, being 20% higher for Pt than
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permission from Elsevier)

for Ni and 30% higher than for Pd. It is, however,
nearly independent of the surface structure, at least
for Pt surfaces. The database should be extended fur-
ther in order to gain deeper insight into such general
trends [30.29].

30.4.7 Heat of Reaction: CO Oxidation

The heat of adsorption of CO on an oxygen precov-
ered surfaces have been measured calorimetrically for
Pt(110) [30.30] and Pt(111) [30.17]. The results of the
experiments are shown in Fig. 30.12. The initial heat
measured when CO is adsorbed onto an O-precovered
surface is 177kJ/mol for Pt(110) and 157 kJ/mol for
Pt(111). The heat of reaction AH; can be easily esti-
mated by considering the reaction

CO(g) + O(Pt) — CO,(g) (30.%)
and it reads

AH, = AH;(CO,) — AH(CO(g)) — AHy(O(Pt))
— (=171 £ 16)KJ/mol .
(30.5)

If the CO, molecules would leave the surface with-
out any excess energy, we would expect a differential
heat of adsorption for CO on an oxygen-covered surface
of 171kJ/mol. The difference between the calculated
heat of reaction and the measured differential heat is
(=6 £ 17) kJ/mol and is, thus, compatible with a van-
ishing excess energy. On the contrary, when O is dosed
on a CO-precovered Pt(110) surface, the measured
differential heat is 190kJ/mol. Indeed, the following
relations hold

0,(g) +2CO(Pt) - 2COx(g) (30.6)
and this reads

AH; = 1AH(COy) — 2AH(CO(PY)) — AH;(02)(g)
— (=287 +24)kJ/mol .
(30.7)

An adsorption heat of 287kJ/mol would be mea-
sured if the reaction products would leave the surface
without excess energy. The measured value of the
differential heat is, however, significantly lower than
expected! These results indicate that the desorbing CO,
molecules have an average Kinetic energy of (49 £
21) kJ/mol [30.1]. Adsorption of CO on O-precovered
Pt(111) leads to similar results [30.17].

30.4.8 Frequency Factor for Desorption
In all SCAC experiments, a steady state is reached

characterized by a constant sticking probability and
a constant differential heat of adsorption. In order to
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understand the meaning of this fact we must remember
that in a SCAC experiment, a pulsed molecular beam is
used. Typically, pulses last for 50 ms and are separated
by 2.5s. When a steady state is reached, the molecules
adsorbed during each pulse desorb in the time between
subsequent pulses. The number of molecules adsorbing
during each pulse is, thus, just the number of molecules
present in each pulse multiplied by the sticking proba-
bility. It is usual to express the rate of desorption using
the following expression

dé

- 0 nefq/(RT) ,
dr des( )

(30.8)

where n is the desorption order and vges the desorption
frequency factor (also called prefactor for desorption).

Since the number of molecules desorbing in the time
between pulses is equal to the number of molecules
adsorbing during the pulses in the steady-state region,
it should be possible to determine vges. Since under
steady-state conditions the Gibbs free energy change
for adsorption vanishes, it is possible to determine also
the entropy change due to adsorption directly from the
calorimetric data

AG=AH-TAS=0, (30.9)
and then
AH
AsS=22—4 (30.10)
T T
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The standard entropy for a gas can be calculated using
the law of perfect gases as

S=5"—RIn (%) ,
p

where S is the standard entropy of the gas (i.e.,
198J/(Kmol) for CO at 1atm and 298K), p the gas
pressure, and p° the standard pressure. By using the ex-
perimentally obtained AH, it is possible to extract the
differential entropy of the adsorbed phase S,

_ 0 p q
Sa—S _RIH(E)—T

The results of this analysis for CO adsorption at RT on
different single-crystal Ni surfaces are summarized in
Table 30.2. The extraction of prefactors from calori-
metric data, however, requires some care. The same
analysis for CO Pt(110) [30.31] leads to a prefactor for
desorption of 2.5 x 10°*1? Hz. This is a value that is
remarkably lower than usually assumed (&~ 10'4 Hz)!
The reason for this discrepancy is that the desorp-
tion rate is not exactly given by (30.8). This simple
and widely-used expression is somewhat oversimpli-
fied, since it neglects several processes that may take
place; for example, a mobile precursor may be involved
also in desorption, thus providing a path back to the

