Chapter 2
Adsorption Calorimetry on Well-Defined
Surfaces

Ole Lytken, Hans-Jorg Drescher, Rickmer Kose, and J. Michael Gottfried

Abstract The focus of this chapter is single-crystal adsorption calorimetry, which
is used for the direct measurement of adsorption energies on well-defined surfaces,
both single- and poly-crystalline. The method was pioneered in the 1990s mainly by
D.A. King and C.T. Campbell and is based on earlier work by S. Cerny. Especially
in recent years, the technique has seen increasing proliferation and development. In
contrast to desorption-based methods, such as temperature-programmed desorption
and isosteric measurements, calorimetry is also well suited for irreversible reactions.
The systems studied range from simple adsorption of small molecules, such as CO
and NO, to surface reconstructions, reaction intermediates, hydroxyl group forma-
tion, metal adsorption and diffusion into polymers, particle-size dependent adsorp-
tion energies on model catalysts and even electrochemical reactions on electrode
surfaces in the liquid phase.

2.1 Introduction
Adsorption processes are of fundamental importance for heterogeneous catalysis,

sensor technology, and electrochemical processes, but also for the production of
thin films, for example in semiconductor technology. One of the most important
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parameters in this respect is the adsorption energy as a direct measure for the
strength of the interaction between the adsorbate and the surface [1]. For example,
the catalytic activation of a molecule requires a sufficiently strong interaction of the
intermediate with the surface of the catalyst; the same is true for the bonding of a
molecule to a sensor and for electrochemical and electrocatalytic processes. How-
ever, if the adsorptive bond is too strong, the adsorption will lead to a poisoning of
the catalyst (principle of Sabatier) [2]. The precise knowledge of experimental ad-
sorption energies is also important for the improvement of theoretical methods, es-
pecially as focus shifts toward larger molecules and more complex systems. Single-
crystal adsorption calorimetry measures the heat of reaction as an adsorbate adsorbs
on a surface and is a very versatile tool, able to provide information not available
with any other technique. Although the technique started out with a narrow focus on
single-crystal studies, it has now become a more general technique for planar, low
surface area systems.

2.2 Theory Background

2.2.1 Approaches for the Measurement of Adsorption Energies

Adsorption energies can be determined by thermodynamic and, indirectly, kinetic
methods. Temperature-programmed desorption (TPD, also known as thermal de-
sorption spectroscopy) [3, 4] belongs to the kinetic methods. Here, the desorption
rate constant r is measured as a function of temperature 7', and the desorption ac-
tivation energy E, is then determined using the simple rate equation (also Polanyi-
Wigner equation):

E
r=vexp<—R—;>@" 2.1)

where @ is the coverage and n the desorption order. In the case of non-activated
adsorption, the activation energy for desorption approximates the negative adsorp-
tion energy. Another classical approach is based on equilibrium thermodynamics
and considers the change of the equilibrium pressure p with temperature at constant
coverage. These quantities are related by the Clausius-Clapeyron equation to the
heat of adsorption at constant coverage (isosteric heat) [1]:

——R< alnp) 2.2)
qst = o(1/T) ) .

The major limitation of both methods is that they can be applied only in cases of
fully reversible adsorption, i.e., when the molecules desorb much faster than they de-
compose; a classical example is carbon monoxide desorbing from a Pt(111) surface
(Fig. 2.1a). Many molecules, especially large organic or biomolecules, however, dis-
sociate on the surface and only their fragments desorb. An example is benzene on
Pt(111) (Fig. 2.1b), which adsorbs intact at room temperature and below, but de-
composes at elevated temperatures forming carbon (in graphene-like structures [5])
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Fig. 2.1 Reversible and
irreversible adsorption.

(a) Reversible: CO on
Pt(111). CO desorbs intact
and the molar adsorption
energy AU,qs can be
estimated from the desorption
activation energy E jos.

(b) Irreversible: Benzene on
Pt(111). Benzene adsorbs at
300 K as an intact molecule,
but dissociates above 500 K
forming hydrogen and
carbon. In this case,
calorimetry is needed to
determine AU,45 (images
courtesy E.K. Vestergaard)

and hydrogen, which desorbs. In this case, neither TPD nor methods based on the
Clausius-Clapeyron equation (2.2) can be used. For such systems, the adsorption en-
ergy can only be determined by direct calorimetric measurement, i.e., by measuring
the temperature increase due to the heat of adsorption.

