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Abstract

An ultrahigh vacuum microcalorimeter has been designed and developed
which enables calorimetric heats of adsorption to be obtained for the first time

on single crystal surfaces, as a detailed function of coverage.

The calorimeter is part of a UHV system that has techniques for cleaning
the single crystals and for characterising their surface purity and order. A
pulsed supersonic molecular beam source enables the coverage change per
pulse to be measured very accurately. Sticking probabilities and coverages are
determined pulsewise by the King and Wells reflection detector method.
Beam intensities have been calibrated by beaming into a tube of known

conductance with a calibrated ion gauge at the end.

As a consequence of adsorption the temperature of an unsupported
ultrathin (~ 2000A) metal single crystal rises by ~ 0.1K. Carbon deposition on
the back face of the sample allows nearly all this temperature rise to be
radiated from the back face. A gold coated parabola mounted permanently
behind the sample directs the heat out of the chamber into a germanium lens
which focusses it onto a wide-band infrared detector. The heat capacity
calibration is conducted in situ by laser beam pulsing under identical
conditions as the experiment and show that the calorimeter is sensitive to

sample temperature changes of ~ 0.001K.

The first results for the calorimeter are those of oxygen on Ni {110} which
have never been measured before. They demonstrate that the calorimeter has

excellent sensitivity to 0.01 monolayer pulses.



Only one thing can beat creating something,
and that is creating something that works.



Dedication.

To my parents, brother and sisters whose unchanging love and affection is
matched only by their understanding and encouragement.

To Laura, my future wife and constant companion.



Acknowledgements.

A project of the complexity and subtlety of the single crystal adsorption

microcalorimeter cannot be completed without the specialist help of many people.

The Chemistry department workshops have been inundated with our design
proposals and have constructed a large part of the machine.

The staff at Hiden Analytical, VSW and Caburn have given assistance whenever
it was needed.

Visiting scientists e.g Professor S.Andersson, Drs E.Kuipers and A.Johnson have
given help with most queries and have suggested potential improvements. Jacques
Chevallier, from Aarhus University has assisted us with our crystal mounting.

The group that I belong to have been extremely friendly and I wish them the best
for the future.

I would like to thank King's College, Cambridge for help with thesis costs and
Liverpool University for supporting me throughout my Ph.D.

Special thanks are reserved for Professor D.A.King. None of this would have

been possible without him.



University Department o
of SURFACE SCIENCE GROUP
Cambridge Summer Term 1990

SamHaq Jonlove BillyTodd HuPcijun Colin Barnes Chris Bird

Edgar Kulpers  Stig Andersson ave King  / Johnson Suki Mann  Andrea Atrel




N

ONTENTS.

1 INTRODUCTION 4

2 A REVIEW OF CALORIMETRY. 7
2.1 Introduction. 7
2.2 The heat of adsorption. 8
2.3 The use of kinetic methods to determine the heat of adsorption. 9

24 Calorimetric methods for the determination of the heat of adsorption. 15

2.5 Construction and design considerations. 23
2.6 Coverage determination. 31
2.7 References. 32

3 DESIGN OF MICROCALORIMETER AND

OUTLINE OF EXPERIMENT 36
3.1 Introduction. 36
3.2 DESIGN OF MICROCALORIMETER. 37
3.3 Layout of first (preparation/characterisation) module. 39
3.4 Layout of second (calorimeter) module. 43
3.5 Layout of differentially pumped volume (DPV). 47
3.6 OUTLINE OF EXPERIMENT. 51
3.7 The power dissipation measurement. 51
3.8 Calibration of power dissipation. 63
3.9 Calibration of coverage. 66
3.10 Experimental procedure. 68
3.11 References. 69

3.12 Photographs of system. 69



4.1
4.2
4.3
44
4.5
4.6
4.7
4.8

5.1
5.2
5.3
54
5.5
5.6
9.7
5.8
59

6.1
6.2
6.3
6.4

ABSOLUTE COVERAGE DETERMINATION
(USING A MOLECULAR BEAM SYSTEM).

Introduction.

Sticking Probability determination.
Mass Spectrometry considerations.
Gas Dosing design.

Molecular Beam design.

Results of Beam Intensity calibration.
Results of Sticking Probability testing.

References.

INFRA-RED DETECTION
(AS A REMOTE TEMPERATURE SENSING TECHNIQUE).

Introduction.

A closer look at photoconductive detectors.

