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1. INTRODUCTION
1.1. General survey

In many catalysts for hydrogenation or carbon monoxide conversion
processes, the active material is a transition metal dispersed on an
oxidic support to prevent contact between the small particles and thus
the sintering of the metal phase. It will be clear that the stability
of the large active surface area under operating conditions is a
requirement of every industrial catalyst. Many chemical causes may be
responsible for catalyst deterioration, such as polsoning or carbon
formation. One physical effect, however, will always be present, namely
sintering of the small metal particles and/or the porous support due to
transport of material.

Sintering or coarsening of small supported metal particles is defined

as the process by which the mean particle size of the dispersion

increases, accompanied by a decrease of the accessible surface area.

There are different physical principles involved during this process:

a. When the particles are small, they can migrate on the substrate
during which they can approach each other and coalesce.

b. When the support sinters, that is the specific surface area
decreases, the distance between the particles decreases and in the
extreme case particles collide and coalesce.

c. If the particles are immobile, coarsening can proceed by
interparticle transport of atomic (molecular) species either by
surface diffusion along the substrate or by transport through the
vapour phase.

It is the sintering of small metal particles that will be the subject

of this thesis.

The incentive to this work came from parallel work in our laboratory,
where the preparation was studied of a nickel alumina catalyst for the
conversion of synthesis gas (CO + Hz) to methane under operation
conditions required for its potential application in the exothermal
step of an intermediate distance energy transport cycle (N.F.E. project
of K.F.A. Jiflich) [1]. A special feature of the developed catalyst is
the high metal to support volume ratio (1:1) combined with a high

thermostability. Apparently at a certain particle size (~ 20nm

e



stabilization of particle size, which is observed experimentally. But,
combinations of normal growth processes and nucleation inhibition are
very flexible and theoretical predictions can be easily adjusted to

experimental data.

The present thesis is concerned essentially with the sintering of

nickel particles on an alumina support.

Two main lines of investigation have been followed:

- The sintering has been followed experimentally by studying a model
catalyst system consisting of a dispersion of small nickel particles
on a very thin non-porous alumina foil. Particle sizes and size
distributions have been determined by means of electron microscopy-.
Sintering is performed by heating in a hydrogen atmosphere at 873 K
and 973 K.

- An attempt is made to put the theoretical considerations of B.K.
Chakraverty and others on a more quantitative basis by making
estimates for the frequency factors of the rates of all reaction
steps by using Eyring's theory for reaction rates and by relating all
possible energy terms in the Arrhenius factors to the experimentally
known value of the heat of evaporation of nickel atoms from bulk
nickel. In this way it is hoped to come to a better discrimination
between the various possible rate determining steps in the growth
process and to a more significant comparison of theoretical

predictions and experimental observations.

As a side line also in the experimental work some attention is devoted
to the possible effects of dopes on the sintering of the nickel
particles. Of course the effect of so-called promoters on activity and
stability of supported metal catalysts is a well known topic in the
field of catalysis. It has heen mentioned already, that promoters may
stabilize porous supports at high temperatures and thus enhance
stability against sintering. A much more difficult question is, whether
promoters also will influence the sintering properties of small metal
particles due to Ostwald ripening processes, in the way they have been
discussed thus far.

A term often used in describing the favourable effect of a support in
preventing the sintering of metal particles is metal-support
interaction. It is then thought, that at the interface of metal and




diameter) a quite satisfactory stability is achieved, with a catalytic

activity still proportional to the metal surface exposed [2].

Relatively few systematic investigations of sintering have been
reported for Ni/Al,0; catalysts. C.H. Bartholomew et al. [3] have
reported on the sintering behaviour of impregnated catalysts loaded
with 152 wt of nickel; E.B.M. Doesburg et al. [2] on the sintering
behaviour of coprecipitated catalysts loaded with up to 75%Z wt of
nickel. Despite the difference in preparation conditions all catalysts
showed a fast increase of the mean particle size during the first 60
hours of sintering in hydrogen, at for instance 973 K, after which the
particle size stabilizes. The specific surface areas of support and
metal show a similar behaviour, viz. a fast initial decrease followed
by a stabilization. Thus it is concluded, that sintering of the metal
is induced by sintering of the support. This idea is reinforced by
results of H. Schaper [4], where stabilization of the carrier against
sintering by using 1-5 mol % La 0, as dopant led to a better stability
of the activity of the catalyst.

Despite the information so gathered, it is very difficult to come to a
quantitative understanding of sintering, as it is hard to distinguish
between effects caused by the carrier and the metal phase. The only way
to do so is by using a thermostable support. Such a system was first
reported by E. Ruckenstein [5] by using electron microscopy to study
dispersions of very small nickel particles on transparant films of
crystalline alumina. Recently various investigations of the sintering
of such model catalysts, using electron microscopy, have been
published.

P. Wynblatt et al. [6] thoroughly studied the behaviour of a Pt/y-Al 0,
system in an oxygen environment. Using model catalysts with a mean
particle diameter of 6 up to 15 nm, growth of the particles was mainly
observed within the very first few hours, after which, as discussed
above, the mean particle size stabilizes.

J.J. Chen et al. [7], using a Pd/&lzo3 system with a mean particle size
of 3.5 nm, also observed a fast increase of the mean particle size
within the first hours of sintering in hydrogen.

So, even without the effect of a sintering support, sintering of the




metal phase is substantial and of the same order of magnitude as for

metal particles in supported catalysts.

In the last decade also a number of fundamental studies have appeared,
emphasizing various theoretical aspects of the sintering of ensembles
of small supported metal particles [6, 8 - 10].

Starting with B.K. Chakraverty [9], the notion arose, that the
sintering of small metal particles on an inert support can be treated
along the same lines as the growing of collofdal particles in a
solution. Here the so-called Ostwald ripening process occurs, where the
driving force consists of the difference in surface energy of small and
large particles and where the mass transport conslsts of the diffusion
of atoms and molecules, dissolving at the surface of the small
particles and condensing at the surface of the large particles. The
theoretical treatment of these phenomena is due to C. Wagner {10], with
improvements due to I.M. Lifshitz and V.V, Slyozov [11]. Altogether
this description is well known as the L.S5.W.-theory. B.K. Chakraverty
has been the first author to apply the L.S.W.-theory to describe the
sintering of ensembles of small metal particles. Two rate determining
steps for the transport of metal atoms from one particle to another
were considered: atom diffusion over the substrate and atom transfer at
the interface between particle and substrate. It was shown, that the
particle size distribution, if related to the average particle size,
tends to a unique asymptotic function for each of the processes, while
the rate of increase of the average particle size is proportional to

r 3 and r-l, respectively, for the two processes considered. T.M. Ahn
and J.K. Tien [ﬁ] improved B.K. Chakraverty's treatment, by also
considering the retardation in the growth process that occurs if the
growing particle has well developed crystal faces. Incorporation of
atoms in such a face requires the formation of two dimensional nuclei,
which can be a very slow process. Finally H.H. Lee [{2] has pointed out
an unjustified approximation in B.K. Chakraverty's treatment,

invalidating the simple power law growth rates obtained earlier.

The confrontation of the predictions of these theories with the
experimental results for Pt and Pd dispersions on alumina supports does
not lead to conclusive results. There is no single mechanism that

explains the combination of fast initial growth and ultimate




support new compounds are formed that hind well to metal and to support
leading to an improved cohesion between metal and support. An anclent
exanple is the formation of hydrosilicates in nickel-silica catalysts,
discovered by J.J. de Lange and G.H. Visser [13] and extensively
discussed by J.W.E. Coenen [14, 15, 16]. During prolonged boiling of a
mother suspension or also during slightly hydrothermal conditions at
the beginning of reductlon, nickel oxide or hydroxide on one hand and
silica on the other hand can react to form hydrosilicate layers at the
interface between nickel oxide and silica, which persist after
reduction, acting as a kind of glue between metal and support. When
nickel~alumina catalysts are made by coprecipitation, already in the
hydroxide stage a catalyst precursor is formed consisting of a mutual
solid solution of nickel- and aluminum-ions in one single hydroxide
lattice. Here the unknown factor is to what extent such an intermediate
compound persists during the phase separation between nickel and
alumina which occurs in the further steps of catalyst preparation. Here
too it is possible, that a spinel type NiAl,0, glue still subsists at
the interface between nickel and alumina.

Strictly speaking such a glue would not {nterfere with sintering
through an Ostwald ripening process, as not the metal particles have to
move, but only the metal atoms evaporating from small particles and
condensing on the larger ones. But it is obvious, that traces of
compounds, that lead to improved cohesion between metal particles and
support, also may strongly influence the mobility of individual atoms,

diffusing over the support.

Guided by the experimental technique used for the preparation of the
model catalysts for sinter studies and the availability of X-ray
Photoelectron Spectroscopy (XPS), several experimental studies have
been made in this context:

- The possible formation of intermediate compounds at the interface
between nickel and alumina has been studied by XPS. To this end a 300
nm thick layer of non-porous alumina is made by reactive evaporation
of aluminum in an oxygen atmosphere onto a quartz substrate. On top
of this layer a 100 nm thick layer of nickel is deposited by
evaporation in vacuum. Depth profiles of composition and structure at
the interface have been obtained with the XPS-facility by
intermittantly etching by means of accelerated Art-ions and measuring

XPS-spectra.




- In order to study possible effects of promoters on the formation of
compounds at the metal-alumina interface thin layers of chromium and
manganese have been introduced between the alumina and the nickel
layer by preceding the evaporation of nickel with the evaporation of
chromium or manganese. Depth profiles of composition and structure by
means of XPS have been made in the same way as described before.

- The effect of chromium and manganese on the sintering of dispersions
of nickel particles is studied by Introducing thin layers of chromium
and manganese between the transparent alumina support of the model
catalysts and the nickel film. Again chromium and manganese have been
introduced by evaporation onto the support preceding evaporation of
nickel.

1.2. Lay out of thesis

The thesis is divided into three parts, viz an experimental section
consisting of chapter 2 and 3, a theoretical section consisting of
chapters 4 and 5 and an appendix, and general introductions and

conclusions in chapter 1 and 6 respectively.

In chapter 2 the electron microscope measurements are presented of
average particle sizes and size distributions of nickel model
catalysts, supported on transparent alumina films, in the various

stages of a sintering treatment.

In chapter 3 analyses by X-ray photoelectron spectroscopy are presented
of the composition and structure of the interfaces of thin film
composites of nickel and alumina, in some cases separated by thin

layers of chromium or manganese.

In chapter 4 rate equations have been presented for the reaction steps,
that may lead to the growth of individual nickel particles. After
making estimates for the kinetic and energetic parameters involved,
quantirative rates have been estimated and decisions have been made as

to which steps have to be considered as rate determining.

Chapter 5 is devoted to the final theoretical analysis of the

development of particle sizes and size distributions during sintering



of ensembles of nickel particles according to three selected rate
determining steps. A discussion is given of the sensitivity of the
calculated growth curves to the choice of numerical values of the

various parameters involved.