2.2.2 Thermodynamics

The following considerations focus on the thermodynamic understanding of the
ultrahigh vacuum-based calorimeters, especially the Campbell calorimeter (see
Sect. 2.3.3). A typical experiment consists of a pulsed molecular beam striking a
single-crystal sample. As each pulse strikes the sample, heat is deposited and mea-
sured as a temperature change in the sample. Simultaneously for each pulse the
sticking probability (fraction of the molecules in each pulse adsorbing on the sam-
ple) is measured, and with knowledge of the amount of molecules per pulse, the
number of molecules that adsorbed on the sample may be calculated. Because of the
approximately isochore conditions in the ultrahigh vacuum apparatus, the heat mea-
sured (g¢q) is equivalent to the change of the internal energy of the sample (Au ).
(Note that we use lowercase letters for extensive quantities and uppercase letters
for intensive quantities.) Au, contains two contributions: one from molecules that
adsorbed on the sample (Au ), and another from molecules that were reflected, but
exchanged energy with the sample (Au 4 ):

Geal = Aup = Au ) + Au gy (2.3)
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Au can be expressed as the sum of three terms: (i) the actual adsorption energy
Auggs, 1.€., the change of the internal energy of the system gas/surface during ad-
sorption of a gas with the sample temperature T, (ii) a term %RTm s for the energy
difference between a gas flux and a gas volume at the temperature of the molecu-
lar beam source, T;,,5 [6], (iii) a contribution due to the gas temperature 7,5 being
different than the sample temperature 7),:

T,
Au = —Auggs + nad‘g(%RTms - f ' Cy dT) (2.4)
where n4q; is the adsorbed amount of gas (in mol) and C,, is the molar isochore
heat capacity of the gas. Note that Au,g4s contributes to (2.4) with a negative sign,
because the system gas/surface releases heat (Au,gs < 0), but the sample considered
here gains this amount of heat (Au | > 0).

The integral term in (2.4) is relevant when the temperature of the molecular beam
source is different from the sample temperature and, as mentioned above, also re-
flected molecules can contribute to g.4 by exchanging energy with the sample (term
Au 4 in (2.3)). Assuming that all reflected molecules leave the surface with the sam-
ple temperature T, i.e., that complete thermalization occurs, the following equation
is obtained:

T, 1
AM¢T = —nreﬂ/ (Cu + §R> ar 2.5)

where n, is the reflected amount of gas. The additional term %R takes into account
that a flux of molecules is warmer than the corresponding volume of gas. If the
volume of gas is in thermal equilibrium this corresponds to %R [6].

The adsorption enthalpy, Ahggs, at T, equals the adsorption energy Auggs plus
the volume work, which would result, under isobaric conditions, from the compres-
sions of the gas phase (assumed to be ideal) to the negligibly small volume of the
adsorbed phase:

Ahggs = Attggs — naa’sRTp (2.6)

This quantity allows for comparison with tabulated thermodynamic standard quan-
tities (after conversion to standard temperature, if necessary).

The molar heat of adsorption is normally defined as the negative molar adsorp-
tion enthalpy, —A H,4,, and thus always positive. Combining (2.3)—(2.6) results in
the following relation between — A H,4s and the measured heat g.4;:

—Ahggs 1
—AHugs = <= (CICal — Kads — Kreﬂ) (27)
Nads Nads
with the correction terms
T, 1
K ads = nads _/ C,dT + ERTmS - RTp (2.8)
Tons

T, 1
Kre = n,eﬂ[— / <C‘, 4 ER) dTi| 2.9)
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Fig. 2.2 Differential (top) and integral (bottom) heats of adsorption near saturation coverage. In
the case of the differential heat of adsorption, differentially small changes of coverage are consid-
ered, while the integral heat of adsorption considers finite changes starting from ® = 0. Calori-
metric experiments typically measure the differential heat of adsorption, whereas theoretical cal-
culations typically calculate the integral heat of adsorption

—AH, s is a differential heat of adsorption. Integration of —A H,4s over the cover-
age © yields the respective integral heat of adsorption —A Hygs, ins (see Fig. 2.2):

®
—AHads,imz—l/(H)/ AHuysd®' (2.10)
0

Integral and differential heats and energies of adsorption play an important role
for comparisons with results from ab-initio calculations. For such comparison, it can
be useful to take the changes in the internal and external degrees of freedom (DOF)
of the adsorbing molecules into account. In the simplest case, a mono-atomic gas
(three translational DOF), the enthalpy of the gas is given by (with T =0 as the
point of reference):

3
Hgas = Ugas + pVgas = ERT‘FRT (2.11)

For estimating the enthalpy of the adsorbed phase, H 4, one needs to distin-
guish between mobile and localized adsorption. In the case of mobile adsorption,
the molecule has two lateral translational DOF ( F,,s = 2) and one vibrational DOF
(Fyjp = 1) perpendicular to the surface. For full excitation of all DOF, this results in
(again with T = 0 as reference point):

Hads=Uads=_|E()| +2RT (2.12)

where |Ep| is the adsorbate-substrate bond energy. Thus, the following relation
holds for the heat of adsorption:

1
AHads:Hgas_Hads=_|E0|+§RT (2.13)

In contrast, for localized adsorption (Fyqns = 0, Fyip = 3), one obtains in the case of
full excitation of all DOF:

1
AHads:Hgas_ ads=_|E0|_ERT (2.14)

|Ep| can now be compared to calculated adsorbate-substrate bond energies or (in
the case of non-activated adsorption) to desorption activation energies E .