Background Noise Limit.

A prediction of the signal to noise ratio in a typical experiment.
Maximising the signal to noise ratio.

Design of the detection system.

Noise reduction by electronic filtering.

Calibration of the calorimeter sensitivity.

References.

SINGLE CRYSTAL THIN FILMS.
Introduction.

The fabrication of single crystal thin films.
Measurement of film thickness.

Mounting the films.

73
73
74
75

82
98
107
108

110
110
115
117
127
132
136
143
146
156

157
157
157
160
163



6.5
6.6
6.7

i
7.2
g
7.3a
7.3b
7.3c¢
7.4
7.4a
7.4b
7.5

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8

Design features of the sample mount.
Cleaning the crystal.

References.

OXYGEN ON Ni {110} AND CARBON MONOXIDE ON
Ni {110}: A REVIEW

Introduction.

A brief summary of oxygen adsorption on nickel {100}.
The adsorption of oxygen on nickel {110}.

A general overview.

LEED patterns for the chemisorbed structures.

Kinetics of the chemisorption stage.

Carbon monoxide adsorption on nickel {110}.

The structure of adlayer CO species.

The kinetics associated with CO adsorption on Ni {110}.

References.

OXYGEN ON Ni {110} AND CARBON MONOXIDE ON
Ni {110}: PRELIMINARY RESULTS.

Introduction.

A brief review of the calibration procedure.

The adsorption of oxygen on nickel {110}.
Comparison with theory.

Preliminary data for CO adsorption on nickel {110}.
Further imrovements.

Conclusion.

References.

167
171
180

181
181
182
185
185
187
191
194
194
195
196

200

200
201
203
210
212
214
216
217



Chapter 1

INTRODUCTION.

The heat of adsorption is regarded as one of the most important variables
that can be used to describe the bonding between an adsorbed species and the
surface.

It is closely related to the bond strength; from an academic viewpoint an
increased knowledge of this fundamental parameter will lead to a much
better understanding of adsorption phenomena.

A knowledge of the strength of the bond is also critically important for
industrial research; it will clearly have an impact on catalysis studies for
example. In recent years most surface science adsorption studies have been
performed on well-defined single crystal metal surfaces. By comparing the
enthalpy of adsorption on different faces of the same metal it becomes
possible to determine which faces are catalytically active and which are not.
This, in turn, will hopefully lead to a better understanding of how catalysts
work.

Growing single crystals epitaxially is both difficult and expensive. They
have therefore been obtained from cutting the required bulk metal along a
certain crystallographic direction in order to expose the desired crystal face;
the thinnest single crystals that are commonly used are typically 0.5 mm
thick. When 1% monolayer of gas adsorbs on a crystal of this thickness a
temperature rise of the order 10° K is produced (this is meant only as a guide
line and will vary with the gas/metal-face system). Any physical effect
resulting from this temperature rise is simply too small to measure with any
accuracy. As a consequence single crystal heats of adsorption data have

generally been obtained indirectly e.g from kinetic data (which relates the



activation energies for adsorption and desorption to the heat of adsorption).
Such methods possess limitations in their applicability and inherent
inaccuracies which will be discussed in chapter 3.

The exciting possibility of measuring the heat released in the adsorption
process directly has come about through the recent introduction of single
crystal thin films that are approximately 2000 A thick. Since the heat capacity
is reduced in proportion to the thickness the temperature rise is 2500 times
greater than for a 0.5 mm thick crystal.

Such calorimetric studies of the heat of adsorption are not new. A great
deal of excellent research has already been performed on wvery thin
polycrystalline foils that are made by evaporating the required metal onto the
inside surface of the calorimeter (see chapter 2). One of the major problems in
obtaining accurate data has not been measuring a temperature rise but in
accurately calibrating it. Another source of error has been in the
determination of the coverage. These same problems have confronted me in
designing a calorimeter with the aim of measuring heats of adsorption on
single crystal metal surfaces.

The next chapter gives a review of calorimetry and outlines the necessary
requirements for a calorimeter. This should be contrasted with the design
features of our calorimeter and experiment, dealt with in chapter 3, which
provides an opportunity to discuss the various detection and calibration
techniques that were considered before the final experimental method was
chosen.

Chapters 4 and 5 discuss, in detail, the two fundamental aspects of the
measurement; viz. determination of the coverage and the heat sensing
detection technique. The detection technique that was chosen relies on the
special properties of thin films. For a thorough discussion of the fabrication,

mounting and cleaning of such films the reader is referred to chapter 6.