In chapter 6 the experimental results of chapter 2 are compared with
the theoretical predictions of chapter 4 and 5. Also, a comparison is
made with literature data about the Pthlzo3 system. Conclusions are
drawn as to the effect of additives on the rate of sintering. Also,
some general conclusions are presented as to the applicahility of the

results of this thesis to real catalysts.

The appendix contains an analysis and further justification of a nunber
of assumptions, made in the kinetic and thermodynamic basis of chapter
4 and 5.
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2. ELECTRON MICROSCOPIC STUDY OF THE SINTERING OF THE METAL PARTICLES
IN N1IA1203 MODEL CATALYSTS

2.1. Introduction

The support of the model catalysts consists of very thin non-porous
alumina films (< 50 nm), transparant to the electron beam of the
electron microscope, obtained by anodic oxidation of an aluminum sheet,
removal from the substrate, and subsequent thermal stabilization. The
dispersion of nickel particles is obtained by first depositing a very
thin layer of nickel (~ 1 nm) on the substrate by evaporation in vacuum
from a heating source. During deposition the target is at room
temperature. The surface tensions are such, that spreading of the
nickel in a thin layer is unfavourable. Thus, after heating in
hydrogen, the nickel film breaks apart into a fine dispersion of nickel
particles. Interlayers of chromium or manganese, if required, have been
obtained by depositing these metals prior to nickel and in the same way

as nickel.

In order to study the sintering of the nickel particle dispersion of a
particular sample, such a sample was heated for a number of successive
periods in hydrogen at 873 K or 973 K. Electron microscope photographs
were made from these samples. As the nickel particles are so small that
they would oxidize spontaneously in air at room temperature and as they
have to be transferred from the sinter apparatus to the electron
microscope and vice versa, a careful procedure had to be followed in

order to avold such oxidation.

The structure and chemical composition of the model catalysts before
and after sintering have been checked by electron diffraction (T.E.D.)
and energy dispersive analysis of X-rays (E.D.X.).

2.2. Preparation of the model catalyst

2.2.1. Preparation of thin alumina supports

Non-porous alumina films can be prepared by different techniques such
as oxidation or anodization of aluminum foils [1], reactive evaporation

deposition of aluminum [2], sputtering or chemical vapor deposition
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[3]- Because very thin films (<50nm) are needed for TEM study,
anodization was the most proper way.

Alumina was formed using an aluminum foil, thickness 1.5 mm and purity
99,9995%. The foil was first polished electrochemically, using the

recipe of Schwartz [4] as given in table 2.1.

Table 2.1. Electrochemical polishing of aluminum

Polishing solution Condition

5% chromic acid 1OV

52% phosphoric acid Pb cathodes
5% sulfuric acid 65 C, 2 min

After etching, the foil was rinsed in running water for one hour and
washed with destilled water. The clean aluminum was thereafter anodized
at 20V in a 3% wt tartaric acid solution, adjusted to a pH 5.5 [1].
After 20 seconds at room temperature the current drops and the process
stops. The thus formed amorphous non—-porous layer is known to grow with
1.5 nm pro Volt, hence the alumina layer was about 30mnm thick. The foil
was washed In destilled water and cut to pieces (3*3 mm) suitable for

use in the TEM.

The oxide film was detached from the foil by immersing the specimen in
a concentrated mercuric chloride solution. When amalgamation started,
the specimen was transferred into destilled water where the
amalgamation could continue until the oxide film separated from the
aluminum. The thin films were again transfered into fresh destilled
water and picked up on electron microscope grids, type oyster, as shown

in fig. 2.1.

Fig. 2.l. Gold electron microscope grid, type oyster.
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Crystallization and stabilization of the amorphous alumina was achieved
by heating the specimen in air at 925 or 1025K for 100 hours. These
thermally stabilized films were used as support.

2.2.2. Deposition of metals

2.2.2.1, Equipment

The equipment used for vapour deposition, an apparatus built under own

supervision (see fig. 2.2a and b) contains:

- A vacuum bell glas with pumping system and vacuum gauges.

- Measuring and control equipment.

- A resistance heated source, from which the metal is evaporated. For
deposition of very thin layers a tungsten boat is used, while for
thicker layers crucibles with a molybdenum wire-coil heater were
used (a). Alzﬂ3 and BN crucibles were used to evaporate Ni and Al,
respectively.

- A specimen holder with a variable distance to the source of up to 20

cm (b).

A shutter (c).

A cold finger (d).

2.2.2.2, Procedure

During physical vapour deposition (p.v.d.) of metals evaporation has to
be carried out in high vacuum to ensure as little as possible oxidation
to occur. The vacuum system, as shown before, is equiped with an oil
diffusion pump able to achieve a vacuum of 1073 Pa in a clean system.
However, as the system contains a glass container and rubber seals it
is impossible to clean the system by heating. Therefore, a cold finger
was constructed on which residual gas can condense and a shutter was
installed between the heating source and the substrate to prevent
deposition of the metal in the initial stage of evaporation during
which the gettering power of the metal vapour is used to clean up the
system. Chemical cleaning up is realized by the ability of
electronegative metals to bind residual gasses such as water and
oxygen. In this way the adsorbed species are immobilized on the inner

surfaces of the system ceasing out gassing.



Fig. 2.2a.

Vacuum evaporating apparatus

Fig. 2.2b. The inner

system of the deposition chamber
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So, after achieving high vacuum (1.7%1073 pa) with the oil diffusion
pump, liquid nitrogen is poured into the cold finger during which
vacuum immediately improved up to 5*107Y Pa. Then, with the shutter
closed, heating up of the metal starts which is accompanied by a fast
decrease of the pressure and subsequent increase of the pressure up to
the equilibrium vapour pressure of Cthe metal at that particular
temperature. After equilibrium is reached the shutter is opened and

deposition starts.

The thickness of the deposited thin films is estimated by an indirect
technique, namely measuring the light transmission of a film
simultaneously deposited on a quartz slide using a spectrophotometer
Zeliss PMQ-2. This appears to be a suitable technique for measuring the
thickness of very thin films. However, because of the high transparency

of these films the accuracy is felt to be of the order of 0.5 nm.

For the preparation of extreme thin films a very low growth rate is
desired; hence deposition of the metals was studied in a preliminary
study. A deposition rate of approximately 0.5 nm min™ ! could be
achieved at an steady state vapour pressure of 2.6%10™" Pa. The
corresponding temperatures of the heating source for the different

metals used during this investigation are given in table 2.2.

Table 2.2. Deposition conditions and parameters for thickness

measurement.
Metal T(source) R n K
K nm/min
Ni 1625 0.6 1.70 | 2.40
Cr 1825 0.5 1.87 2.69
Mn 1475 0.6 1.89 | 2.59

n = film refractive index and « the absorption coefficiént,
from ref. [5].
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Model catalysts were prepared under the before mentioned

conditions, depositing the metal onto the stabilized alumina support,
captured in a grid with the specimen holder at room temperature.
However, as there was only one heating source in the vacuum chamber,
the composite films had to be prepared in several stages. After a film
was deposited the vacuum chamber was opened, the heating source
changed, and the next layer was subsequently deposited onto the film
grown before. The sequence of metal films deposited was first chromium
followed by manganese and subsequently nickel. Dependent on the desired
model catalyst one or more steps were skipped. However, one has to bear
in mind that in the case of multilayers each thin film is exposed to

air before the next film {s deposited.

All films, up to 10 nm, were shown to he amorphous. The particle
ensemble was obtained by heating up the model catalyst, both the
nickel-alumina as well as the multimetal layer-alumina systems, in
hydrogen. During contraction of the film nickel recrystallizes and
small particles are formed. Preliminary experiments have shown that
particles of less than 10 nm could be obtained from nickel films of

about 3 nm thickness.

2.3. Sintering of the model catalyst in hydrogen

2.3.1.1. The gas purification section

Sintering is carried out in hydrogen and because finely dispersed
nickel metal oxidizes readily, the model-catalyst has to be passivated
in a wet nitrogen flow before exposure to air. The gases used are

purified using several agents as is given In table 2.3.

Table 2.3. Adsorbentia used for purification of the gases.

H, gas N, gas

PclfAlzo3 catalyst BTS catalyst (Cu/diatomaceous earth)

Molecular Sieves 4A | Molecular Sieves 4A _-J
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Sinter equipment
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2.3.1.2. The sintering device
This device consists of an oven and a quartz tube with a diameter of 12
mm. The tube is devided in three different chambers connected by taps,

as can be seen in fig. 2.4.

Fig. 2.4. Schematical drawing of the sintering device

» The quartz tube oven (A), diameter 12 mm,

+ The quenching and passivation chamber (B).
Here the sample to be analyzed can be selected and quenched. With a
hook (i) the boat containing the sample is directed into the side
tube, while the remaining boats are pushed back into the oven using a
quartz bar (ii) and tap nr. I is closed. After quenching, the sample
is passivated by leading a N,/3% H,0 gas mixture through the chamber.
The sample is then ready for exposure to air and analysis by TEM.
After removing the specimen, the chamber is flushed with hydrogen and
tap nr. 1 1s opened.

» Sample inlet chamber (C).
After analyzing, the sample is returned into the oven through the
inlet chamber. Tap nr. II is closed, disconnecting the chamber from
the oven. After flushing with hydrogen, the tap is opened and the

specimen can be moved into the oven with the thermocouple (iii).

2.3.2. Procedure

The precursor of the model catalyst, prepared as described before,
consists of a thin amorphous nickel film with or without additives and
a stabilized y—alumina layer. Heating this composite results in
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crystallization and the formation of a nickel crystallite dispersion.
Experimental results on the desintegration of the metal film showed
that this is a rather slow process. At 873K contraction of the
particles still goes on after one hour ageing. So for convenience the
first observation was carried out after three hours heating at the
sinter temperature. Sintering is then followed ex-situ in the TEM
(Philips EM 201, 401). After each annealing period the sample is
photographed and analyzed with a Quantimed 720, Imanco. Analysis of the
particle dispersion with the Quantimed is based on image analysis.
Therefore, the photograph is projected onto a screen connected to a
computer and by means of a sensor the screen is automatically scanned
on differences in contrast. By applying a certain threshold in darkness
for the background, the coordinates of every point on the screen with a
darkness higher than the threshold value are fed into the computer. By
scanning the screen a two dimensional array of spots is created with
every closed ensemble of points being a particle. Then, using this
digital picture, a number of procedures can be executed such as
calculation of the particle area and counting of the number of

particles, analyzed resulting in a particle size distribution.

Table 2.4. The composition of the model catalysts used for sintering in

hydrogen, as determined by light transmission measurement.

Sample Film thickness (nm) T(sinter) Number of
samples
Catalyst Ni Cr Mn (K) analyzed
- - 873 1
= G 3
c 1 - -
D =
3 - 973 2
E 1 - - 4
F 1 1 - 1
G 1 ~ <1 1
H 1 1 1 1 J
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As it was impossible to label a certain area of the catalyst, which
could serve as a standard particle ensemble to be followed during
sintering, different spots were photographed to ensure good overall
particle size analysis. For each analysis at least 400 particles have
been examined, using up to three pictures. This ensures a deviation in

the mean particle size of less than 5%.

Table 2.4 gives a survey of the model catalysts analysed.