(30.11)

(30.12)

Table 30.2 Differential heat g, S, and frequency factor
for desorption as obtained from steady-state conditions
for CO adsorption on different Ni surfaces (data taken
from [30.32])

System qss Sa Vdes
(kJ/mol) (Hz)
CO/Ni(111) 95 71 3x10M4
CO/Ni(100) 99 58 1x10'5
CO/Ni(110) 101 50 3 x10%5

chemisorbed state. If these processes are considered,
the desorption rate is reduced by a factor F, which can
be written as [30.33]

B fi -1 e -1
pepenf1-(145) (ex )|
(30.13)

where fy, f, and f, are the probabilities of desorp-
tion, migration to a neighbor site, and chemisorption
for a molecule in the precursor state; K is the Kisliuk
constant. The smaller K is, the more mobile the pre-
cursor, while K = 1 represents an immobile precursor.
Since F cannot be directly obtained by the experi-
mental data, care must be taken in extracting the fre-
quency factor directly from steady-state values using
(30.8).

30.5 Overview of Experimental Results by the Washington Group

The main limitations of the Cambridge IR calorimeter
arise from the need to operate it at room temperature
and to use pulsed supersonic molecular beams of gases.
In particular, the IR setup did not allow the study of
activated adsorption systems, adsorption of gases with
low vapor pressure around room temperature, and ad-
sorption of nongaseous species (such a metals). Most of
these limitations were overcome by the use of pyrolec-
tric detectors, which enabled an extension of the range
of temperatures at which the measurements can be per-
formed, and by the development of modified sources
enabling also the use of effusive beams of low vapor
pressure molecules [30.7, 8] and adatoms [30.34-37].

A large set of systems have been investigated in
such ways obtaining calorimetric data regarding in par-
ticular:

a) Heat of adsorption of both simple [30.38-41] and
more complex organic compounds [30.42-50] and
subsequent determination of bond energies and heat
of formation of chemically important radicals

b) Heat of adsorption of adatoms at both metal [30.51,
52], oxides [30.53-60], semiconductors [30.61],
and insulating surfaces [30.62].

Dedicated reviews have appeared [30.37,63-67] and
just a few selected examples will be highlighted here.

30.5.1 Heat of Adsorption of “Large”
Molecules at Surfaces

The supersonic molecular beam source successfully
used for gases by the Cambridge group cannot be used
to dose molecules having a vapor pressure < 100 Torr
at room temperature. Under these conditions, an ef-
fusive beam with a source operating <400K can be
used for molecules with a vapor pressure between 0.01
and 100 Torr at room temperature [30.7, 8]. The source
is schematically shown in Fig. 30.13. Thanks to this
improvement it was possible to measure the heat of
adsorption and the sticking probability of species like
benzene and other larger organic molecules with mo-
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permission of AIP Publishing)

lar mass exceeding 70 g/mol. The measurement of the
heat of adsorption of such “large” organic molecules
sometimes presents some additional complexity, which
is schematically shown in Fig. 30.14 for the case of cy-
clohexene adsorption on Pt(111).

The lower trace in Fig. 30.14a shows the QMS sig-
nal when the molecular beam hits the inert gold flag.
The duration of the pulse is 50 ms. The above trace
shows the QMS trace when the molecular beam hits
the Pt(111) surface. It is apparent that the cyclohexene
signal does not end when the molecular beam is in-
terrupted but continues thereafter. This result indicates
that, under the conditions of that experiment (263 K
and coverage > 0.15 ML) transient desorption occurs
off the surface.

The corresponding calorimetric signal exhibits
a more complex behavior. Firstly, there is a delay be-
tween the instant at which adsorption and release of
heat starts and the onset of the calorimetric signal,
because of the limited thermal contact between the
Pt(111) sample and the pyroelectric polymer. The heat
deposited by the molecules is measured by the slope
of the calorimetry pulse during the initial steep rise,
typically 40—140ms after the pulse hits the sample.
Since the calorimetry signal after the initial steep rise
is not used for calculating the amount of heat de-
posited, any desorption occurring after that point in
time (140 ms) is neglected in the evaluation of ¢g. How-
ever, desorption occurring during the first 140 ms will
affect the measured heat. In order to account for this
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Fig. 30.14 (a) Differential heat of adsorption for cyclohexene adsorption on Pt(111). (b) Comparison of the pyroelectric
and QMS signal versus time (see text). (c) Energetic of cyclohexane dehydrogenation on Pt(111), as obtained by calori-
metric data. Only the heats of adsorption of H, and cyclohexane were obtained by analysis of TPD data (see the original
papers for details) ([30.63], © Roy. Soc. Chem. 2008; adapted from [30.44], © 2008 American Chemical Society)