40 O. Lytken et al.

The situation can become very complex, especially in the case of large molecules,
because in principle the adsorption-induced changes in the excitation of internal de-
grees of freedom must be taken into account. This holds in particular for chemisorp-
tion, which influences the chemical bonds in the molecule, and thus, via the partition
functions, the contribution of the vibrations to the total energy. However, these con-
tributions are in the order of RT (~2.5 kJ/mol at 300 K) and thus much smaller than
typical adsorption energies for large molecules.

2.3 Experimental Setup and Method

2.3.1 History

Adsorption calorimetry on thin metal wires, which serve as both substrates and re-
sistance thermometers, were already performed in the 1930s by J.K. Roberts with
the focus on a quantitative understanding of chemisorption and adsorbate-adsorbate
interactions. For example, the adsorption of Hy, N> and O, on tungsten was inves-
tigated with this approach [7-9]. P. Kisliuk later improved this method by using
metal ribbons instead of wires to achieve a higher surface-to-volume ratio [10].
Until the 1970s, this approach was pursued by various groups [11]. However, it be-
came evident that the polycrystalline samples with their wide spectrum of different
adsorption sites lead to problems with the reproducibility of results, especially as
the wire and ribbon samples were also structurally and chemically insufficiently
defined.

Around 1940, O. Beeck [12, 13] introduced the thin film calorimeter, in which
vapor-deposited metal films are used. This technique was later improved and exten-
sively used by G. Wedler [14-17] and by a number of other groups. The Wedler
calorimeter (Fig. 2.3) contains a thin-walled round glass bulb (1) with a metal fil-
ament (4) inside, from which the metal is vapor-deposited onto the inner wall of
the bulb as a thin closed film. Around the outside of the bulb, a thin metal wire is
wound in a induction-free loop arrangement as a resistance thermometer. The gas
is introduced into the evacuated bulb in small pulses, while the adsorption-induced
temperature change of the bulb is measured. For thermal insulation, the glass bulb
is located inside an evacuated glass cylinder (6), which is immersed in a thermo-
stat. The heat capacity of this calorimeter is in the order of 1 J/K, and temperature
changes as low as 1 pK can be detected [11, 16, 17]. With an active sample sur-
face of 75 cm?, absolute sensitivities in the range of 10 nJ/cm? are reached. For
calibration of the Wedler calorimeter, the resistance thermometer is used as a re-
sistance heater to deposit a precisely known amount of heat. This calorimeter type
was used for adsorption studies of various small molecules on transition metal films
[11]. A disadvantage of the technique is again the polycrystalline nature of the metal
films, the dependence of the film morphology on the deposition parameters and the
very limited possibilities for a structural and chemical characterization of the sur-
face.
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Fig. 2.3 Spherical adsorption calorimeter after Wedler [16, 17]. (/) Thin-walled glass bulb
(2@ 5 cm, wall thickness 0.1 mm) with resistance thermometer on the outside (tungsten, length
2 m, @ 10 pm). (2) Platinum contact foils for measuring the resistance of the film and the related
electrical feedthroughs (3). (4) Evaporant (metal wire). (5) Electrical feedthroughs for the resis-
tance thermometer. (6) Evacuated glass bulb for thermal insulation (left figure reproduced from
Ref. [11] with permission from Elsevier B.V., © 1996)

The adsorption calorimeter by S. Cerny et al. [18] relies on a principle similar
to that of the single-crystal calorimeters by King and Campbell, which will be de-
scribed in the next section, and was developed independently around the same time.
The Cerny calorimeter uses a pyroelectric detector (LiTaO3), onto which the sam-
ple is vapor-deposited as a thin polycrystalline metal film. The molecules are dosed
with a pulsed supersonic molecular beam. For calibration, a laser beam is used,
which takes the same path as the molecular beam.

Finally, we mention the micromechanical calorimeter [19-22], which uses the
temperature-induced bending of a bimetallic cantilever for the detection of heats
of adsorption and reaction. A typical Si/Al cantilever has a length of ~400 um, a
width of 35 um, and a thickness of ~1.5 um. The bending is measured similarly
as in an Atomic Force Microscope. The calorimeter reaches an absolute sensitivity
limit of ~10~!2 J, which corresponds to ~10 nJ/cm?. Thus, the sensitivity per area
is similar to that of the Wedler calorimeter, and both are limited to polycrystalline
substrates.

For a more detailed description of the history of adsorption calorimetry, we refer
to Ref. [11].

2.3.2 Single-Crystal Adsorption Calorimeter by D.A. King

The major challenge of adsorption calorimetry is to ensure that the heat released
upon adsorption causes a measurable change in temperature, which requires the
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heat capacity to be low in relation to the heat of adsorption, which is proportional to
the surface area. This condition is typically fulfilled in the case of powder samples
[23-25], but not for macroscopic single crystals and other well-defined samples.
In the 1980s, adsorption calorimetry on macroscopic Pt(111) single crystals was
attempted using a thermistor as sensor, but the results were discouraging [26]. The
decisive breakthrough was achieved by Sir D.A. King (Cambridge, UK) in the 1990s
with the usage of ultrathin single crystals with a thickness of only 0.2 pm, in com-
bination with a pulsed molecular beam source and an infrared detector (pyrometer)
[27-29]. The heat capacity of such a sample is very low, and even the adsorption
of a fraction of a monolayer leads to a significant change in temperature on the or-
der of 1 K [30]. The resulting change in intensity of emitted infrared light can be
measured by means of an infrared detector outside the ultrahigh-vacuum (UHV)
apparatus. Given a careful setup, heats of adsorption of at least 1 uJ/cm? can be
measured.