2.3.3. Analysis by T.E.D. and E.D.X.

Because of the small dimensions of the model catalysts, foils of
approximately 30 nm thickness and 3 mm diameter, the usual techniques
such as X.R.D. (X-ray Diffraction) and X.P.S. (X-ray Photoelectron
Spectroscopy) can not be used. An excellent tool was found in T.E.D.
(Transmission Electron Diffraction) and E.D.X. (Energy Dispersive
analysis of X-rays), both available in the electron microscope Philips
EM 401.

T.E.D. offers the opportunity for structural analysis of small samples
because of the high scattering power of atoms/ions for electrons and
the short electron wavelength compared with X-rays. The technique is
based on the same phenomenon as X.R.D., namely interference of
scattered radiation according to the Bragg's condition: n) = 2d sin 8.
For a typical small angle reflection with sin 8/) = 0.2 A !, numerical
evaluation [6] shows that the intensity of scattered electrons is 108
times larger than the intensity of scattered X-rays. Hence samples of
e.g. 5 nm thickness diffract an electron beam sufficiently strong to
give a diffraction pattern, whereas the same sample usually does not

contain enough scattering power for X-rays.

Moreover, the line (angular) broadening, f(28), of the diffraction
lines of powder patterns is related to the crystallite size and the

wavelength as:

A

B(2a) = D.cosf
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As the wavelength (1) of 100 keV electrons is 0.037A while the wave-
lengths of monochromatic X-rays are of the order of 1A (e.g. 1.54 A for
Cuka), the detection limit, as restricted by particle size is about 40

times better.

The electron beam can also be used for elemental analysis with E.D.X.
During exposure of the sample to the beam, an inner shell vacancy is
formed (lonization). Subsequently, this vacancy is filled by an elec-
tron from a higher energy level, thereby emitting a photon (X-ray) with
a characteristic energy for the elements which are analyzed. In con-
trast with X.P.5. (see chapter 3), however, because of the weal envi-
ronmental dependency of this process, only elemental analysis can be

performed.

2.4. Results of the analysis by T.E.D. and E.D.X.

2.4.1. Composition of the model catalysts

For the catalysts sintered at 873K, the alumina support used was
thermally stabilized at 923K in air. Even after prolonged heating
(200h) the support was still amorphous, contrary to the results of E.
Ruckenstein [7].

After sintering the model catalysts (Ni/amorphoqualé}a) for 150 hours
in hydrogen, some crystallization of the support appeared to have

occured. No change in the nickel pattern was observed.

The supports for the catalysts sintered at 973K were stabilized at
1025K in air before metal deposition. At the first measurement, the
high nickel loaded catalyst D showed to have an amorphous support,
while the supports of the low nickel loaded catalysts E-H were
crystalline.

Also in this case further heating in hydrogen of model catalyst D leads
to some crystallization of the amorphous support. The electron
diffraction pattern shows a few additional spots, fig. 2.7, and the TEM
pictures some crystal boundaries within the amorphous phase. This can
be seen from fig. 2.5, where the dark areas bordered with straight
lines are the y-Al,0, crystallites. Also in this catalyst no change in

the nickel pattern was observed.
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Fig. 2.5. Electron Diffraction pattern and the electron micrograph of

E

Fig. 2.6. Electron Difraction pattern of model systems E, F and H

modelsystem D.

The sintered catalysts E-H, starting with a crystallized support, do
show different features. At the first measurement in all systems,
except for catalyst F, nickel aluminate is detected. In the Ni-Cr-Al 0,
system of catalyst F no nickel aluminate is found, while nickel
chromate cannot be detected as a separate compound because its electron
diffraction pattern coincides with those of nickel and alumina.
Addition of manganese to the model catalyst results in the formation of

both nickel and manganese aluminate as can be seen in table 2.5.
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At the time sinter experiments at 973K started, it became possible to
perform quantitative E.D.X. analyses. Therefore only catalysts L-H have
been be characterized in this way. The result of the structural (TED)

and elemental (EDX) analyses are gathered in table 2.5.

Table 2.5. Chemical and physical composition of the model catalysts.

EDX results after 3h. TED results after 300h.
sintering sintering
Catalyst |Mol.Z with respect to Al.0,
Ni Cr M Ni 31203 Intermediate

D 25 c a

E 4.6 0.2 0.1 c ¥ NiAlzoq

F 3.6 3.6 c Y

G 4.9 0.2 2.9 c Y Mruuzoh, NiAlzok
H 4.2 5.1 3.4 c Y mm1£h,MAlph

¢ = crystalline; a = amorphous

20,2, Discussiog

The alumina supports prepared by cleaning the aluminum foil in a fresh
polishing solution were shown to be amorphous after heat treatment,
while those cleaned in a repeatedly used bath could be crystallized.
In contrast with the recipe of E. Ruckenstein the aluminum foil used
for the preparation of the alumina supports was polished in a chromic
acid containing bath. H. Konno [8] showed that chromate ions strongly
adsorb on alumina films and as it is expected that the polished
aluminum will be covered immediately with a thin oxide film, adsorption
of chromate lons can be expected to occur. Subsequently during
anodization the ions probably penetrate into the oxide film after
having been reduced to Cr(IIL). The so formed chromium oxide then
stabilizes the alumina layer.

After using the bath for several times the colour of the bath changes
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from red to green, indicating the reduction of chromate ions, Cr(VI),
to chromium cations, Cr(IIL). Depletion of chromate ions in the

solution must have lead to decreasing crystallization inhibition of the

supports of catalysts E-H.

So, although only a trace of chromiumoxide could be detected in all the

supports, we ascribe a certain crystallization inhibition to the

presence of chromium fons in alumina.

2,5. Electron microscope results about particle growth and particle

size distribution

2,5.1. Sintering at 873K

At this temperature samples with different nickel metal loading were
used (see table 2.4). The mean particle sizes of the nickel dispersions
of catalysts A, B and C are given in table 2.6. For this experiment one
sample of catalyst A, three samples of catalyst B and five samples of
catalyst C were sintered with specimens of the same composition placed

separately in different alumina boats in the oven.

Table 2.6. The mean particle size of the catalysts before and after

sintering, with r in nm.

—
Catalyst ;(0) ;(end) number of samples
A 6.5 8.4 1.
3.5 5.4
L_ c 2.0 3.3

In fig. 2.7, the change of the mean particle size, for all samples,
during sintering is shown. It can be seen that, although there is some
scattering in the measured particle sizes of different samples of the
same catalyst, this amounts to 8% only, hence sintering of the metal

dispersion is reproducible.
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From the same figure it can be seen that, despite the difference in the
initial mean particle sizes of the three catalysts, they all show an
initially fast increase in the particle size of less than 75%. After 10
hours sintering the growth rate decreases after which at approximately
50 hours, the mean particle sizes tend to stabilize at a level of 8.4,
5.4 and 3.3 nm as specified in table 2.6. However, some samples of

model catalyst C, denoted as C[O, 3y +I in fig. 2.7, exhibit an

Cal.A
a8
7
6
T
(nm)
o CatB
0
I 5r o
.
4 H
Cat.C
.
3
2
L 1 L 1
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—> t(hr)

Fig. 2.7. The change of the mean particle sizes of three different

model systems during heat treatment at 873K in hydrogen.

anomalous behaviour after 72 hours sintering. In contrast with the
other samples showing a stabilization level at 3.3 nm, the mean
particle size of these samples drops after which growth proceeds again,

steadily but slowly.
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The development of the particle size distributions for the catalysts A,
B and C are given in fig. 2.9,11 and 13. Fig. 2.9 represents the

P.5.D. for model catalyst C after heat treatment for 6, 28 and 133
hours, with the micrographs given in fig. 2.8. This system, having the
smallest mean particle diameter (4 nm), shows the most narrow
distribution. After 133 hours the P.S.D. is only slightly broadend.
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Fig. 2.8. Electron micrographs of model catalyst C after 3h (a), 28h
(b) and 133h (c) sintering at 873K in hydrogen. Scale 1 cm =

30 nom.
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Fig. 2.9. Particle size distribution evaluated for catalyst C at
different stages during sintering at 873K in hydrogen.
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For the somewhat coarser modelcatalyst B, the electron micrographs are
given in fig. 2.10 and the PSD's in fig. 2.11. The PSD of modelcatalyst
B, fig. 2.11, for the 'fresh' catalyst resembles that of catalyst C. In

this case a significant broadening of the distribution is observed.

4 '. . "
- Q.:“'-.w . " -. %*‘

Fig. 2.10. Electron micrographs of model catalyst B after 5 hr(a),
30 hr(b) and 153 h (c¢) sintering at 873 K in hydrogen.

Scale 1 cm = 30 nm.
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Fig. 2.11. Particle size distribution evaluated for catalyst B at

different stages during sintering at 873K in hydrogen.
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Fig. 2.12. Electron micrographs of model catalyst A after 5 hr (a), 30
hr (b) and 132 h (c) sintering at 873 K in hydrogen. Scale

1 cm = 30 nm.
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Fig. 2.13. Particle size distribution evaluated for catalyst A at

different stages during sintering at 873 K in hydrogen.

From fig. 2.12 and 2.13 it can be seen that the PSD of the catalyst A
is extremely broad, while during sintering the features of the PSD

only change slightly.

Now, as shown before in fig. 2.7 samples C 0, x and + behave
differently. Therefore the development of the PSD of catalyst C 0
during sintering is also given in fig. 2.14. This nickel particle
ensemble contains a higher amount of particles smaller than 5 nm than

the one characterized by fig. 2.9.
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Fig. 2.14. Particle size distribution evaluated for catalyst C,0 at

different stages during heat treatment at 873 K in hydrogen

Furthermore, this sample shows a remarkable increase of the relative
number of particles of 3 nm, accompanied with a siznificant hroadening

of the distribution, and an increased tendency for facet formation.

Four model catalysts of different chemical composition, as given in

table 2.7, were used for the experiments at this temperature.

Table 2.7. Characteristics of the model catalysts used at 973 K, with T

in nm.

B P number of
Catalyst | Chemical composition | r(0) r(end) | samples

D N - ﬁlzoa 11.5 12 2

Ni =~ A1203 2.6 4.1 3
F Ni-Cr -~ A1203 250 3.1 1
¢ Ni-Mn = AL,0, 5.3 | 6.4 1

H Ni-Mn-Cr- Al 203 2.6 5.0 2
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For all the samples the changes of the mean particle size and the PSD
during sintering have been plotted in fig. 2.15 and 2.22. The electron
micrographs exhibit changing of the morphology of growing particles

while for the large particles facet formation is obvious.

1 1 1 1
0 50 100 150 200 250 300
—— t(hr)

Fig. 2.15a. The change of the mean particle size of the model system,
Cat. E: Ni/Al,04, aged at 973 K in hydrogen.
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Fig. 2.15b. The change of the mean particle sizes of the model systems,
Cat. F: Ni/Cr/Al,0;, Cat. H: Ni/Mn/Cr/Al 03, and Cat. G:

Ni/Mn/A1,0,, aged at 973K in hydrogen.
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2.5.2.1. Ni/Al1,04, catalyst E, 4.6 mol% Ni

Three samples were sintered in two successive charges. The mean
particle radius amounts to 2.6 nm and increases very fast to 3.5 nm
after 16 hours, after which there is only a very slow coarsening, as
can be seen from the electron micrographs in fig. 2.156. Starting with a
narrow particle size distribution (fig. 2.17) resembling catalyst C,

the distribution gradually and steadily broadens.