effect, a correction was introduced [30.44]. A short-
time sticking probability was defined as the fraction of
the impinging molecules, which is considered to de-
termine the heat of adsorption. This fraction is higher
than the fraction of molecules, which has not desorbed
before the next cyclohexene pulse starts to hit the sur-
face (the so-called “long-term sticking probability”)
and which is used to determine the surface coverage.
This somewhat rough correction, which is essentially
a linear interpolation scheme neglecting desorption af-
ter the pulse has reached its maximum intensity, is

sufficient when transient desorption is limited. Its valid-
ity is questionable when transient desorption is relevant,
e.g., for cyclohexene adsorption Pt(111) at 263 K and
> (0.15ML; ¢ for cyclohexene on Pt(111) was mea-
sured as a function of coverage for temperatures in
the range from 100 to 300K. The results are shown
in Fig. 30.14. At 100K, cyclohexene adsorbs as di-
o-bonded cyclohexene with an initial adsorption heat
of 130kJ/mol. From this calorimetric result and us-
ing the standard enthalpy of formation of gas phase
cyclohexene (—5 kJ/mol), the standard enthalpy of for-
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Fig. 30.15 (a) Differential heat of adsorption of methanol on clean Pt(111) at 100 K versus total methanol coverage.
(b) Differential heat of adsorption of methanol versus total methanol coverage on (circles) clean and (triangles) oxygen-
saturated Pt(111) at 150 K. (c) Thermodynamic cycle at 150 K used in calculating the bond enthalpy and standard heat of
formation of adsorbed methoxy. The values are expressed in kJ /mol (Adapted from [30.45], © 2012 American Chemical

Society)

mation of adsorbed di-o-bonded cyclohexene was ob-
tained (—135kJ/mol). A similar argument was used
to analyze the experimental data recorded at 281K,
at this temperature, cyclohexene dehydrogenates upon
adsorption, forming adsorbed 2-cyclohexenyl (rr-allyl-
c-C¢Hy) plus a hydrogen adatom. The initial heat of
adsorption is 174kJ/mol, so adding the heat of for-
mation of gas cyclohexene and one-half the heat of
adsorption of Hy on Pt(111) (72kJ/mol), the heat of
formation of adsorbed m-allyl-c-C¢Hy was estimated
(—143 kJ/mol). Finally, from the measured heat of ad-
sorption of benzene on Pt(111) at 300K (197 kJ/mol)
and using the enthalpy of formation of gaseous ben-
zene (83 kJ/mol), the standard enthalpy of formation
of adsorbed benzene was found (—114kJ/mol). By
combining all these calorimetric data a partial energy
landscape of the dehydrogenation of cyclohexane to
benzene on Pt(111) was obtained. The reader is referred
to the original papers for the details of this complex dia-

gram, which nicely illustrates the extent of information
attainable from calorimetry [30.42,44,63]. Inspection
of the diagram provides deeper understanding of cyclo-
hexane and cyclohexene dehydrogenation as well as of
benzene hydrogenation in presence of a Pt catalyst. In
particular, since the barrier for cyclohexene desorption
is higher than the barrier for its further dehydrogenation
it is difficult to stop the dehydrogenation of cyclohex-
ane to cyclohexene. Similarly, the barrier for benzene
desorption is too high at low coverage, thus explain-
ing why no benzene is obtained from dehydrogenation
of cyclohexane and cyclohexene. It is, however, pos-
sible to obtain benzene by increasing the coverage of
co-adsorbed species; this way, the barrier to overcome
for further dehydrogenation increases and desorption of
benzene becomes competitive with its dissociation.
Under the high-pressure conditions at which real
catalysts operate, the desorption of dehydrogenated
products is, thus, kinetically competitive with complete
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Fig. 30.16 (a) Short-term (upper panel) and long-term sticking probabilities (lower panel) of formic acid on clean
Pt(111) at 100K and O-saturated Pt(111) at 150 and 190K as a function of the total formic acid coverage. (b) Heats
of adsorption measured at various temperatures on clean Pt(111) at 100K (black circles) and O-saturated Pt(111) at
100 K (hollow and solid green circles), 150 K (hollow and solid blue triangles), and 190 K (red squares) as a function
of total coverage of adsorbed HCOOH, irrespective of its final structure. Hollow symbols represent fast heat deposition
steps, while solid symbols represent total heats (i.e., the sum of fast and slow steps). The multilayer heat of adsorption
is indicated by a red line through the 100 K data in the lower right corner. (c) Thermodynamic cycle used to determine
the enthalpy of formation of adsorbed monodentate formate on Pt(111) and its HCOOPt(111) bond enthalpy from the
integral fast S1 heat of adsorption at 150 K and 3/8 ML, shown as the bottom right-hand step. The values are expressed
in kJ/mol (Adapted from [30.49], © 2014 American Chemical Society)