Chapter 7 presents a review of the research that has been performed to date
on oxygen/nickel {110} and also carbon monoxide/nickel {110}; the former is
the test system for the calorimeter and in chapter 8 the first results are shown

and discussed.



Chapter 2

A REVIEW OF CALORIMETRY.

CONTENTS.
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2.3 The use of kinetic methods to determine the heat of adsorption. 9

24 Calorimetric methods for the determination of the heat of adsorption. 15

2.5 Construction and design considerations. 23
2.6 Coverage determination. 31
2.7 References. 32

2.1 Introduction.

In the introductory first chapter the importance of accurately measuring
the heat of adsorption was stressed. The value of this quantity is determined
by both the state of the system and the conditions under which the
measurement is performed. Section 2.2 deals briefly with the theoretical
background to these differences.

Section 2.3 discusses how the enthalpy (heat) of adsorption can be
experimentally determined by non-calorimetric methods. The use of
calorimetry is then tackled in sections 2.4 and 2.5. Design considerations are
illustrated with reference to particular calorimeters that have been used and
can generally be split into several aspects e.g the cell shape, temperature
measurement, thermostatic controlling and calibration of the temperature
rise. Each is separately dealt with.

A determination of the heat of adsorption requires an accurate
measurement of the coverage as well as of the heat release. The various

methods that have been used in order to determine the coverage are



discussed in the final section (2.6). The reader is referred to two general

reviews of the subject of calorimetry by Gravelle [1] and Cerny and Ponec [2].

2.2 The heat of adsorption.

The heat of adsorption is closely related to the dissociation (bond) energy
that exists between a chemisorbed species and the surface. It is defined as
being the difference between the total energy of the system before and after
the adsorption occurs.

The following treatment was used by Hill [3] and Young and Crowell [4].
Consider a closed system that consists of gas molecules (g) and an adsorbent
surface (s). If the two phases are initially separated then their respective

energies can be clearly defined (E, and E;). If n. moles of gas are then

adsorbed and equilibrium is allowed to be re-established then provided the

total volume and adsorbent area are constant the total heat evolved, QT or at a

temperature T is given by:
— 1 - u- — 1 - -_—-
Q'rcrr_ns Ec: (Es Es) =T EG Es' AE
where E_ is the surface energy after adsorption

(E, is the change in the surface energy as a consequence of adsorption).

The enthalpy change for adsorption of one mole of gas is called the integral
heat of adsorption 'Q: (the superscript 1 refers to 1 mole)
R ftge e o =¥ 2. et AT
Q-EG ns(ESES)_EG ES'_ AE
The differential heat of adsorption, q 4 fOr @ one component gas is

obtained by differentiating the total enthalpy release with respect to the
number of adsorbed particles (under conditions of constant volume,

temperature, adsorbent area and number of adsorbed particles);

Qaige = (aQﬂ

on )T,VG ,VS,A,n:

'E, -[‘ES, + s=n | ='E - 'E, = AE
S

[N.B the differential molar quantities are denoted by ~ after Everett [5-6] ].



This implies that a calorimetric heat of adsorption determined by using a
constant volume apparatus gives a value close to q .
The isosteric heat of adsorption,
- (Lo
% = \‘on

is the heat of adsorption that occurs at constant pressure rather than at

) o 1 17y i T
8 T,P,A, ns— Hc Hs' AH,

constant volume and is related to the differential heat of adsorption by the

following approximation [3-7): q, ~ q .+ RT.

[R is the gas constant].

2.3 The use of kinetic methods to determine the heat of adsorption.

From basic thermodynamics [3-7] it can be shown that:
q,,, = RT?- @InP/oT)

if q,is independent of T then InP = - q,,/ RT + constant.

This means that the isosteric heat of adsorption can be obtained by plotting
the natural log of absolute pressure (above the surface at constant coverage)
against 1/T. The assumption that q,,, 1s constant is only valid if the
temperatures are close together. At constant surface coverage equilibrium
pressures are obtained for a range of substrate temperatures. These values of P
are inserted into the above equation to obtain q,,,- This method is limited to
reversible processes, such as physisorption and it has frequently been applied
to chemisorption systems where the rates of desorption and adsorption are
the same i.e dynamic equilibrium exists and the desorbing species is identical
to the initial gaseous state and no adsorption occurs into the bulk.