Fig. 2.16. Electron micrographs of model catalyst E after 3 hr (a), 17
hr (b) and 350 hr (c) sintering at 973 K in hydrogen. Scale

1 cm = 30 om.
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Fig. 2.17. Particle size distribution determined for catalyst E (Ni) at
different stages of sintering at 973 K in hydrogen
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2.5.2.2. Ni/Cr/Y-A1,0,, catalyst F, 3.6 molZ Ni, 3.6 molX Cr
This catalyst, containing an equivalent amount of chromium and nickel,
exhibits a deviant behaviour during heat treatment (fig. 2.15). With a

mean particle radius of 2.0 nm for the nickel dispersion, a lineair

growth rate is observed in contrast with growth so far observed.
From the particle size distribution (fig. 2.19) and the electron
micrographs (fig. 2.18), it can be seen that this particular nickel

Fig. 2.18. Electron micrographs of model catalyst F after heat
treatment in hydrogen at 973 K for 6 hr (a) and 320 hr (b).
Scale 1 em = 30 nm.
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Fig. 2.19. Evolution of the particle size distribution of the catalyst
F (Ni/Cr) during ageing in hydrogen at 973 K
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dispersion has an extremely narrow distribution. During ageing some
broadening up to 15 nm occurs with hardly any change in the features of

the distribution.

2.5.2.3. Wi/Mn/Y - A1,0,4, catalyst G, 4.9 molZ Ni, 2.9 molZ Mn
Sintering of this model catalyst results in a gradual increase of the
mean particle radius of 4.3 nm up to 6.4 nm, showing a stabilization

level at 6.4 nm after 170 hours.

. -
-y

Fig. 2.20. Electron micrographs of model catalyst G after heat
treatment in hydrogen at 973 K for 3 hr (a), 80 hr (b) and
259 hr (c). Scale 1 cm = 100 nm.
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Fig. 2.21. Particle size distribution determined for catalyst G (Ni/Mn)

during sintering at 973 K in hydrogen

§
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Compared with the nickel model catalyst E, the particle size
distribution (fig. 2.21) is somewhat broader. During sintering extreme
large crystallites grow with a particle diameter up to 42 nm.
Remarkable is the high fraction of particles with diameter of 6 nm,

during the whole period of heat treatment.

2.5.2.4. Ni/Cr/Mn/Y-A1,0,, catalyst H, 4.2 molZ Ni, 5.1 molZX Cr, 3.4
molZ Mn

The growth curve for this nickel dispersion resembles that of model

catalyst E, exhibiting a fast sintering up to 4.4 nm after 40 hours

then stabilizing at a level of 5.0 nm. The development of the particle

size distribution of this nickel dispersion is the same as for catalyst

E.

20502-5‘ lifAlzﬂa, 25 mlz Ni

(nm) CalD,

1 1 1 1 1 1
50 100 160 200 250 300

—> t(hr)

Fig. 2.22. Evolution of the mean particle size in catalyst D during
sintering at 973 K in hydrogen

The behaviour of the high nickel loaded model catalyst D is illustrated
in fig. 2.22. Also in this case the peculiar behaviour as observed for
some samples of catalyst C (fig. 2.14) is found. For catalyst D, no
change in the mean particle size is observed, while the particle size

distribution changes only slightly, as can be seen in fig. 2.24.
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Fig. 2.23. Electron micrographs of catalyst D, after sintering for 3 hr
(a) and 350 hr (b) at 973 K in hydrogen. Scale 1 cm = 100 nm.

— =88 hr
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Fig. 2.24. Particle size distribution determined for catalyst D, during

sintering at 973 K in hydrogen

For catalyst D, a decrease in the mean particle size is measured, while
the particle size distribution (fig. 2.25) changes dramatically. During
heat treatment the fraction of particles with a diameter of 10 om,
increases from 10% up to 81%. This was accompanied with a change in the
transparency of the support observed in the microscope. The effect of
the structural change of the support is demonstrated in fig. 2.26 and
2.27, with the PSD's evaluated for a crystalline and an amorphous part

of the support.
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Fig. 2.25. Particle size distribution evaluated for catalyst D, during

sintering at 973 K in hydrogen.
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Fig. 2.26. The particle size distribution determined for the nickel
disperion of catalyst Dy on the amorphous and the

crystalline part of the support.
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Fig. 2.27. Electron micrographs of model catalyst D, after
crystallization of the support, a: amorphous and b:

crystalline part of the support. Scale 1 cm = 100 nm.

Although the boundary used was rather arbitrary, the difference is
remarkable. The particle size distribution on the crystalline part is
asymmetric with a high fraction of small particles (d = 10 nm). On the
amorphous part of the support a broad distribution is evaluated similar

to the distribution of the stable catalyst D, (fig. 2.24).
2.6. Discussion and conclusions

Particle size distributions as presented in section 2.5.2. show that
during sintering the fraction of particles larger than a certain size
increases at the expense of the smaller ones. Such a phenomenon
corresponds to the expectation for an Ostwald ripening process. Except
for the chromium containing catalyst, growth curves of all model
systems aged at 873 K as well as at 973 K show an initial stage of fast
sintering, followed by a stage of very slow sintering. This is in
agreement with the observations on Pt/alumina [9 | and Pd/alumina [10 |
model systems investigated by other authors, but not with the power law
growth curves, predicted from theoretical considerations for Ostwald

ripening in literature.
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At 873 K, increasing initial mean particle sizes lead to growth curves
levelling off at increasing particles sizes. In other words: the growth
rate apparently does not only depend on average particle size, as is to

be expected for Ostwald ripening, but also on other factors.

At 973, no obvious indications for such an effect have been found, and
for instance a sample with an initial mean particle radius of 11 nm
does not show any growth at all. A possible explanation for the
discrepancies at 873 K must be sought in the alumina carrier. After
high temperature stabilization of the carrier and before deposition of
nickel all carriers studied at 873 K and some studied at 973 K appeared
to be amorphous, in contrast for instance to the carrier used by E.
Ruckenstein [7]- After deposition of nickel and the subsequent
decomposition of the film into separate particles, in several of the
catalysts recrystallization of the carrier has been observed.
Apparently, notwithstanding the high temperature pretreatment, the
carriers have not been as stable as expected. Nickel particle growth
connected to recrystallization of the carrier must be held responsible
for the anomalous growth at 873 K of nickel dispersions with great

initial mean particle dimensions.

In the sinter study at 973 K, using chromium and manganese as
additives, chromium decreases the growth rate during the initial stage
of sintering while manganese increases growth. Combination of the two
metals cancels out both effects.

Comparing the particle size distributions of model catalysts E, F and H
(fig. 2.17, 19, 21), addition of chromium (F) shows to increase the
dispersion of the nickel phase while on addition of manganese the
opposite is achieved. Obviously desintegration of the amorphous nickel
film, governed by the nickel-alumina interface, is strongly influenced
by the presence of the additives. But also the subsequent sintering of

the nickel dispersion is strongly influenced by the additives.

A further discussion of growth kinetics, in particular at 973 K, will
be postponed to chapter 6, where experimental results can be compared

with theoretical predictions.
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3. ANALYSIS OF THE CHEMICAL COMPOSITION AND STRUCTURE AT NICKEL ALUMINA
INTERFACES

3.1. Introduction

As compared to the model catalysts, the study of which has been
described in chapter 2, the samples to be dealt with in this chapter
must be considered as thick non—-porous alumina supports covered with
thick continuous nickel films (thin film composites, T.F.C.).

The substrate is made by evaporation of aluminum from a high
temperature source in an oxygen atmosphere and deposition of the oxide
molecules formed onto a quartz support. After stabilization of the
support at a sufficiently high temperature, the nickel film is
deposited in high vacuum, again by evaporation from a high temperature
source. In some cases the deposition of nickel is preceeded by the

deposition of a very thin film of chromium or manganese.

The object of study is the possible presence of nickel aluminate at the
interface of nickel and alumina and the influence of chromium or

manganese on its formation.

The appropriate technique is X-ray Photoelectron Spectroscopy (XPS).
This is a surface technique. But depth profiles of composition and
structure can be ohtained, as the XPS—apparatus is equipped with an in

situ etching facility operating with accelerated art-ions.

In order to come to quantitative data a number of standard samples are
required with well defined composition and structure. As such we have
used Ni-foil and powders of NiO, A1203 and NiAlf)q. Due to technical
reasons chromium and manganese cannot be analyzed separately, so the

analysis is confined to nickel and aluminum.
3.2. Preparation of specimens

3.2.1. Alumina substrate

Amorphous alumina films of about 300 nm thick were prepared by reactive

evaporation of aluminum from a BN crucible, a technique developed in
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our laboratory by P. v.d. Engel [11. The basic principle is the high
affinity of residual oxygen for the film material, aluminum. By
increasing the partial oxygen pressure during evaporation of aluminum,
both species react and the so formed alumina condenses on a quartz
substrate located above the heating stage. The stoechiometry of the
condensed alumina depends on several deposition parameters, such as the
source-substrate distance, the oxygen pressure and the rate of
evaporation. The most sensitive parameter during reactive evaporation
is the oxygen vapour pressure. Oxygen is introduced into the reaction
chamber through a needle valve connected with the system at the spare
gate in the 1id of the reaction chamber as can be seen in fig. 2.2.b.
The oxygen vapour pressure can be adjusted by leaking the gas into the
chamber after high vacuum is achieved. However, at a pressure of 0.1 Pa
it 1s almost impossible to maintain constant pressure; so at 0.133 Pa
the evaporation rate was optimized by varying the temperature of the
heating source. Stoechiometric alumina films could then be deposited at
a temperature of 1473 K, resulting in a deposition rate of 5 nm
hlzoalmin.

Table 3.1. Conditions and results of reactive evaporation of aluminum

oxygen pressure| T(K), heating source |Chem. composition
(Pa)
0.0133 1573 Al
0.0665 1573 Alfalzoa
0.133 1473 A1203

These results agree well with the conditions reported by Demiryont

[2].

After deposition, the alumina layer was subsequently subjected to the
same heat treatment as the model catalyst, namely annealing at 1025 K
during 100 hrs.



.

Chromfum or manganese thin films (~ 2 nm) were Introduced onto the
stabilized y-alumina film before the nickel film was deposited, just as
described in section 2.2.3.2. However, as the nickel films used for
these experiments were relatively thick (~ 100 nm), tungsten boats
could not be used as heating source for the evaporation of nickel
because of alloying between nickel and tungsten. Hence, in order to
deposite these films, alumina crucibles were used, heated with a Mo
coll. The evaporation conditions were the same as for thin film

deposition, that is a temperature of 1623 K and a vapour pressure of

2.6*107"4 Pa.

The following thin film composites (T.F.C.) have been prepared and
sintered at 973K in hydrogen during 150 hours:

(1) Ni/Y-A1,0,/810,

(2) Ni!Cr{Y-A120315102

(3) Ni/MnIT—A1203!3102.