dehydrogenation. Note that the latter should also be
avoided to completely coke the catalyst itself.
Campbell and co-workers undertook a systematic
investigation of the heat of adsorption of several species
on Pt(111) surfaces: methanol on an oxygen precov-
ered surface to obtain methoxy [30.45] (Fig. 30.15),
formic acid on oxygen-saturated Pt(111) to obtain for-
mate [30.49] (Fig. 30.16) and water on oxygen pre-
covered Pt(111) [30.38]. The results are summarized

in Table 30.3, reporting the adiabatic PtOR bond dis-
sociation enthalpies for three oxygen-bound molecular
fragments to the Pt(111) surface: deuterated hydroxyl
(OD) [30.38], monodentate formate (O(O)CH) [30.49],
and methoxy (OCH3) [30.45], where R is the part of
the fragment bonded with oxygen. Quite interestingly,
these ROPt(111) bond enthalpies vary linearly with the
ROH bond enthalpies in the corresponding gas-phase
molecules (water, methanol, and formic acid), and the
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Table 30.3 Adiabatic RO-Pt(111) and gas phase R—OH bond strengths. The values are expressed in kJ/mol (data taken

from [30.41])

Adsorbed species AH?

-0OD =210+7
-0O(0)CH —353+10
—-OCHj3 —170 + 12

slope is compatible with 1.00. This result resembles
the known trend for organometallic complexes and is
explained by the local character of chemical bonding,
even on extended metal surfaces. It is, thus, possible
to predict bond enthalpies for many other molecular
fragments at metal surfaces and derive the energetics
of relevant catalytic reactions [30.41].

30.5.2 Heat of Adsorption of Metal Adatoms
at Surfaces

The measurement of the heat of adsorption of metal
adatoms at surfaces [30.68] became feasible thanks
to substantial upgrades of the Cambridge calorimeter.
Such modifications involved both the source and the
detector of the released heat. The heat of adsorption
q for Ag on Si(100)-(2x 1) is shown in Fig. 30.17.
Chopped pulses of a silver atom beam from a hot effu-
sive source are directed at the surface of a thin Si(100)
sample, releasing energy into the crystal upon adsorp-

a) ¢ (kJ/mol)
400,
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240

1 2 3 4 5 6
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bond strength for RO-Pt(111)

500 248 +7
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tion. This causes a small transient temperature rise,
detected by a thin pyroelectric polymer ribbon pressed
into contact with the backside of the crystal during the
measurement. The signal provided by the pyroelectric
detector is calibrated by comparison with the signal
produced by light pulses of known energy provided by
a He-Ne laser. The sticking probability is obtained by
measuring the amount of metal in a pulse that is re-
flected off the sample with a line-of-sight quadrupole
mass spectrometer. The incident flux is measured with
a quartz crystal microbalance. For adsorption on the
bare surface, ¢ = 347 kJ/mol. It decreases rapidly until
at 0.55ML it drops below the bulk heat of sublima-
tion of Ag (285 k/mol). At 1 ML, g rises again reaching
a value compatible with the bulk heat of sublimation at
2.5 ML. The sticking probability is surprisingly mono-
tonic; indeed, it increases with coverage despite the
complicated behavior of g.