For calibration of the calorimeter, a laser beam with known intensity and closely
matched temporal and spatial characteristics as the molecular beam is used to de-
posit a known amount of heat in the sample. For this calibration, the reflectivity of
the sample at the wavelength of the laser must be precisely known. Alternatively, a
known heat of reaction, such as the multilayer adsorption energy of the adsorbate,
may be used to calibrate the system. Although used in Schuster’s electrochemical
calorimeter (see below) this approach is typically not used for ultrahigh vacuum
calorimeters, except to confirm the laser-based calibration.

To determine the heat of adsorption per molecule (or per mol), the number of
adsorbed molecules in each pulse must be known. This number is determined by
separate measurements of flux and sticking probabilities. The flux is measured with
a stagnation gauge. The sticking probability is measured by a mass spectrometer,
detecting the reflected molecules (King-Wells techniques [31], see Fig. 2.4). Before
and after each experiment, an inert gold flag is placed in front of the sample, pro-
viding the mass spectrometer signal corresponding to 100 % reflection. Because the
sticking probability is always measured by comparing with 100 % reflection, the
relative uncertainty becomes larger the lower the sticking probability becomes, and
unless extreme care is taken, it is generally not possible to measure reliable adsorp-
tion energies for sticking probabilities below 10 %. From the measured amounts of
heat and the corresponding numbers of molecules, the molar heat of adsorption can
be calculated for each pulse. In the limit of very small pulses (A® — 0), this is a
differential heat of adsorption (see Fig. 2.2).

The magnitude of the infrared signal depends strongly on the absolute sample
temperature, because the radiant power, A P44, follows the Stefan-Boltzmann law:
APrq < T3AT. This technique will, therefore, have a lower sensitivity at lower
sample temperatures and a higher sensitivity at higher sample temperatures. How-
ever, cooling or heating of the sample via the support ring is impossible since lateral
heat transfer is extremely ineffective. Thus, the sample temperature is dominated
by radiative thermalization with the environment. To date, no attempts have been
made to measure at sample temperatures above or below room temperature, e.g., by
means of a cryoshroud.
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Fig. 2.4 Single-crystal calorimeter by D.A. King. The adsorption-induced temperature change of
the thin single-crystal sample (0.2 pm) is measured with an IR detector outside the UHV apparatus
(right). For dosing, a pulsed molecular beam is used (/eft). Further components: pulsed laser beam
for calibration (left), stagnation gauge for flux measurements (center), and mass spectrometer and
gold flag for measurements of the sticking probability after King and Wells [31] (reproduced from
Refs. [27-29] with permission from Elsevier B.V., © 1996)
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Fig. 2.5 Anillustration of the Campbell calorimeter. Left: The setup for single-crystalline samples.
A thin pyroelectric polymer ribbon is mounted in an arch and pressed gently against the backside
of the sample. As a pulse of molecules adsorbs on the single-crystal sample, heat is deposited
and is detected as a temperature change in the pyroelectric polymer. Simultaneously, the sticking
probability of the molecular pulse is measured by a mass spectrometer, detecting the reflected
fraction of the pulse. Right: The setup for polymer samples, organic films and other polycrystalline
samples, which are deposited as thin films directly on the detector

2.3.3 Single-Crystal Adsorption Calorimeter by C.T. Campbell

The central feature of the single-crystal calorimeter by C.T. Campbell et al. is a
pyroelectric detector, which gently contacts the backside of a thin single-crystal
sample during the measurement (Fig. 2.5). The material of the detector is a pyro-
electric polymer, typically 9 um thick B-polyvinylidene fluoride (8-PVDF) in the
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Fig. 2.6 Calorimeter signal
(top) and molecular beam
intensity (bottom) for the
adsorption of cyclohexene on
Pt(111) at 100 K. Each pulse
has a length of 102 ms,
contains 2.5 - 1012 molecules
(0.011 ML) [37] and leads to
a heat input of ~250 nJ
(adapted from Ref. [36] with
permission from the

American Chemical Society, : .
© 2008) : Beam Intensity

Calorimeter
Response

186 187 188 189 190 191
Time (s)

form of a bent ribbon. The direct mechanical contact between sample and detector
requires thicker samples than those used in the King calorimeter, typically 1 pm or
thicker, but leads to an increased sensitivity, such that temperature changes in the pK
range can be detected. The increased sensitivity allows samples as thick as 100 um
to be used [32-35]. This represents a considerable advantage, since 100 um thick
samples may be produced by mechanically thinning down readily available thicker
single-crystal samples. The thin 1 and 0.2 um single-crystal samples are produced
as epitaxially grown films on a salt crystal and are therefore only available for cer-
tain elements and surface orientations. The smooth and mirror-like surfaces of the
100 um samples is another advantage, because the calibration of the calorimeter re-
quires the knowledge of the reflectivity of the sample. The reflectivity is difficult to
measure accurately on the buckled surfaces of the thin 0.2—1 um foils.