3.2.3. Standard samples

For chromium and manganese the most intense photoelectron peaks
coincide with the ill-formed Auger peaks of nickel. Hence chemical
analysis 1s confined to nickel and aluminum compounds.

For the interfacial analysis, first several standards were examined in

order to determine parameters such as the binding energy and the

sensitivity factor for nickel and aluminum in different chemical
states. All the standards were subjected to a severe sputter-etching

procedure, to account for preferential sputter effects [3].

The following samples were investigated:

= Ni metal foil;

- NiO powder, Fisher Sci Comp. C.R.;

- A1203 powder, Ketjen, Alu Grade B;

- NiAl 0 powder [4], prepared by coprecipitation of an aquaous
solution of nickel nitrate (0.6 M) and aluminum nitrate (0.3 M) with
sodium carbonate at pH = 7, calcined at 1473K in air for 100 hr and
characterized with X-ray Diffraction.

- NiAlz0y TFC, prepared by calcining a Ni/Y-Al ,0,/Si0, composite at
1473 K in air for 150 hr.
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3.3. The X.P.S.-method

3.3.1. Principles

TT T T I T I I rrrrrT TTTTTTrYTT T
830 L0 L o] B0 L]

B.E.(EV)

Fig. 3.1. Schematic representation of the ionization process.

X-ray Photoelectron Spectroscopy is based on the photoelectron effect
as illustrated in fig. 1. During exposure of a sample to an X-ray beam,
MgKa radiation (1253.6 eV), electrons are ejected from the material
with a kinetic energy characteristic for the atoms or ions within the

sample

E =hv-E +E =hy+E
s S S, v+E (1)

where hvy is the photon energy, E, and Ef the initial and final energy

of the atom/ion and Eb the blndiig energy of the electron.

The released electrons are analyzed with a "double cylindrical mirror
analyzer" (Perkin Elmer (4)15-255G), while the data are taken and
collected on line with a VG Datasystem resulting in a spectrum as shown

in fig. 3.2.
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Fig. 3.2. Example of an overall spectrum.

The spectra have some special features common for XPS-spectra, which

are important for the quantitative as well as the qualitative

analysis:

- The photoelectron peak, the intensity of which is proportional to the
cross section for photofonization of the electron concerned. As the
cross section is greater for electrons with a higher binding energy
than for electrons of lower binding energy, the peaks in the higher
binding energy region are more pronounced than in the lower region.

~ The basis of the spectrum increases discontinuously from low to high
energy after each photoelectron peak. This is caused by loss of
kinetic energy, suffered by the electrons during their path through
the sample. Background determination is one of the most important
operations in quantitative analysis.

-~ Several peaks are broadened or have a fine structure, arising from
coupling of the spin and the orbital angular momentum. For a shell of
£ > 0, two subshells arise with quantum numbers j = £ % lfz, while
the occupancy and thus the relative intensities of the photoelectron
lines are 2¢ and 24 + 2, respectively. For the quantitative analysis

all peaks have to be taken into account.
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- In the spectrum satellites can appear at the high binding energy side
of the photoelectron peak. As can be seen from eq. (1), the final
state determines the binding energy of the photoelectron. There are
occasions where the vacancy formed by excitation of the electron
interacts with the valence electrons, leading to a multitude of final
states with higher binding energies.
photoionization, the vacancy formed in one of the sub shells of the
atom/ion may be filled by a non-radiative Auger proces. This
read justment takes place by an electron from a less tightly bound
orbital filling the hole, while a second electron - the Auger
electron - is ejected.

Chemical information can be gained with XPS, because the binding energy

of a photoelectron is determined by the total electrostatic

environment. This includes not only the valence shell but all the other
atoms/ions in the molecule or solid. The binding energy difference
between the photoelectron of an atom/ion A in a molecule or solid and

the free atom, the so called chemical shift, can be given as:

L]

E, =kig, +2 — (2)
. A s "ap

where k is the electrostatic Integral, 8, and 33 the charges on

atom/ion A respectively B and rAB the distance between A and its

neighbours B. This relation clearly illustrates the effect of the net

charge on ions and the chemical environment on the chemical shift.

Besides this shift, photoelectron peaks can also shift to higher
binding energy because of charging up of the sample, especially when
dealing with insulators such as alumina. This shift can be measured by
calibrating the spectrum with the binding energy of a well known

contaminant peak, for instance the carbon peak.

Because of the small mean free path of the ejected electrons in the
solid, this technique is very surface sensitive. Only the topmost

layers, some few atomic layers thick, are analyzed.



To obtain in depth chemical information, the sample is etched by
sputtering with Art ions using a Perkin Elmer ion gun model 04~161 at
an Art pressure of 6.67 * 10™% Pa and operating conditions lkeV, 30 mA.
This process, however, is rather severe and can introduce artefacts
such as preferential and selective sputtering, while grain boundaries
will be etched more easily than the grains. During sputter etching high
energetic Art-ions remove material from the surface by ejecting atoms

or ions from the crystal as shown in fig. 3.3.

Fig. 3.3 Schematic representation

of ion sputter etching.

The rate at which this process will occur depends on the binding
energy. Therefore, a material with a low binding energy will sputter
faster than those with high binding energies. When both such compounds
are present in a sample, selective sputtering will lead to enrichment
of the sample with the high binding energy compound. On the other hand,
in a one component sample preferential sputtering of one of the
consisting elements can lead to a change in the chemical composition

of the compound. For instance, preferential sputtering of oxygen in
nickel oxide may lead to reduction of the material. All these processes
have to be taken into account when using ion sputter etching during

analysis.

3.3.2. Evaluation of X.P.S. data

Determination of the quantitative composition by measuring the relative
intensities, was carried out as deseribed by C.D. Wagner [5]. The
counting rate detected in a photoelectron peak from an element in a

thick homogeneous sample, is given by:
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where n is the number of atoms per unit volume.

The parameters can be devided in three groups:
constant, although usually not known.
A: surface area from which photoelectrons are detected.
f: photon flux, which can vary with time.
#: angular correction factor.
- Factors, sensitive to kinetic energy.
T: inherent efficiency of detection by the spectrometer
A: mean free path for the photoelectron in the sample medium.
C: fractional efficiency of emergence through a contaminating
adsorbed layer.

- Factors determined by the photoelectric process.

g: cross section per atom for photoionization of the particular
level.

y: photoelectron yield, the fraction of photoelectric transitions
that results in an fon in the ground state and a photoelectron

the appropriate kinetic energy.

Because the instrumental parameters are usually not known, relative

intensities are used for the analysis:

M0 TGy, L
n

3)

of

— ==, LSS L a2 (4)
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where S is a sensitivity factor which can be calculated. Wagner has

shown that the effect of the kinetic energy sensitive factors can be

given as:
T,A,C E
7 B Bl | 1,-0.25 -0.7 ~0.7
Srwoatll o RS N CELCASE AR} ¢
i ) 2

Using cross sections calculated by J.H. Scofield [6], while the

photoelectron yield is assumed to be unity, S can be calculated.

5)
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However, C.D. Wagner has demonstrated that the above mentioned
assumptions do not apply to e.g. transition metals and zeolites. He
ascribed this deviation to the probability of shake up and shake off
phenomena (satellites) in the photoelectron process, leading to a lower
photoelectron yield. This problem can be overcome by including the
intensity of all peaks originating from secondary photoelectron
processes.

The sensitivity factor "8" can also be determined experimentally by

using standards of the starting materials and the compounds to be

expected.
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Fig. 3.4. Detail of the combined Ni° and NiO XPS-spectrum.

But also in this case, secondary peaks must be included in the peak
area measurements because of the varying intensity of these peaks with
the chemical state, This feature is often used for the chemical

identification of nickel compounds as will be discussed later.

When several nickel compounds are present, the photoelectron peaks as
well as the secondary peaks of the different species may overlap and a
deconvolution program [7] is used for separation as can be seen in fig.

3.4.
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This technique is very coavenient for the large photoelectron peaks.
For the smaller and usually less well defined secondary peaks it is
hard to determine the contribution of the different species present.
To overcome this problem, for all nickel standards the ratio of the
area of the total 2p3/2—spectrum to the photoelectron peak is

determined as:

I(2p312J

N = e—
c  I(p.e)

(6)
Using this factor and the measured intensities of the deconvoluted
photoelectron peaks {IP e), the total peak area, I(2p3/2), for the

different species present in the sample can be calculated.

A specific problem is met in the spectrum of aluminum by the presence
of nickel. The low energy nickel peak overlaps the low binding energy
side of the Al peak. This overlap is smaller in the case of the Al(2s)
level as compared with the Al (2p) peak. So the use of Al(2s) prevails
over the somewhat more intensive Al(2p) peak. At low aluminum
concentration even for Al(2s) separation is still impossible, see fig.
3.5. In this case an indirect route is used to determine the peak area

of the Al-peak.
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Fig. 3.5. The overlap of the low binding energy Al and Ni peaks.
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Using the nickel standards, also the intensity ratio of the N1(2p3,2)

to the measured Ni(3s) peak is calculated as:

I(2p3f2)

v = 1038 1)

Subsequently this ratio is used to determine the intensities of the
Ni(3s) peak from the calculated Ni{2p3/2) peaks of the composites.
Substraction of this area from the combined peak results in the Al

intensity.

I1(Al, 2s) = 1 (Ni, Al) - KN11(2P3f2)
=1 (Ni, Al) - xNich(p'E')

Analysis 1s then carried on as follows:

- the chemical composition is determined with the binding energy of the
measured photoelectron peaks.

- for all elements(ions) present the relative amount with respect to
oxygen is calculated, using the measured or evaluated peak
intensities with their appropriate sensitivity factors, as discussed

before, as:

N Ie
ol e T (8)
no e I0

where e is the element considered and 0 Is oxygen.
= Combining both results then leads to a semi-quantitative composition

of the sample.

3.4. Results and discussion

3.4.1. Standard samples

3.4.1.1. Binding energies

The results for the standards are shown in table 3.2 and fig. 3.6. All
peaks separated from the Ni (2p3,,) spectra by deconvolution, are
gathered under the heading satellites, the intensities are given in
brackets. The uncertainty of the binding energy measured is felt to be
of the order of * 0.2 eV. As there can exist a discrepancy in the

measured values at different laboratories of 1 eV, the binding energies
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Fig. 3.6: Ni-2p spectra for different nickel compounds.
a = Ni-metal, b = NiO powder, c = NiAl 0, (TFC)

Table 3.2. Binding energies as measured for the different standard

samples.
Sample Ni(2p3/2) Satellites 0(ls) | Al(2s)
-
Ni-metal 853.0 855.8 859.0
(100) (13) (13)
NiO powder 854.6 861.6 866.8 529.8
(100) (61) (22)
NiAlzoh - 856.2 862.0 864.8 531.0 118.8
powder (100) (42) (z21)
NiAl,0, - 855.8 862.0 864.4 | 531.4 | l18.8
T.F.C. (100) (44) (20)
{ AJ.ZO3 powder 531.8 119.6
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are in reasonable agreement with those found in literature [8"10}.
However, the aluminum and oxygen binding energies in nickel aluminate

are felt to be low.