The data can be rationalized as follows. The initial
value of ¢ is higher than the value expected for isolated

b) s
1.000

0.995

0.990

Ag/Si(100)-(2 % 1)
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0985 | o

0 1 2 3 4 5 6
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Fig. 30.17 (a) Heat of adsorption of Ag atoms on Si(100)-(1 x 2) versus adatom coverage. The solid curve is formed
by a linear fit to the data over the first ML and a double exponential fit to the data at coverages > 1.0 ML. (b) Sticking
probability of Ag atoms on the same substrate (Adapted from [30.61], © 2001 by the American Physical Society)
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adatoms due to the formation of chains of adatoms. Such
elongated Ag islands, seen by STM at 300 K up to a cov-
erage of 1 ML, would normally imply attractive Ag—Ag
interactions. The observation of a globally decreasing
g with coverage implies that they are, on the contrary,
repulsive. The formation of Ag—Si bonds induces sig-
nificant strain in the neighboring surface sites, thus ex-
plaining the overall repulsive interaction between is-
lands. If the growth were controlled by thermodynamics
alone, 3-D growth should start &~ 0.55 ML i.e., when ¢
becomes lower than the heat of sublimation. Due to ki-
netic constraints, this happens, however, only ~ 1 ML,;
indeed, at such a coverage, ¢ rises quickly towards the
bulk sublimation value. Once large 3-D particles have
formed on top of the wetting layer, they provide more
stable sites for Ag than in the wetting layer. This exam-
ple shows that the information provided by calorimetry
can be successfully used to explain the different regimes
in the growth of metallic films on different substrates.
The same kind of measurements are able to also
highlight size effects in the growth of nanoparticles.
The calorimeter measures sticking probability and heat
of adsorption versus coverage. In order to obtain infor-
mation on the effect of particle size it is necessary to
correlate the coverage with the size of the nanoparticles.
Quantitative analysis of spectral intensities in Auger
electron spectroscopy and ion scattering spectroscopy
for the different elements as a function of Ag coverage
was employed to characterize the growth morphology
of the Ag films on magnesia and ceria surfaces. The data
were well fitted by assuming that the Ag grows as three-

a) ga, (kJ/mol)

dimensional (3-D) Ag particles with an hemispherical
shape and a fixed, coverage independent, number N of
Ag particles for unit of area. The data are not sensi-
tive to the exact shape of the nanoparticles but are very
sensitive to their aspect ratio. The analysis of Auger
data showed that, > 0.03 ML, N is independent of cov-
erage. Dividing the Ag coverage (atoms/cm?) by N
(particles/cm?), the average number of Ag atoms per
particle is obtained at any given Ag coverage. Measure-
ment of g for Ag adsorption on different substrates was
performed and compared as a function of particle size
and of the number of atoms in the nanoparticle. The re-
sults are summarized in Fig. 30.18. It is apparent that
the initial value of g, i.e., the value proper to very small
particles, is strongly dependent on the nature of the sub-
strate; for nanoparticles containing < 1000 atoms, Ag
atoms are 30—70 kJ/mol more stable when they are de-
posited on ceria than on MgO surfaces.

This result nicely explains the pivotal role of the
support in the sintering of nanoparticles. As long as
a metal atom is less stable in a nanoparticle of a cer-
tain size than in the bulk, it will prefer to move and to
form larger particles. The point is that this driving force
for sintering drops below 10kJ/mol for Ag nanoparti-
cles of 400 atoms (3 nm) on ceria and for nanoparticles
of 3000 atoms (6 nm) on MgO(100). For nanoparticles
consisting of &~ 5000 atoms, the energy of the added
atoms reaches the value of the bulk metal also on MgO.
Data for Pb exhibits a similar behavior [30.56].

Very recently, a similar study was performed also
for Cu deposited on ceria. By comparing the heat of

b) Energy (kJ/mol)
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Fig. 30.18 (a) Measured heat of Ag atom adsorption ga, versus the Ag particle diameter D4, to which it adds, for Ag
adsorption onto four different surfaces. (b) Measured energy of a Ag atom, relative to its energy in bulk Ag(solid), versus
the number of metal atoms already in the particle, for Ag particles on different surfaces (From [30.58]. Reprinted with

permission from AAAS)
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Fig. 30.19 (a) Cu atom heat of adsorption at 300 K (diamonds) and 100 K (squares) on CeO;.9s5(111) as a function of
Cu coverage. (b) Chemical potential of Cu atoms in Cu nanoparticles on CeOj 95(111) relative to that in bulk Cu (solid)
versus the effective diameter of the Cu particle down to the single atom limit (Adapted from [30.67], © 2015 American