Because the heat transfer between sample and detector is efficient even at low
temperatures, low-temperature measurements are possible and have been carried out
with the Campbell design [36]. The upper operating temperature of the Campbell
design is around 400 K, where a significant degradation of the detector will start to
occur. During sample preparation, which normally includes annealing at high tem-
peratures, the detector is retracted from the sample and does not limit the maximum
annealing temperature.

The adsorbate is dosed by means of a periodically pulsed molecular beam. For
gases or liquids with vapor pressures above 10 mbar at room temperature, an effu-
sive beam is used. For metals or other solids with low vapor pressures an evaporator
is used instead. The pulses have a typical length of 100 ms and a frequency of 0.5 Hz.
Each pulse leads to the deposition of heat in the sample and causes a detector signal,
which is proportional to the temperature increase and, thus, to the amount of heat
(Fig. 2.6). Note that a pyroelectric detector is a current source, for which the current
is proportional to the time derivative of the temperature, Iy, ~ dT /dt. Calibration
is achieved with a laser, as in King’s setup.

In the Campbell design the flux of the molecular beam is measured before and
after each experiment with a Quartz Crystal Microbalance (QCM) positioned in
front of the sample. When used to measure the flux of molecules such as benzene
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or cyclohexene, the QCM is cooled with liquid nitrogen to allow multilayers to
build up. For adsorbates with negligible vapor pressure at room temperature, such
as metals, cooling of the QCM is not necessary. As in King’s setup, the sticking
probability is measured by a mass spectrometer, detecting the reflected molecules,
see Fig. 2.5. For metals and other low vapor pressure compounds the inert flag, used
to calibrate the mass spectrometer, is heated to ensure 100 % reflection.

If the molecular beam is produced by a hot source, as for example in the case
of metals or compounds with low vapor pressure, then the contribution from the
absorbed IR radiation to the calorimeter signal must be measured separately. For
this purpose, an IR transmissive window, such as BaF, or KBr, is inserted in the
beam path, blocking the molecules or atoms in the beam, but allowing the radiation
to reach the sample.

The Campbell design has produced several offspring; one such has been con-
structed by R. Schifer’s group in Darmstadt [38, 39]. Schifer’s design involves
a novel pulsed molecular beam, which, instead of the typical continuous beam
chopped by a rotating chopper, uses an intrinsic pulsed beam. The pulses are created
by a piezoelectric plunger, opening and closing to a gas containing vessel of known
volume. After an experiment the gas dose per pulse can be determined by measur-
ing the pressure drop in the gas containing volume and dividing by the number of
pulses. The pressure changes are typical in the range of 10~* mbar (at a starting
pressure in the range of 1 mbar) and are measured by a capacitance pressure gauge.

2.3.4 Electrochemical Single-Crystal Adsorption Calorimeter by
R. Schuster

All the single-crystal calorimeters discussed this far have been ultrahigh vacuum-
based calorimeters, where the adsorbate is dosed from the gas phase in an ultrahigh
vacuum chamber onto a single-crystal surface. However, in the group of R. Schus-
ter the technique has been adapted to measure heat effects during electrochemical
reactions, with conversions of just a few percent of a monolayer [40—43]. Similar to
Campbell’s design a pyroelectric polymer foil is used as the detector (Fig. 2.7). In
Campbell’s design the soft contact between the pyroelectric polymer detector and
the sample limits the heat transfer into the detector. Schuster solved this problem
by evacuating the space between the detector and the sample, allowing the ambient
pressure in the electrochemical cell to press the detector and sample together, form-
ing a tight contact. The samples are typically 12 um thick single or polycrystalline
metal foils supported by a 120 um thick Si sheet. The Si support is used to reduce
bending of the sample/detector sandwich, which would cause false signals since the
PVDF-based detector is piezoelectric as well as pyroelectric.

An interesting feature of the electrochemical calorimeter is that for electrochem-
ical reactions conducted close to equilibrium the heat effects reflect the entropy
changes at the interface. Whereas the ultrahigh vacuum-based calorimeters mea-
sure reaction energies, Schuster’s electrochemical calorimeter measures reaction
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Fig. 2.7 Electrochemical cell of the calorimeter by R. Schuster et al. [40—42]. The sample (work-
ing electrode, WE) is located directly above the detector (PVDF foil). To increase the mechanical
stability of thin samples, a 120 um thick Si sheet may be inserted between the sample and the
detector. A good mechanical contact between sample and detector is achieved by evacuating the
volume between sample and detector. CE: counter electrode; RE: reference electrode (reproduced
from Ref. [40] with permission from the American Institute of Physics, © 2010)