The spectra, given in fig. 3.6, 1llustrate the characteristic features
of the satellites for the different nickel compounds, viz. a small
satellite for nickel metal and a relatively large satellite for nickel
oxide with that of nickel aluminate in between. The relation between
the binding energiecs and the peak intensities measured is used for

identification of the species present in the aged samples.

3.4.1.2. Sensitivity factor

The sensitivity factors were evaluated in both ways, as discussed in
section 3.3.2, and have been listed in table 3.3. For aluminum there
was a slight difference (~7%) between the calculated and experimental
factor while no dependency on the chemical state was Found. This was
somewhat different for nickel. In contrast with nickel oxide, which
shows a good agreement between the calculated and experimental factor,
nickel aluminate displays a relative high measured sensitivity Factor,

low photon yield, especially for the powder samples.

Table 3.3. Calculated and experimental sensitivity factors with regard

to oxygen, for the different standard samples.

S S
Sample Nickel Aluminium

Calculated | Measured Calculated Measured

Ni0 powder 0.2 0.2
NiAlzou powder 0.2 0.58 4.4 4.1
NiAl,0,, T.F.C. 0.2 0.28 4.4 4.1

Al,0, powder 4ob 4.1
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3.4.1.3, Preferential sputtering
The aluminates analyzed not only show low photon yields, but also
reduce readily by sputter~etching. They even reduce to a greater extent

than the nickel oxide powder, as can be seen in table 3.4,

Table 3.4. Percentages of non-reduced standard material after several

treatments by sputter etching, using Art fons (lkeV, 30 mA)

Duration of total | NiO NiAl20y | NiAl20w
sputtering (min) powder | powder film

1 79 59

2 40 30
3 23

5 63 25
10 20
L5 59 21 16
40 59 21 16

3.4.2. Thin film composites (T.F.C.)

In depth analysis of the composites was carried out by art-ion
sputter-etching. The first data given in table 3.5 to 3.7 and in

fig. 3.7 to 3.10 represent the last measurements of the series, where
only nickel metal could be detected. So the series of data start at the
point where only a nickel overlayer, slightly thicker than the mean

free path of the ejected electrons in the solid, 1s present.

As soon as the topmost layer becomes thinner than the mean free path of
the ejected electrons in the solid, the underlying layer becomes
accessible for analysis. From this point on the artefacts as discussed
in section 3.3.1 become troublesome. This means that the intermediate
layer, if present, and the support start to be etched before the nickel
overlayer is removed completely. However, as nickel metal is etched
more easlly than aluminate or alumina, selective sputtering will ensure

a further decrease of the nickel content. Simultaneously, preferential
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sputtering of an intermediate species, if present, can change the

composition during analysis.
The interface is now defined as the point at which the concentration of

the nickel metal and the alumina match.

3.4.2.1. T.P.C.1, Ni/Al,0,

)
Py /2 “P3/2
t=0
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t=59 min.
830 — 850 binding energy (ev)

Fig. 3.7. XPS spectra of the N1~A120 interface of sample T.F.C.1 as

3
measured after successive sputter periods.

The spectra of the boundary layer of this sample are given in fig. 3.7.
At the stage that alumina is detected, a second nickel peak at ahout §
eV higher appears. From the characteristic features, that is the energy
difference between the Ni (3py/,) and (3p3,5) photoelectron peak and

the intensity ratio (Xc), it appears to be a metallic peak. The large
shift must be caused by different sample charging. During subsequent

sputtering the low energy nickel photoelectron peak decreases while the

second one increases.
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Table 3.5. Binding energies of the species in sample T.F.C.l, with the

semi-quantitative composition in molar percents in the

brackets.
Total sputter- Ni(Zp“Z) Al 203
time (min) Oclslfz) Al(2s)
0 853.8
(100)
30 853.8 852.0 531.8 120.0
(69) (17) (14)
33 853.8 852.2 531.8 120.0
(58) (22) (20)
39 853.8 B852.2 531.8 119.6
(41) (28) (28)
44 853.8 852.4 531.8 119.6
(33) (33) (34)
59 853.8 852.6 531.8 119.8
(15) (25) (60)
90 853.6 853.0 531.8 119.6
(9 9) (82)
170 853.8 B852.6 531.8 119.4
(2) (6) (92)

Because of the rather complex nature of the spectra, no direct
information could be gained about the formation of nickel aluminate.
During the analysis no C-contamination was detected, so the energy of
the original nickel photoelectron peak is not corrected for charging
up. This is done consequently for the total duration of the analysis
and the energy as measured is listed in table 3.5.

Reaching the boundary, it is assumed that the low energy peaks
evolving have to originate from the alumina and therefore the
correction of the binding energy of both the aluminum and the second
nickel peak for charging up was performed with 0(ls;,;)-Al 05 as

reference. The evaluated binding energies and the semi-quantitative
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composition are given in table 3.5.

The sputter profile of T.F.C. 1 is shown in fig. 3.8. The second nickel
species in this sample exhibits a maximum concentration at the
boundary. After the point of intersection of the metal and support
profile the relative concentration of this species is higher than the

metal concentration.

100
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Fig. 3.8. Sputter profile of the Ni—Alzo thin film composite.

3
3.4.2.2. T.F.C.2, Fi/Cr/A1,0,

The spectra of the sintered sample T.C.F.2, representing the
composition of the boundary layer after succesive sputtering periods
are given in fig. 3.9. A slight broadening of the Ni(2p3{2)
photoelectron peak can be seen, upon reaching the alumina layer. This
indicates the presence of an intermediate species at the nickel-alumina
interface.

The binding energies as determined by using the Ni (2pj3,,)peak to
correct for sample charging, have been given in table 3.6. Table 3.7
and fig. 3.10 show the evaluated composition of the sample without

correction for reduction during sputtering.
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Table 3.6. The binding energies of sample T.F.C.2, corrected for sample
charging with Ni (2p,,,), in brackets binding energies
corrected with 0(1ls)-(Al,03).

Total dur- | Ni(p.e) Ni satellites 0(lsy,p) Al(2s)
ation of
sputtering
(min)
0 853.0 8558 859.2
60 853.0 856.2 857.8 B859.8 533.0 120.8
(856.6) (531.8) (119.6)
65 853.0 856.0 857.4 859.6 532.8 120.6
(856.4) (531.8) (119.6)
85 853.0 856.4 857.8 B58.4 532.4 120.2
(857.2) (531.8) (119.6)
125 853.2 855.4 (531.8) (119.8)
205 853.2 854.8 (531.8) (119.6)

Table 3.7. Semi-quantitative composition of the boundary layer of

T.F.C.2 in molar percents.

Total duration of NL Intermediate A1203
sputtering (min) species
0 100
60 64 12 24
65 55 8 37
85 31 5 64
125 8 2
205 ~100
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Fig. 3.9. XPS spectra of sample T.F.C.2 of the Ni overlayer (a) and the
NiAl,0, boundary (b).

As said before, the broadening of the Ni (2p,,,) peak after sputtering
for 60 minutes is ascribed to the appearance of an additional peak at
857.8 eV. Simultaneously with this peak, in the low energy region the
oxygen and the aluminum peaks of alumina develop, haviang binding
energies of 533.0 and 120.8 eV, respectively. From table 3.2 it can be
seen that all evaluated energies for the nickel and the alumina
components are too high. Now, as it is very likely that the support is
approaching, these high values must be caused by a different charging
up of the alumina. Therefore the energy shift of the oxygen, 0 (1ls),
peak of alumina is used to correct the measured energy of the evolving
peaks, although the choice is rather arbitrary. From table 3.6 it can
be seen that even after the second correction, the binding energy for
the additional nickel compound of 856.6 eV is rather high as compared
with that of the standards.

During further etching the nickel peak decreases while the Al(2s) peak
increases with both materials still charging up differently. After 125
minutes sputtering analysis, the second nickel photoelectron peak

cannot be distinguished reliably anymore from the nickel metal peak.
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In fig. 3.10 the evaluated sputter profile for this sample is given
From the figure it can be seen that at the Ni-A1203 interface three
different species are present, that is, the nickel metal, the alumina
and an intermediate species. The concentration of the intermediate

species attains a maximum before the concentration of nickel equals

that of alumina.
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Fig. 3.10. Sputter profile of the NifCrfAlZO3 composite (T.F.C.2).
Jkhi2.3. TFC:3, !ianfA1203
- At the nickel alumina interface no intermediate species could be

detected.

3.4.3. Discussion

3.4.3.1. NiAl,0, standards

Both nickel aluminate samples used as standard material (coprecipitate
and T.F.C.) showed a different behaviour in our analyses than reported
in literature [8] viz:

- a low photon yield, less dramatic for the T.F.C. sample.

- a low binding energy and some broadening of the photo electron peak.

- a high reducibility during sputter etching
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During analysis a high background was observed, indicating shielding of
the species by another material leading to a reduced photon yield. As
only aluminum, oxygen and nickel were detected, a toplayer —if present-
has to consist of Ni0O or Al,0,. The presence of some nickel oxide,
having a lower binding energy than nickel aluminate, then could explain
the rather low nickel binding energy measured and could also account
for the broadening of the photo electron peak of the aluminate.
However, also the model of a solid solution of nickel oxide in alumina
used by P. de Korte [11] in his investigation of the structure of
coprecipitated nickel aluminates, could account for the phenomena
observed.

Although the two standard samples were prepared in different ways, they
show the same enhanced reducibility. Even more, they reduce more

easily than nickel oxide during Artion sputtering. Because of the
higher binding energy in nickel aluminate than in nickel oxide, nickel
oxide is expected to reduce to a higher degree than the aluminate. This
is also reported in literature [8] for commercial nickel aluminate,
Hence, the concept of a NiO layer has to be ruled out, and it is
therefore assumed that at the surface the standards are a solid
solution of nickel oxide in alumina, which is apparently instable under
Artion bombardment.

Because of the problems encountered no correction was carried out for
reduction in the semi-quantitative analysis of the thin film

interface.

3.4.3.2. Thin Film Composites "

XPS-analysis of the Ni-Alzos interfaces have shown that three different
boundary layers are formed during heat treatment of the three thin film
composites. In contrast to both the Ni;’Alzo3 and the Ni;’Cr{Alzt)3
systems in which an intermediate layer is formed (table 3.5 and 3.6) no
such intermediate layer could be detected in the NianfA1203 system.
The intermediate layers in Nifﬁ1203 and NifCrfAlZD3 differ in
composition as well as in location with respect to the boundary.

The systems investigated are schematically represented in fig. 3.1l and
will be discussed in detail.
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+ After heat treatment:
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Fig. 3.11. Schematic representation of the Thin Film Composites:
I: Ni/Al,04; T1: Ni/Cr/Al,05; TII: Ni/Mn/Al D ;.

I. The Nix‘Alzo3 composite

In this system, at the boundary, a nickel metal species is detected.
The concentration depth profile (fig. 3.8) shows that the maximum
concentration of this species is located at the Intercept of the nickel
metal and the alumina profile. As it is assumed, as discussed in
section 3.4.2, that the intercept of the concentration profiles
reflects the position of the interface, it is most likely that the
boundary layer is adjacent to the nickel film while extending into the
alumina layer. As diffusion of nickel metal atoms into the support is
not likely to occur, the species detected must originate from a nickel
compound which reduces easily reducing upon sputtering.