Chemical Society)

adsorption at 300 and at 100K, it was possible to ob-
tain the chemical potential as a function of particle
size [30.67]. Ton scattering spectroscopy (ISS) was em-
ployed to determine the number of nanoparticles for
unit of area; the normalized ISS signals directly pro-
vide the fraction of the ceria surface, which is masked
by Cu particles, and the fraction of the total maximum
Cu signal (due to complete coverage by Cu) that is
observed at any given Cu coverage. The heat of adsorp-
tion for Cu nanoparticles with a diameter from 0.45 to
0.8 nm is lower at 100K than at room temperature by
some 30—50kJ/mol on the same CeOy ¢5(111) surface;
this difference was attributed to cluster nucleation on
terrace sites at 100K and at step-edge sites at 300 K.
Hence, at 100K, the number of nanoparticles for unit
of area (5.3 x10'3 particles/cm?) is about seven times
higher than at 300K (7.8 x10'? particles/cm?). Since
the entropic contribution to the free energy changes
very little with particle size compared with the en-
thalpic one, the chemical potential of a metal atom in
a particle of diameter D, (D), is higher than that in
the bulk metal, t(0c0), by an amount equal to the heat
of sublimation of bulk Cu minus the differential heat
of Cu adsorption at diameter D. It is, thus, possible
to obtain p(D) from the calorimetrically measured ¢
as a function of particle size. The results are shown

in Fig. 30.19. The chemical potential decreases with
increasing particle size. The Cu chemical potential is
110kJ/mol higher for isolated Cu adatoms on stoi-
chiometric terrace sites than for Cu in nanoparticles
exceeding 2.5 nm diameter, where it reaches the bulk
Cu(solid) limit. In Cu dimers, the Cu chemical poten-
tial is notably 57 kJ/mol lower at step edges than on
stoichiometric terrace sites.

We finally mention the possibility to use metal
adatoms to characterize the defectivity of oxide sur-
faces [30.57]. Figure 30.20 shows the heat of adsorp-
tion for Ca and Li on pristine and ion-bombarded MgO.
While ion sputtering causes a strong increase in the ini-
tial adsorption energy for Li on MgO(100) at 300 K, the
initial adsorption energy for Ca is independent of the ex-
tent of sputtering. In order to explain this intriguing re-
sult, density functional theory (DFT) calculations were
also performed. DFT revealed that while Ca adatoms
thermally diffuse to look for the remaining defect sites,
Li adatoms remain blocked when they reach a terrace
site nearby an occupied step or kink site. The measured
dependence was simulated with a kinetic model taking
the binding energies and the adatom migration barriers
provided by DFT as inputs. The lines is the figure show
the result of this model, which evidently captures the es-
sential physics ruling the behavior of this system.
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Fig. 30.20a,b Heat of adsorption of Ca (a) and Li (b) versus coverage at 300 K for adsorption on (a) pristine MgO(100)
and (b) and (c) MgO(100) irradiated with increasing Ar™ ion doses (from 10'* to 10'® ions/cm?) to create more defects.
Each curve is labeled with the percentage of total MgO sites that were defect sites (Adapted from [30.57], © 2009

American Chemical Society)

30.6 Results of Other Research Groups

The impressive achievements of single-crystal calori-
metry obtained in Cambridge and in Washington stim-
ulated further developments of the technique [30.9,
10]. In recent years, some papers have appeared fo-
cussing on the heat of adsorption of gases at nanopar-
ticles of different size [30.69], on water adsorption
at oxide surfaces [30.70], on the adsorption of chiral
molecules [30.71], and on the effect of surface tem-
perature on the coverage dependence of the heat of
adsorption [30.72]. Such results are briefly reviewed in
the final part of this chapter.