A method that is more generally suited to chemisorption comes from
reaction kinetics. It is possible to obtain the activation barrier for a process
from the rate at which it occurs [8-10] and since the differential heat of

adsorption is equal to the difference between the activation energies for

desorption and adsorption it is possible to determine q, Dy measurements



from kinetic data. However there are several problems associated with this
approach:
1) Accurate determination of the desorption energy requires a precise
knowledge of the desorption rate law, including the variability of the various
kinetic parameters with coverage. It is never possible to completely know
these values and therefore assumptions must be made. Several desorption
analysis techniques have been proposed that aim to determine these
parameters and will be discussed in greater detail below.
2) Many desorption processes occur only at elevated temperatures and in such
cases measurements are not being made on ground state equilibrium
properties. Order-disorder phenomena may also be significant at these
elevated temperatures.
3) The measurements are not easy to perform because there must be no re-
adsorption from the gas phase during the desorption process and high
heating rates (e.g 50 Ks™') are necessary; as the pumping speed of vacuum
chambers has increased this problem has diminished.
4) It should not be assumed that the activation energy for adsorption is zero.
To overcome some of these problems the flash filament technique was

developed. In this method the gas is adsorbed onto the cold filament at a

steady state pressure p_. The filament is then heated and gaseous desorption
gives rise to a pressure, P, While the gas is continuously flowing into the
system. Since the chamber and walls pump the gas the experimentally
observed pressure, Peyy is given by:

B =P T (RT/V)‘nP
(np is the net number of molecules taken away i.e the number pumped away

per second minus the number entering per second, integrated over time).

t
n= It [p(O-S, - F,] dt

(1]

where p(t) is the pressure at time t

10



SE is the pumping speed

F A is the number of molecules entering the chamber per second.
If the rate of desorption is much greater than the rate of adsorption then it is
possible to show that a plot of [1/g(n)]-log (dp__) versus 1/T yields a straight
line with a slope of Ed/ 2.3R. The heat of adsorption, Q. is thus obtained since

it is assumed that the activation energy for adsorption is zero. The function,

g(n ), is chosen to linearise the plot. If unreasonable values are needed for x

then this implies that the activation energy for desorption is dependent on

I'ls.

N.B [g(n) is a coefficient (usually = n_or (n )31 [11,12].

The total amount adsorbed can also be obtained from an extrapolation of
the corrected pressure at t = 0 and subtracting the steady state pressure prior to
the experiment :

n={lp_ (t=0)-p IV} RT
If such a pressure difference is called p then the amount adsorbed is simply
pV/RT. It is then possible to compute the variation of enthalpy release with
coverage. The temperature of the film (usually measured by the film
resistance change) must be known very accurately and any (inevitable)
inhomogeneity in the temperature must be minimised.

Hickmott and Ehrlich [11] suggested that the heat of adsorption could be
determined directly from the integral curve P~ P, if the function T(t) is
of the special form T = 1/(a + bt).

Another method (the Equilibrium method) can be used to obtain
differential heats of adsorption in the regime where the rates of adsorption
and desorption are similar. Under these conditions the following relation
holds at every moment:

(V/RT)-{(dp_ )/d8} =((dn )/dT}-(dT/dt)

The heat of adsorption is calculated from a continuously equilibrated

pressure, p . At equilibrium the rates of desorption and adsorption are the

corr

11



same i.e r =r . For example, if m = 1 (first order kinetics e.g the rate is

proportional to the gas phase pressure only) then the following equation
holds:
k - pf(n)exp(-E/RT) =k -g(n) exp(-E+q, )/RT)