entropies. Schuster’s calorimeter is also much smaller and simpler than the large
ultrahigh vacuum calorimeters, but the interpretation of the measurements is far
more complex than those for ultrahigh vacuum-based calorimeters. The sensitivity
of the method is in the range of 1 uJ/cm? and thus, despite the presence of the liquid
phase, only 1-2 orders of magnitude below that of UHV calorimeters [41]. How-
ever, because of heat loss into the liquid, Schuster’s calorimeter operates with much
faster pulses than the ultrahigh vacuum calorimeters, typically in the range of 10 ms,
see Fig. 2.8. Calibration of the calorimeter is achieved by using an electron transfer
reaction, such as the [Fe(CN)6]4_/[Fe(CN)6]3_ redox system, depositing a known
amount of heat [40]. Schuster’s technique has been used to measure the deposition
and dissolution of Ag and Cu as well as phase transitions in organic monolayers on
electrode surfaces [40-43].

2.4 Applications of the Technique

2.4.1 Surface Phase Transitions—CO Adsorption on Pt

Surface phase transitions or reconstructions are frequently occurring phenomena
and are often induced or lifted by adsorbates on the surface. An example is CO and
ethylene adsorption on Pt(100). Unreconstructed Pt(100)-(1 x 1) can be prepared
at 300 K, but the unreconstructed phase is metastable, and upon heating to 500 K
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Fig. 2.8 The deposition (a)
and dissolution (b) of Ag
onto a 300 ML thick silver
film on Au. At =0 the
potential was stepped to S mV
negative (a) or positive (b),
and after 10 ms the cell
current was forced to 0.
During deposition the sample
temperature increases with
time, which can be attributed
to the reduction in entropy of
the electrode-solution
interface by the removal of
Ag ions from solution
(reproduced from Ref. [40]
with permission from the
American Institute of 5
Physics, © 2010)
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the surface will reconstruct to Pt(100)-hex, adopting a hexagonal arrangement in the
first layer. Upon adsorption of CO or ethylene at 300 K the reconstruction is lifted,
and the final state of the surface is identical to the final state when CO or ethylene
is adsorbed on the unreconstructed Pt(100)-(1 x 1) surface. The reconstruction en-
ergy can therefore be measured directly with single-crystal adsorption calorimetry
as the difference in the integrated adsorption energies, yielding an energy difference
between Pt(111)-hex and Pt(100)-(1 x 1) of 20-25 kJ/mol [44].

Single-crystal adsorption calorimetry was also used to investigate the energetics
of the Pt(311)-(1 x 2) surface reconstruction [45]. This reconstruction was—albeit
with some discrepancy in their findings—observed by Blakely and Somorjai [46]
and Gaussmann and Kruse [47, 48] and more recently studied by means of DFT by
Orita and Inada [49]. Using a combination of calorimetry and low-energy electron
diffraction (LEED), it was possible to confirm the existence of the reconstruction
and to show that the presence of small amounts of CO or carbon are sufficient to
lift the (1 x 2) reconstruction [45]. The heats of adsorption for CO on Pt(311)-
(1 x 2) and Pt(110)-(1 x 2) are shown in Fig. 2.9. For CO adsorption on Pt(311)
four distinct adsorption regions can be observed, each corresponding to different
adsorption structures.
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Fig. 2.9 Coverage-dependent differential heats of adsorption for CO on Pt(311) (red lines) and
Pt(110) (blue lines) adsorbed at 300 K. Open circles are averaged experimental data points (error
bars represent one standard deviation from averaging across several experiments), and the solid
lines represent guides to the eye through these points (CO/Pt(110) data adapted from Refs. [50, 51]
with permission from the American Chemical Society, © 1996 and 1998)

2.4.2 Reaction Intermediates—Cyclohexene Adsorption on Pt(111)

Platinum is an excellent hydrogenation/dehydrogenation catalyst and the adsorp-
tion of hydrocarbons on platinum has therefore received much attention in the lit-
erature. However, because many hydrocarbons readily dehydrogenate on platinum
before any desorption occurs, desorption-based techniques, such as temperature pro-
grammed desorption, are very limited in their ability to study these systems. Let us
consider the hydrogenation of benzene to cyclohexane. It is one of the first steps in
the production of nylon, but may also be seen as a model reaction for the removal
of aromatics in diesel. From a more fundamental point of view, this is a system with
a wide range of interesting possible reaction intermediates that are not accessible
using desorption-based techniques. An example is the adsorption of cyclohexene,
a possible reaction intermediate, on Pt(111), see Fig. 2.10. At 100 K, cyclohexene
adsorbs intact, but as the surface is heated, sequential dehydrogenation will occur,
eventually resulting in adsorbed graphite.