30.6.1 Heat of Adsorption of CO
on Pd Nanoparticles

Although results obtained on single-crystal surfaces
have provided valuable insight into the behavior of
more complex systems, researchers are presently try-
ing to investigate directly adsorption and reactions on
nanoparticles supported on oxide substrates. Such ef-
forts have also increased the range of operation of
microcalorimetry. Figure 30.21 shows the dependence
of the heat of adsorption of CO and of O, on Pd
nanoparticles of different size deposited on a thin
Fe;0,4 film grown on Pt(111). By depositing different
amounts of Pd on the film, nanoparticles of different

sizes were obtained. The particle size was determined
by STM the smallest nanoparticles correspond to =
120 atoms/particle, while largest ones consist of &
4900 atoms/particle. The data are compared with the
results obtained for a Pd(111) single crystal. The de-
pendence of the initial adsorption energy for oxygen
on the particle size exhibits a clear trend. It strongly
rises from about 205 to 250—275 kJ/mol when moving
from Pd(111) to large Pd nanoclusters where it passes
through a maximum and decreases thereafter, reaching
a value of 205kJ/mol on the smallest Pd nanoparti-
cles. The initial rise is accounted for by the fact that
on Pd(111) oxygen adatoms adsorb at threefold-hollow
sites, while on large Pd nanoclusters, oxygen first occu-
pies undercoordinated sites at the edges of the particle,
which usually have a higher heat of adsorption. For
smaller nanoparticles, the first sites to be occupied are
still undercoordinated sites at the edges. The decrease
of ¢ is, thus, due to a pure size effect; in smaller
nanoparticles, the lattice spacing is lower, the d bands
are downshifted [30.74], and this causes a significant
decrease in the heat of adsorption [30.75]. The decrease
of the particle size causes, moreover, a lower van der
Waals contribution to the heat of adsorption, thus re-
sulting in an overall decreasing value. The data for the
initial heat of adsorption of CO on the same nanopar-
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Fig. 30.21 (a) Initial adsorption energy for (upper panel) O, and (lower panel) CO molecules plotted as a function of the
nominal Pd coverage on the Fe;04/Pt(111) samples with the nominal deposition thickness of 0.3 (only for CO), 0.6, 1.5,
4, and 7 A and on the Pd(111) single-crystal surface. Next to the data points, the average diameters of the Pd particles
are given. Error bars show the standard error of the mean. The dashed lines are given to guide the eye. (b) Adsorption
heat of CO on Pd(111) and on a Pd/Fe;O,/Pt(111) model catalyst plotted as a function of CO surface coverage. Each
curve is an average of four to six experimental runs measured on freshly prepared samples. (c) A model describing two
microscopic trends affecting the binding energy: the local configuration of the adsorption site, and the particle size. NPs
= nanoparticles (Adapted from [30.73], © 2010 by the American Physical Society; [30.69], © Wiley VCH 2013)

ticles exhibits, on the contrary, a monotonic decrease
with particle size. Since the heat of adsorption of CO
on Pd(111) does not change so much from terrace to
corner sites, the behavior of the heat of adsorption is
dominated by size effects over the whole range consid-
ered in these studies.

30.6.2 Heat of Adsorption
of Propylene Oxide

In Fig. 30.22, the heat of adsorption of the R and
S enantiomers of propylene oxide on bare and
NEA-covered Pt(111) surfaces are reported. 1-(1-
Naphthyl)ethylamine (NEA) is a model chiral modifier;
it has an aromatic group for binding to a metal surface
and an amino group close to the chiral centre capable of
hydrogen bonding. Adsorption of S- and R-propylene

oxide (PO) on the bare Pt(111) surface shows an initial
heat of adsorption of 50 decreasing to 42—43 kJ/mol at
a coverage of ~ 1.5 x10'* molecules/cm? correspond-
ing to 1 PO molecule every 10P atoms. Above this
coverage, ¢ either goes through a small local maximum
(S-PO) or, rather, remains constant (R-PO) up to the
coverage of 4.1 x10'" molecules/cm?. Saturation is
then reached at a coverage of 5.5 x10'* molecules/cm?.
When PO adsorbs on the pristine Pt(111) surface,
its binding energy rapidly reaches a constant level;
this plateau is most likely due to the formation of PO
islands. After some PO nuclei consisting of a few
PO molecules are formed on the surface, further PO
molecules diffuse to the boundary of these nuclei and
adsorb with a constant binding energy. It is only after
the PO surface coverage increases to such an extent that
neighboring PO islands start to coalesce that the binding
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Fig. 30.22a-d Adsorption energy of S-PO and R-PO as a

N (x10™ molecules/cm?)