where f(n) and g(n ) represent the dependence of the rates of adsorption and

desorption on the surface coverage, n,and k_ is a rate constant. If P, is
a

inserted for p then:
logp _=log {g(n )Vf(n)}={q, /2.3 RT} + constant
By plotting log p__ against 1/T for a specific n_ it is possible to obtain q .
The method requires an experimental knowledge of p_ = p(t) and T = T(t) for
various known initial coverages.
Thermal desorption is usually described by the Polanyi-Wigner equation:
r(6) = - do/dt = v(8).6" exp [ - E(0)/RT]
where r is the rate of desorption, 8 is the adsobate coverage, t is the time
v is the pre-exponential factor, E is the desorption energy
R is the gas constant and T is the absolute temperature.
Due to lateral interactions between adsorbate particles these desorption
parameters are a function of the coverage. Several analyses have been
proposed in an effort to determine the activation energy, pre-exponential
factor and desorption energy and these have recently been compared by de
Jong and Niemantsverdreit [13]. Complete analysis, by King, uses a family of
TDS curves that correspond to different coverages [14]. A certain coverage is
considered and the temperature associated with this particular coverage is
determined for all the spectra with initial coverages higher than this. It
assumes that the temperature dependence of v(6) can be ignored.
Habenschaden-Kuppers, or leading edge, analysis takes this into account and
is effected by choosing a very small temperature interval at the low
temperature side, where the variations in T and 6 can be neglected [15]. The

slope of the line [-E(0)/R] and the intercept [nln® + Inv(6,T)] are used. This

12



procedure rests on a minimum number of assumptions but requires using
the low temperature edge where the desorption rate is low and therefore
inaccurately measured. High signal to noise data is therefore required.

The Chan-Aris-Weinberg (CAW) method is based on an analysis of the
peak maximum temperature and the half- or three quarter- width at
maximum intensity in terms of E(8) and v(0) [16]. When these have been
obtained they should be extrapolated to zero coverage to obtain E and v .
Redhead's peak maximum method notes the relationship between the peak
maximum temperature, the pre-exponential factor, v and the desorption
energy, E [17]. By assuming a certain v it is possible to determine E from a
single spectrum if the pumping speed and the heating rate are such that the
desorption rate is proportional to the pressure i.e first order kinetics apply.
Alternatively the pre-exponential factor can be obtained given a prior
knowledge of the desorption energy.

The order of desorption can be deduced from shape analysis by

characterising the asymmetry of a TD spectrum [18]. The shape index, S is
defined by the ratio of dr/dT at T, and T, respectively where T, and T, are

inflection points on the TDS curves with T, > T,. According to Konvalinka

and Scholten it is also possible to indicate whether re-adsorption is occurring.

Heating rate variation analysis [19] requires the collection of several
spectra corresponding to the same initial coverage but recorded at different
heating rates. It assumes that the fractional coverage left on the surface when
the peak maximum is reached is independent of heating rate.

de Jong and Niemantsverdreit simulated spectra using a Runge-Kutta
method and tested the performance of these methods and came to the
conclusion that they each had limited application or required very high
quality data [13]. The answer obtained also depended on the method used.
The simplest analyses, such as those that depend on measuring the peak

width [16] or peak temperature [17], are commonly used because they require

13



only a single spectrum and can give quick answers. However, they fared badly
whereas the use of heating rate variation gave acceptable results [17, 19] for E
and v. Complete analysis and leading edge analysis gave meaningful data on
the activation energy and the pre-exponential factor, which is calculated from
an independent determination of the order of desorption. Leading edge
analysis could be used for all coverages and allows for temperature dependent
desorption.

It can be seen from this brief discussion that all determinations that rely
on kinetic or equilibrium data are tedious to perform, possess limitations and
make several assumptions (e.g independence of heat of adsorption on the
temperature, exact sample temperature measurement and homogeneity)
some of which are highly empirical. It is also worth bearing in mind that not
all gas/metal interface adsorption systems can be studied after the event. In
several systems any heat treatment will result in adsorbed species dissolving
into the bulk rather than desorbing into the gas phase e.g oxygen adsorption
on nickel {110}.

Before describing the use of calorimetric methods mention should be
made of several other techniques that have been used to measure the heat of
adsorption.

i)_Field Emission Microscopy: This is essentially a variation on the TDS

methods mentioned above. Becker [20] was the first to estimate the heat of
adsorption using this method and was able to obtain a relationship between
the field-emission-tip temperature and the activation energy for desorption
(and hence the heat of adsorption). To improve the measurement it is
necessary to know the surface coverage and temperature as accurately as
possible. The former is determined by monitoring the electron emission
current and the latter by placing a thermocouple in the tip.

ii) Chromatography: When adsorption isotherms are determined in a closed

volume chromatography is found to be a very sensitive measure of the

14



amount of gas adsorbed. If the adsorption equilibrium can be described by a
linear (Henry) isotherm then the following equality applies:

LA=V /(A+K)~V. /K,
where L is the column length

A is it's cross-sectional area

VR is the elution volume
From the value of the equilibrium constant, KH, it is possible to determine

the Gibbs Energy, hence the heat of adsorption. [21-23]

iii) Core-level shifts: Born-Haber energy cycle analysis using the equivalent

core approximation (ECA) and core-level shift data has recently been used to
determine the heat of adsorption for atomic C, N and O on Ni {100} and Cu
{100} [24]. A library of such data alongside the existing data on adsorption of
simple molecules can be useful in predicting the thermodynamics of

adsorption of a wide range of exotic molecules.