From our experience, nickel oxide reduces up to an amount of 40% only
by sputter etching (table 3.4). As no residual oxide was found, the
intermediate species is more likely to be similar to the "easy to
reduce” nickel aluminate, also present in our standard samples.

So, our observations indicate that during heat treatment of the nickel
alumina composite a diffusion layer consisting of a solid solution of

nickel oxide in alumina is formed, as illustrated in fig. 3.11.
I11. The NifCrz’AIZO3 composite

The species detected in this system is characterized by a binding
energy of 856.6 eV (table 3.6) which is in between the binding energy
of the nickel aluminate standards (table 3.2) and that of commercially
available "hard to reduce” nickel aluminate (857.2 eV, [8]). The
location of this boundary is rather different from that in the
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composite without chromium, as can be seen in fig. 3.10. Here, the
maximum concentration of the intermediate species occurs before the
interface of Ni-Al,0; is reached, suggesting that in this composite the
boundary layer is adjacent to the alumina layer while extending into
the metal film.

Now, concerning the chemical composition of this layer, the problem is
somewhat complicated, as the interface was supplied with chromium,
which could not be studied by XPS. First, there is the possibility of
alloying between nickel and chromium. However, this compound would have
a binding energy only slightly higher than that of nickel metal, hence
it can be ruled out. Secondly, as during preparation of the composites
some oxidation can occur, formation of nickel chromate has to be
considered. At this point XPS analysis fails and no unambiguous
analyses can be made of the chemical composition of the boundary

layer.

Anyhow, it is certain that the presence of chromium prevents the
diffusion of nickel ions into the alumina and the consequent formation

of an intermediate aluminate.
III. The Ni/Hn}A1203 composite

No intermediate species could be detected; there seems to be a sharp
transition between the nickel metal and the alumina layer, formed by

the manganese boundary layer.
3.5. Conclusions

- During heat treatment of a Ni/y—A1203 thin film composite at 973 K in
hydrogen, a boundary layer arises from the interface consisting of a
solid solution of nickel oxide in alumina which extends into the
alumina layer.

— The observed boundary layer is in good agreement with the XRD and XPS
analysis of coprecipitated and impregnated Ni/Al, 0, catalysts,
reported by R.B. Shalvoy [8] and M. Wu [9], respectively. After
calcining at B73 X these authors report that both types of catalysrs
contain amorphous NiAl,0,, persisting after reduction in hydrogen at
673 K.
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= Introduction of a chromium or manganese intermediate film prevents
the diffusion of nickel ions into alumina.
- The use of chromium, as an intermediate film probably leads to the
formation of a stoechiometric nickel chromate boundary layer.
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4. KINETICS OF THE GROWTH OF INDIVIDUAL PARTICLES

4.1, Introduction

The sintering of a dispersion of nickel particles, under the driving
force of difference in vapour pressure of small and large particles, is
governed by a number of processes, running partially parallel and
partially in series. The overall rate is mainly determined by the
fastest of the parallel processses, which, in turn, is governed by its
slowest step. Fig. 4.1 gives a schematic representation of the steps,
that will turn out to be the most important ones to be discussed in

this chapter.

'
3 3

/—\_’ ‘ '

2 2 1

Fig. 4.1. Schematic representation of the growth process

6 5 I 4 , 5
1

Route I consists of:

Step 1: Spill-over at the edge of a nickel particle, of adsorbed Ni-
atoms from the particle onto the alumina surface.

Step 2: Surface migration of Ni-atoms over the alumina surface from
one nickel particle to another.

Step 1': Readsorption, at the edge of a nickel particle, of adsorbed

Ni-atoms from the alumina surface onto a nickel particle.

Route II consists of:
Steps 1 and 2 as described above.
Step 3: Desorption of adsorbed Ni-atoms from the alumina surface into

the gas phase in the vicinity of the alumina surface.
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Step 4: Diffusion of Ni-atoms through the gas phase from the area
surrounding one nickel particle to the area surrounding
another nickel particle.

Step 3': Readsorption of Ni-atoms from the gas phase onto the alumina
surface.

Steps 2' and 1', as described above.

Route III consists of:

Steps 6 and 6': Desorption of Ni-atoms from the surface of the nickel
particles into the vapour phase and the reverse
(readsorption) step. These reaction steps may well

compete with the parallel routes I and II.

Finally, part of the Ni-atoms may withdrawr from the sintering process
by diffusion away from the sample into the container; that is step 5 as

indicated in fig. 4.1.

In this chapter some other processes will turn out to be sufficiently

fast so as not to influence the rate of the overall process, viz:

Steps 7 and 7': Transition of Ni-atoms from the bulk of the nickel
particles to the adsorbed state at the particle surface
and the reverse step. These reaction steps will be very
fast as compared with the preceeding and following
steps 1 and 1', respectively.

Step 8 : Migration of Ni-atoms over the surface of the particles
towards and from the edges of these particles. Again
these steps are fast compared with the following and

the preceding steps 1 and 1', respectively.

An exception to the conclusion about step 7' has to be made in the case
that the surfaces of the small nickel particles are not rough and more
or less spherical, as holds for very small particles, but show facets
of low index crystal faces. In that case incorporation of adsorbed
Ni-atoms into the crystal lattice occurs by the growth of the crystal
faces. Formation of a new lattice layer now requires formation of a
two-dimensional nucleus first. The larger the particles, the slower the
nucleation step. Thus two-dimensional nucleation can grow into a

serious rate limitation of crystal growth.
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In the present chapter a thorough analysis will be given of the rela-
tive rates to be expected for all reaction steps discussed above. A
number of approximations will be made in order to achieve a reasonable
basis for the comparison of the competing rates. For the nearly tempe-
rature independent pre-exponential factors in the reaction rates, pre-
dictions will be based on the most simple version of Eyring's statis-
tical mechanical theory of absolute reaction rates [1, 2]. For the
heats of reaction and the activation energies, occuring in the strongly
temperature dependent Arrhenius factors of the reaction rates, simple
approximations will be made, relating all quantities to the heat of

formation of crystalline nickel from its vapour.

In this way the anticipation about the most important steps in the
sintering phenomenon, as suggested in fig. 4.1, will be justified and
the way will be opened to the overall discussion of the kinetics of the
sintering of a dispersion of nickel particles, to be given in the next

chapter.

4.2, Approximations for the rates and the equilibria of elementary

reaction steps

According to Eyring's theory the rate of a reaction step is equal to:

where nt is the concentration of the specles in the transition state of
the reaction. The value of n' is obtalined by assuming the transition
state to be in equilibrium with the reaction partners. In turn,
equilibrium depends on the condition that the chemical potentials of
all species involved are equal. In table 4.1 formulas are presented for

the chemical potentials to be used in this stage of the discussion.

In the appendix, following the last chapter of this thesis better
approximations for the chemical potentials will be presented and the
consequences of their use will be discussed. Also the possibility of
mobile adsorption will be considered and its consequences for the

reaction rates will be discussed.
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Table 4.1. Chemical potentials of nickel in the various states in which

it may occur

State of nickel u/kT
vapour lnE— - : 1 h?
P T * 2 2 ZymkT
h
bulk
lid
s0 T
adsorbed gis

transition state

solid adsorbed

transition state
for adsorption ln ot - Inn

and desorption

transition state
at edge of nickel he.; CAL0L)

ads 23 +
particles for wT #-In o’ = Ian

transfer from
nickel to alumina

surface and v.v.

where: - hbulk’ hads and hads (A1,0,) are the enthalphy contents per
atom
- 0,4 and ot are the atom concentrations per m2
= n, is the number of adsorption sites per m?
-, is the number of adsorption sites along the edge of the
particle, per m.
- m is the mass of a nickel atom

- it is assumed, that nt zpd n4s << MO
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These formulas are approximations, based on several assumptions, viz.:

- the contributions due to vibrational entropies are throughout
negligiable

- all adsorptions are strictly localized

= the steps involved do not require extra activation energies

Here the data of table 4.1 will be used. In doing so, it is explicitly
considered, that the net rate of a reaction step is always the
difference between a forward and a reverse rate; however, both will be
presented separately. At equilibrium, forward and reverse rates are

equal.

4.2.1. Transfer of nickel atoms between bulk (flat surface) and

\FSBOU r

=~ Using the data of table 4.1, the rate of evaporation is found as:

[hbulk

& 5 SR
v n 0 h exp KT

L ], in at. m 257! (1)

where the subscript e stands for evaporation. The frequency factor kT/h

is of the order of infra-red vibration frequencies (~ 1013sec™ 1),

It is assumed that evaporation does not require an extra activation

energy.
- Analogously, the rate of condensation is found to be:

vc = H- L m"zs". (2)

"0 h kT [Zﬂm kT]

where the subscript c¢ stands for condensation.

In this case the activation energy for incorporation in the crystal is

neglected.
The equilibrium vapour pressure follows from v, = v, as:

2mm kT, 3/2

)

P 2

h
KT exp [2nX] Nam2 @
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4.2.2. Transfer of nickel atoms between bulk and adsorbed state

With the assumptions underlying table 4.1, the forward rate is:

__ kT Pputk ~ Mags (M) s )
v = ng 3 exp [ T ] at. ™2
and the reverse rate:
kT
= i e " =], 5
v, “ads v at. m”4s (5)
The adsorption equilibrium follows from vy =V,
- 4
n = n, exp [ hbu!k hads (Ni)I at, m 2 (6)
ads 0 kT

4.2.3. Adsorption and desorption of nickel vapour on and from a flat

From the data of table 4.1, the rate of desorption is given by:

kT hads (Ni) .
Vg™ Mes. pekp [T ] at, Wt 7

and analogously the rate of adsorption is:

kT
V*l’lﬁ_

2
B e B2 -2 -1
a h kT (an kT) ey (8)

where the subscripts a and d stand for adsorption and desorption,

respectively.

The adsorption equilibrium then follows from 3 - va as:

h . (ND)
hZ 372 ds .
s = "0 k7 G & " exp [- 2 ) ate w2 9)
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The expressions are similar to those for adsorption of nickel on

nickel, with the exception that hads (Ni) has to be replaced by
hads (Alzoa)'

flat surface (embedded in vapour)

In a steady state, solution of Fick's equation:

==D Ve

for symmetrical situations and boundary conditions, given as:

leads

- for

for

“ for

- and

concentration at r = ¢

at ra i Ca
to the following expressions for the diffusion flux:

a 3-dimensional case the total flux is:

2_ in at, 5”1

¢ = 4uDr (c—ca) -t

. > T
@ = 4qDr (c—ca) at. s !

a 2-dimensional case the total flux is:

ere

1

¢ = 2aD i

=
1n rafr
for a l-dimensional case the flux per unit surface area is:

c=c
at m 2871

g =D ==
a

(10)

(11)
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for & 2> r:
a

e=C

at. m 2g”! (12)

In the formulas given, the rates of forward and reverse flows are

easily distinguished as being proportional to ¢ and g, respectively.