Unlike temperature programmed desorption, single-crystal calorimetry does not
rely on desorption and can therefore directly measure the heat of adsorption and
reaction of the wealth of species formed as hydrocarbons are adsorbed on platinum.
However, to control the species formed upon adsorption, it is necessary to control
the temperature, at which the measurement is carried out. With the Campbell design
this is possible, and Fig. 2.11 shows the experimental differential heat of adsorp-
tion of cyclohexene on Pt(111) at 100 K as an example. In the range of the first
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Fig.2.10 The temperature dependent, sequential dehydrogenation of cyclohexene on Pt(111) [36].
At 100 K, cyclohexene adsorbs intact forming a di-bonded cyclohexene species. Above 180 K, cy-
clohexene looses an allylic hydrogen, forming a conjugated 2-cyclohexenyl intermediate. Above
300 K, three more hydrogen atoms are abstracted and adsorbed benzene and hydrogen are formed.
Above room temperature, the adsorbed hydrogen will desorb, and around 400 K benzene will
further dehydrogenate, eventually producing graphite at high temperatures. By controlling the ad-
sorption temperature, it is therefore possible, using the same starting molecule, to measure the heat
of formation of multiple different intermediates

adsorbed layer (® < 0.24 ML) [37], the heat of adsorption decreases with growing
coverage, which indicates repulsive interactions between the adsorbed molecules.
Based on the shape of the curve, conclusions regarding the strengths of these inter-
actions can be made [52, 53]. Using the heat of adsorption at very low coverages
(® — 0, 130 kJ/mol), the standard enthalpy of formation of adsorbed cyclohexene
(—135 kJ/mol) and the dissociation energy of the Pt—C bond (205 kJ/mol) were
calculated. Both values are not accessible by any other technique than adsorption
calorimetry. After saturation of the first layer (® > 0.24 ML), the heat of adsorp-
tion has a constant value of 47 kJ/mol. This value represents the heat of condensation
of cyclohexene at 100 K, since the molecules adsorb here on molecular layers and
the influence of the substrate is negligible. Similar investigations were performed
for benzene and naphthalene on Pt(111) [52, 53]. Based on these measurements
and values for the other above-mentioned temperature ranges, a complex energy
landscape for the hydrogenation of benzene to cyclohexane on Pt(111) can be de-
rived [54]. Such data are of great importance for the quantitative understanding of
heterogeneous catalytic reactions.

From the standard deviation between the data points in the multilayer range in
Fig. 2.11, it can be concluded that a heat of adsorption of approximately 5 kJ/mol
represents the detection limit for the calorimeter used here. This corresponds to a
sensitivity limit of approximately 100 nJ/cm?, if the active sample area is taken
into account. The ability of the Campbell design to carry out experiments below
room temperature has also been used to measured the heat of formation of adsorbed
hydroxyl on Pt(111), by adsorbing water on an oxygen pre-covered Pt(111) surface
at 150 K [55, 56].

2.4.3 Metal Adsorption on Polymers—Calcium on
Poly(3-Hexylthiophene)

For some systems, desorption-based techniques are inappropriate because the adsor-
bate will thermally decompose before or simultaneous with desorption. For other
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systems, it is the substrate which will decompose. This is the case for metal ad-
sorption on organic substrates [57-60]. Such interfaces occur in organic electronic
or opto-electronic devices [61, 62]. An important parameter in this respect is the
interface energy, because it determines the stability of the interface and is related
to its electronic properties. For example, the charge injection rates at the interface
depend on the overlap of wave functions and thus on the character of the interfacial
chemical bond [63]. For polycrystalline or amorphous films, the organic film can,
as shown in Fig. 2.5, be deposited directly on the detector, for example by vacuum
sublimation or spin coating. The benefit of depositing the substrate film directly on
the detector is that the sensitivity is increased by more than an order of magnitude.

As an example, we will discuss the adsorption of Ca on the m-conjugated, semi-
conducting polymer poly(3-hexylthiophene), P3HT, which leads to formation of a
complex metal/organic interface. This is also a good example of how single-crystal
adsorption calorimetry today is no longer restricted to single-crystal studies, but is
used as a general technique for a wide range of planar, low surface area samples. The
differential heat of adsorption of Ca on P3HT as a function of coverage is shown in
Fig. 2.12. From the initial value is 625 kJ/mol (adsorption on defect sites), the heat
of adsorption drops rapidly to 405 kJ/mol, which is still considerably larger than
the sublimation enthalpy of Ca, 178 kJ/mol. This indicates a strong metal-polymer
interaction or a chemical reaction at the interface. Indeed, parallel spectroscopic
investigations show that Ca reacts with the thiophene units of the polymer form-
ing calcium sulfide (CaS). This reaction occurs up to a maximum depth of 3 nm at
300 K. If the deposition is performed at lower temperatures, the reaction depth is
smaller [57, 64]. This reaction dominates in the early stages of deposition, while Ca
particles and finally a closed Ca film form at higher Ca coverages (> 0.5 ML). For
this reason, the heat of adsorption slowly approaches the heat of sublimation of Ca
and reaches this value around 5 ML. Above this coverage, all newly adsorbing Ca
atoms contribute exclusively to the growth of this Ca layer.