24 Calorimetric methods for the determination of the heat of
adsorption.

The word calorimeter is derived from the Latin word for heat and the
Greek word for measure i.e it is an instrument designed with the purpose of
measuring heat. Calorimeters may be classified according to the degree of
heat exchange that exists between them and their environment. With this
distinction in mind the following types of calorimeter are possible [2]:

1) ISOTHERMAL:- the calorimeter reaction cell is kept at a constant
temperature throughout the experiment.

2) ADIABATIC:- adiabatic, in this sense, implies no net heat flow, rather than
complete thermal isolation with zero heat transfer. To emphasise this subtle
difference the term "adiabatic" will be used in connection with the
calorimeters that are described below. The calorimeter reaction cell (vessel)

and the surrounding jacket are kept at the same temperature, by means of a

15



temperature regulating device, so that there is no heat flow to, or from the
reaction cell during the experiment. The heat evolved can readily be obtained
from the measured temperature rise if the heat capacity is known.

3) DIATHERMAL:- the calorimeter reaction cell and surrounding jacket are
not kept at the same temperature. Therefore the heat evolved initially
increases the reaction cell temperature. Due to the resulting thermal head
between the reaction cell and the surrounding jackets there will be a net heat
flow from the cell until the temperatures equalise. Further categorisation of
this class of calorimeter can be made by judging the rate of this heat flow. If it
is kept small then the calorimeter is categorised as ISOPERIBOL and is quasi-
adiabatic (not quasi-"adiabatic") at time zero of the experiment. If the heat
transfer is fast (i.e a large temperature gradient exists) then the calorimeter
can be labelled as QUASI-ISOTHERMAL.

Each of these three classes will now be discussed in greater detail.

i) Isothermal.

In the following discussion the term calorimeter is meant to encompass
the sample container and contents.

An isothermal calorimeter reaction cell stays at a constant temperature
when heat is added or removed. The change in heat produces a change of
phase in some calibrant material e.g melting or evaporation. The amount of
material that changes phase is then a measure of the heat released. A classic
example of this type of calorimeter is the Bunsen Ice Calorimeter [25] which is
based on the Black ice-cavity method. This calorimeter consists of a graduated
capillary sealed into a jacket. The process that releases heat melts the ice in
the capillary. The amount of ice that has melted is determined from the
decrease in volume; this is measured by weighing the amount of mercury
(taken in as the ice melts) which is necessary to keep the volume constant.

The assembly is placed in a thermostatically controlled bath. In vapourisation

16



calorimeters the released heat vapourises a liquid in equilibrium with the
vapour and the amount evaporated is determined by measuring its volume
and vapour pressure.

The sensitivity of these phase change calorimeters can be enhanced by the
use of materials that possess a very small latent heat [26]; this can produce
accuracies in the measurement of heats of adsorption of 1% (0.005 ] per
milligram of mercury) [27]. An example is liquid hydrogen which has a very
small latent heat of evaporation and therefore gives rise to a much larger
volume change compared to water.

A disadvantage of isothermal calorimeters is the constraint placed on the
temperature that the experiment must take place at i.e 273K or 373K at 1
atmospheres pressure in the case of water. However it is possible to use other
materials; diphenylether has a melting point just above room temperature
and has the added advantage that it has a latent heat of fusion that is much
smaller than that of water.

A novel isothermal technique was first described by Ohlmeyer [28] and
was introduced into adsorption calorimetry by Kiselev and co-workers [29].
This technique is commonly called the "compensation method" and relies on
keeping the temperature of the cell constant by passing electric current
around it. As the heat evolution process occurs the temperature of the vessel
is kept constant by pulsing the heater on and off which is achieved by using a
temperature regulating relay system and a precise timing device. It is possible
to maintain a temperature constant to within 10 K for several hours and the
temperature range of the calorimeter can be extended to 670 K by using a
differential arrangement [30]. By monitoring the electric power dissipation
and the reduction in the time that the current is on it is possible to determine

the amount of heat released.
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