function of the number of adsorbed molecules on (a) bare

Pt(111), as well as R-NEA-covered Pt(111) with the R-NEA relative coverage of (b) 0.5; (c) 0.75; (d) 1. The data points
are averages of 35 independent measurements; the error bars show the error of the mean value. ([30.71], published by
the PCCP Owner Societies licensed under a Creative Commons Attribution 3.0 Unported Licence 2015)

energy of the last incoming PO molecules decreases and
approaches the value characteristic for PO adsorption
in the second layer. The coverage dependence of ¢
changes completely if NEA is present on the surface; as
evident from Fig. 30.22b—d a monotonically decreasing
heat of adsorption is measured in this case. When the
surface is covered with 50% of NEA, i.e., when half of
the surface still exposes Pt atoms, the plateau in ¢ has
completely disappeared. Most likely, there is a preferred
adsorption of PO in the vicinity of NEA, preventing PO
island formation on the still available metal sites. All
these results suggest a preferential interaction between
PO and the adsorbed modifier possibly resulting in the
formation of a complex between these molecules.

30.6.3 Heat of Adsorption of Water at Metal
and Oxide Surfaces

We conclude our review by presenting in Fig. 30.23
the microcalorimetric results for H,O adsorption on

Pt(111) and on two thin iron-oxide films. On Pt(111)
and on FeO/Pt(111), the heat of adsorption is ini-
tially 47kJ/mol and remains nearly constant un-
til ice is formed. On Fe;O04(111)/Pt(111), g is ini-
tially much higher (87kJ/mol) and decreases there-
after, monotonically leveling at a coverage of 1.2 x
10" molecules/cm?. The high value of ¢ is indica-
tive of water dissociation. Measurements performed at
different temperatures are shown in Fig. 30.23b. The
initial adsorption energy at higher temperatures reaches
101 kJ/mol and decreases, leveling off at a lower cov-
erage without forming multilayer ice. An increase of
the initial binding energy from 87 kJ/mol at 120K to
101 kJ/mol at temperatures > 180K is most likely re-
lated to a kinetic hindrance of water dissociation at
120 K. Since the initial adsorption energy remains con-
stant for all temperatures > 180K, this value can be
considered as the true thermodynamic value that is not
affected by the slow kinetics of water dissociation. The
leveling of ¢ corresponds, as is usual in calorimet-
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Fig. 30.23 (a) Differential adsorption energy measured at 120 K plotted as a function of the number of adsorbed H,O molecules
for Pt(111), FeO(111)/Pt(111), and Fe;O4 (111)/Pt(111). (b) Differential adsorption energy of HyO on Fe;O04(111)/Pt(111) as
a function of the number of adsorbed H,O molecules measured at different temperatures. ([30.70], © Wiley VCH 2015)

ric experiments using pulsed beams, to a steady-state
equilibrium between molecules adsorbing during the
water pulse and molecules desorbing in the time be-
tween subsequent pulses. The initial heat of adsorption
at high temperature is higher than that obtained by
thermal desorption methods (65 kJ/mol) [30.76]. These
calorimetric data shed light on a possible failure of the

30.7 Conclusions

Although SCAC is only about 20 years old, it has al-
ready developed into a mature and powerful technique.
The complexity of the experimental setups and the need
for accurate calibrations are still probably limiting its
further utilization despite the huge amount of informa-
tion that could be provided.

In our opinion, we foresee and welcome two possi-
ble future directions of development:

a) A systematic use of the existing SCAC setups with
an extension of the sets of investigated systems,
thus enriching the amount of data and the develop-
ment of a more extended database covering more
and more systems of catalytic interest. In this effort,
the calorimetric information provided by SCAC

generally-accepted simple model of water dissociation
leading to two individual OH groups. IRAS measure-
ments using isotopically labeled water molecules and
DFT calculations suggested, on the contrary, a more
complex mechanism: a dimer form consisting of one
H,0O molecule dissociated into two OH groups and an-
other nondissociated H,O molecule [30.70].

will, however, need more and more precise identi-
fication of the moieties forming upon adsorption,
which can be provided mainly by spectroscopic
techniques, as has already happened for the analy-
sis of calorimetric data obtained for simple organic
molecules.

b) Further developments of the technique will be
necessary to allow the investigation of currently
inaccessible adsorption systems, in particular of
activated adsorption systems. This direction will
most likely require the use of supersonic beams to
overcome adsorption barriers and to attain high-
enough adsorption probabilities and, thus, an ac-
ceptable signal-to-noise ratio in the calorimetric
signal.
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