The third competing process, the reflection of impinging Ca atoms, prevails at
small coverages (initial sticking probability Sy = 0.35), but becomes less important
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Fig. 2.13 Sticking
probability of Ca atoms on
poly(3-hexylthiophene) at
300 K, as measured by a
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at higher coverages. This is evident from the dependence of the sticking probability
on the coverage (Fig. 2.13).

2.4.4 Particle-Size Dependent Adsorption Energies—CO on Pd

Another offspring of the Campbell design is S. Schauermann’s and H.-J. Freund’s
calorimeter in Berlin [65, 66]. It features several technical improvements which po-
tentially reduce systematic errors in the calibration of the calorimeter, for example a
system for in situ measurements of the reflectivity and an in situ photodiode for mea-
suring the power of the calibration laser. Furthermore, it comprises a rotatable table
for the precise alignment of sample, photodiode and stagnation gauge in exactly
the same position. The construction of this table also ensures improved temperature
stability and reduced susceptibility to vibrations.

The Berlin calorimeter has been used to measure the particle-size dependent
heats of adsorption on planar model catalysts. For example, the adsorption of CO
on Pd nanoparticles on Fe3O4 thin films has been studied, see Fig. 2.14. The growth
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Fig. 2.14 The heat of adsorption of CO on Pd(111) and Pd/Fe304/Pt(111) model catalysts. The
heat of adsorption is seen to decrease with decreasing particle size (reproduced from Ref. [66] with
permission from the American Physical Society, © 2010)

of oxide films on the thin single crystals needed for calorimetry represents a major
challenge in these experiments, because the sample temperature must be precisely
controlled during the film growth. Since the thin samples must be mounted on a
holder with a much larger heat capacity, this is difficult to achieve. During radiative
heating, the edges of the thin foils are in contact with the sample holder and will re-
main relatively colder than the center of the foil, which is far away from the edges.
Nevertheless, this challenge has been successfully overcome.

2.5 Future Developments of the Technique

Single-crystal adsorption calorimetry is a very versatile technique and has been used
to study a broad range of different low-surface area systems, both single- and poly-
crystalline. This development is expected to continue, and in the future we may see
calorimetric measurements involving adsorption of large organic or bio molecules,
intercalation of metals in organic films, or even measurements of the heat of for-
mation of metal-organic or covalent networks on surfaces. Such complex surface
reactions often require a precise control of the temperature. It is therefore likely
that we will see more measurements above and below room temperature and the
development of more apparatus capable of operating under these conditions.

We are also likely to see more sophisticated data treatments. The standard laser
calibration used today for ultrahigh-vacuum calorimeters is only valid if the heat
of adsorption in the actual calorimetric measurements is deposited instantaneously.
However, this is not always the case. The initial adsorption may be followed by
a secondary slower reaction, such as decomposition, diffusion into the subsurface
range, or desorption. This will cause the shape of the calorimeter response to change,
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and the new shape will contain kinetic information about the secondary reaction. As
the sensitivities and signal/noise ratios of future calorimeters are expected to in-
crease, it may become possible to deconvolute the calorimeter responses and extract
this kinetic information.

Overall, we are likely to see further differentiation, because the technique will be
adapted to the systems studied. There will not be one solution equally suitable for all
systems. For example, different adsorbates require different molecular beam setups.
Thin 1 pum single-crystal foils may be used when high sensitivity is required, e.g.,
for deconvolution of the calorimeter response, but thicker 100 um crystals may be
preferred for accuracy, since reflectivity measurements are easier on thicker crystals.
Accuracy may also be increased by using laser wavelengths at which the samples
have lower reflectivities. For example, gold and copper have reflectivities of 96 %
and 92 % at 633 nm, respectively, but only 37 % and 50 % at 405 nm [67]. We may
also see advanced sample mounts which will provide better temperature control for
preparation of oxide thin films and model catalysts.

Radiative contributions to the calorimeter signal will be a challenge for adsorp-
tion studies with many catalytically relevant transition metals. As the evaporation
temperature required increases, the heat of adsorption becomes a smaller signal on
an increasing background of radiated heat. Calorimetry has already been used to
measure the growth of Ag on CeO, and MgO [68], but attempts to move to metals
with even lower vapor pressures requires refining our techniques for measuring the
radiation contribution. Radiation may also represent a challenge at lower tempera-
tures if both the evaporant and the sample have high emissivities in the far infrared
region. In those cases, simple infrared transmissive windows such as BaF, or KBr
may not transmit over a wide enough range, and alternative solutions may have to be
considered, such as Au or Ag mirrors or rotating velocity filters [69], which are only
transmissive for the molecules and completely eliminate the radiative contribution
to the calorimeter signal.

Finally, as this technique becomes more wide-spread, we are likely to see more
experimental overlaps. If the same system is investigated with more than one
calorimeter, experimental accuracy and reliability will improve. Today, the best way
to determine the accuracy of a calorimetric measurement is to compare it to known
values, such as the heats of adsorption in the multilayer range to tabulated heats of
sublimation. This approach is especially feasible for adsorption of metals. However,
for many systems, such direct comparisons are not possible.
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