4.2.6. Migration of nickel atoms over the surface towards the edge of

a_half sphere of nickel, supported by a flat alumina surface,

and the spill-over from the nickel particle to the alumina

surface

4.2.6.1.

Redistribution by diffusion of adsorbed nickel atoms contained within a
circular circumference, cannot be derived in a general way by solution
of Fick's equation. The following rough argument may suffice to find
the diffusion flux when the average concentration is n while the

ads’
concentration at the edge is negligible.

The time constant for diffusion can be defined as:

:“z-r—z
D

Ulr:}

T =
where % is the radius of the half sphere.

The guantity of material to be removed is: an.nads. The total flow of

material per unit of time then is:
8
6=2Dn,, (13)

4&2.6.2-
Again, using the data from table 4.1, the rate of spill-over of nickel

atoms from the nickel to the alumina surface is estimated to be:

kT n_, (Ni)

i TH s e ¥ [

(Ni) - hads(A1203)
kT

hads

] at m~ls™2 (14)
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and in the reverse direction, analogously

kT "ads(415°3) e
271 g, (al0p e

Here hads(Ni) is supposed to be stronger negative than hads(Alé)S)' In

equilibrium both rates are equal.

4.2.7. The diffusion coefficieggg

The diffusion coefficient of nickel vapour in the carrier gas hydrogen

can be approximated by the ideal gas formula:

(kT) 372
m2s™ ! (16)

2
e
11a"e('|'r:f1p.:‘,'3)'”"2

where a is the collision diameter, assumed to be equal for Ni and H,s

m is the atomic mass of Ni, and Py is the pressure of the carrier gas.
The diffusion coefficient for adsorbed nickel atoms is given by:
D=1/4 wa? m?s™!

where w is the average jump frequency and a is the jump distance.

The factor 1/4 represents the chance, that a jump is in the direction
of the concentration gradient.

The jump frequency will be approximated by the absolute rate formula,

which leads to:

u
1%k 2 t
D=71% 3 exp [— :; ] (17)

The activation energy for jumps, LT ig different for nickel atoms
on a nickel surface and on an alumina surface, uact(Ni) and

uact(A1203), respectively.
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4.3. General formulae for growth rates

4.3.1. General remarks

At equilibrium, that is at equal size of the two particles depicted in
fig. 4.1, every single step as described before is in equilibrium and
hence the rates of the forward and reverse reactions of each elementary
step are equal. No net transport will occur. When equilibrium is
disturbed, for instance because of the left hand particle in fig. 4.1
being smaller than the right hand particle, a net tranmsport from left
to right will occur. The maximum rate such a net reaction can attain
just equals the rates of the forward and reverse reactions at

equilibrium.

The equilibria of all steps will be disturbed. The largest relative
disturbance in a sequence will then be at that step, where the maximum
attainable rate is smallest. This step will therefore be the rate
determining step. Often it is a fair approximation to assume that the
driving force of the reaction is concentrated at the rate

determining step, while the deviations from equilibrium at the
preceding and following steps are so small, that they can be

neglected.

Thus, in trying to find out which of the reaction routes is the prefer-
red one and which of the reaction steps is rate determining in that
route, it is Important to derive the rates of the forward and reverse
reactions of every step in equilibrium. In doing so, it is still
important to take into account the particle size at which the
equilibrium is considered. Although the radii do not appear explicitly
in the formulae derived in section 4.2, all vapour pressures and
concentrations of adsorbed species depend on the radii as well as on
the crystal faces of the particles considered. Some of the rates are
directly proportional to the corresponding nickel vapour pressure p, or
one of the concentrations of adsorbed nickel atoms, nds (Ni) or T ds
(A1203). For the evaporation or desorption rates the proportionality is
less obvious and hidden in the dependence of the heat of formation or
heat of adsorption on particle radius. Anyhow, as compared with the

rates for flat surfaces, all rates applicable to nickel particles with
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radius r, supported by a flat alumina carrier, will be increased by the
same factor given by the Kelvin equation:

P

L 2pa3

E = exp [ﬁ?_]

where P, is the vapour pressure above flat surface, g the surface free
energy (surface tension) of nickel and a3 the atomic volume of nickel

in the solid state.

In calculating the relative rates of the various processes we shall use
p, and the corresponding concentrations of adsorbed nickel atoms nuﬁNi}
and “w(AlfJB)' Then, the real rates at equilibrium at a certailn radius

r are obtained by multiplying all rates with the same factor:

2¢a3
SER [kTr ]

The reaction rates presented in section 4.2 still are not directly
comparable. Some are expressed as flows per unit surface area, others
as flows per unit of length along a circumference and some as total
flow towards or from a particle. In order to arrive at a good
comparison all rates have to be translated to a common rate constant
for the growth of the nickel particles. In the following we have chosen
the lineair particle growth rate, dr/dt.

Conversion of the growth rates presented in section 4.2 then will
require geometric factors, some of which with a different dependence of

the particle radius considered.

4.3.2. Formulae for maximum growth rates

The reaction steps given in section 4.1 can he recapitulated as

follows:
Step 1 and 1': Niads(ntckelj t Niads (alumina, at edge)
Step 3 and 3': Ni (alumina) « Ni
ads +  vapour
Step 6 and 6": Niads(nickel) t ivapour
St 'y a1 N Ni Ni
R # 85 L pulic $ B

and the diffusion processes (2), (4), (5) and (8) of Ni-atows over the

alumina surface, in the vapour phase and over the nickel surface.
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Using the reaction rates of section 4.2, the maximum growth rates of
the various steps, normalized for a flat nickel surface, are obtained
as outlined in this section. The results are assembled in table 4.2.

Step 1: Ni_, (Ni) ¢ Ni_.  (A1,0,) (at edge)

d

The basic rate is taken from equation (14), n is given by equation

(9), p, in turn, is given by equation (3); noa?ihe concentration of
adsorption sites) is approximated by a~ 2, where a? is the atomic volume
of bulk nickel; Ny is approximated by a~!. Assuming the nickel
particles to be half spheres, the geometric factor, converting a flow
per unit length of the particle circumference, 2nr, into a linear

growth rate of the particle, turns out to be:

3

1]

a2
27t Talaw

"

Step 3: Nlads (h1203) % Nivapour

The basic rate is taken from (B); again p is substituted as given by
(3). In calculating the geometric factor, it is assumed that every
nickel particle is connected to a circular area on the alumina surface

with radius f&r. The geometric factor then turns out to be:

n42r 1
3= = 92,3
2yit ¥ gva

where 722r2 is the area on alumina involved in the adsorption process.

Step 6: Niads (nickel) b Nluapour
The basic equations to be used are (8) and (3); the geometric factor
connecting a flow per unit surface area to a lineair growth rate is a3.
This step is directly coupled to the diffusion in the gas phase away
from and towards the spherical particle. This sub-step will be

indicated as 6a and treated below.
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Table 4.2. Formulas for maximum rates (in m sec™ 1) for a number of

different steps of the overall sintering process. In order

to allow for the curvature of the nickel surface all rates

still have to be multiplied by a common factor

exp [20ad/kTr].

Step Reaction Growth rate (dr/dt, m sec™ 1)
no.
at edge
Ni Al 0
1 1 as(MD) 4 (A109) a2 kT Ibulk dst )]
r h kT
1 kT bulk
0 o o ds R
g Niads(AlZ U Nivapour g reg e [ kT ]
bulk
6 1 45(N) 2 B it a3 exp | I ]
6a Diffusion through vapour E{E %—(21)3 T exp bUlk]
away from and towards
nickel particle
h -h (N1)
kT bulk ads
7, Transition of Ni atoms a = exp [—kT_—]
from the bulk to the
adsorbed state
3
2 Diffusion over alumina %- za %I
from one particle to another oAt L
0
o f Phuik Mads (A1 0 2079, (‘“1203)]
kT
4 Diffusion through vapour e R 2 (Ez : 2 [hbulk]
iR Yy 3 mir OW 3P0
parallel to the alumina
surface
2/2 22a kT 3m bulk
5 Diffusion through vapour £ (H—j ;;Exp[ T ]
away from the sample
3
8 Redistribution by diffusion | 2— XL,
j2ea B
over nickel surface hb lk (Ni) u (Ni)
exp [—
kT




e
Step 7: Nibulk % Niads (Ni)

The basic equation used is (4), n, is approximated by a~Z and the

geometric factor is again a?.

Step 6a: Diffusion through vapour away from the spherical surface of

the nickel particles.

The total one-sided diffusion flux from the half sphere is given by
(10) as:

s
]

27Dre

= 21Dr ﬁ
Substituting D from (16) and p/kT from (3), while taking into account

the geometrical factor a?/2nr?, this leads to the desired result.

Step 2: Diffusion over the alumina substrate, from one particle to

another.

According to equation (11) the maximum flux of adsorbed nickel atoms

from the circular edge of a particle is:

c
¢ = 2D EEF;;TFY

while the maximum flux towards a particle is analogously:

c
a
$ = 2qD TE?;;??T

A reasonable approximation for ra may be half the average distance
between the centres of neighbouring particles and from now on we
substitute ra/r = . The two-dimensional concentration c corresponds to

0 4g® 28 used earlier. Introduction of n from (9), applied to

ads
adsorption on alumina, p from (3) and D from (17) also for alumina,
leads to the desired maximum flux. The geometric factor for conversion

into a lineair growth rate is now a3/2qur2.
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Step 4: Diffusion through vapour parallel to the alumina surface.

The basic equation is (ll1). It is assumed that the diffusion originates
in a cylindrical volume with radius r and height fr. The flow out of
the layer over the substrate with thickness f&r, is considered to

disappear from the sample. The flux is then:

27De
In 2 T
The three dimensional concentration ¢ is equal to p/kT as given by (3).

The diffusion coefficient is given by (16) and the geometric factor for

translation of the flux into a linear growth rate is a3/2qr2.
Step 5: Diffusion through vapour, away from the sample.

The basic formula is (12). A good measure for the flow per unit surface
area can be obtained by assuming ca =0 at ra = L.r, where L.t is the
radius of the alumina sample. The flow per nickel particle (effective
alumina area 722r2) is then:
o D8 ones o ME
] e - rbDe
With the same substitutions as in the preceeding case and taking into

account the geometric factor, the tabulated result is obtained.
Step 8: Redistribution by diffusion over the nickel surface.

The total diffusion flux is given by (13), n d follows from (9) in
adas

combination with (3), the diffusion coefficient is given by (17) and

once again the geometric factor is a3/2nr3. Combination of these

parameters gives the tabulated result.

From the results in tabel 4.2 it is seen, that the pre-exponential

factors only contain well known quantities and can therefore be

calculated easily. The exponential factors contain a limited number of
h Ni), h

energy parameters, h ads( )i s (A1,03), uact(Nij and u

bulk’ act
(A1203). In the next section all these quantities will be expressed in
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hbulk’ the pre-exponential factors will be calculated and by
substitution of an experimental value for hbulk finally quantitative
estimates will be obtained for the maximum rates of all individual

growth steps.

4.4, Quantitative evaluation of the maximum rates of the individual

growth steps

4.4.1. Heats of adsorption, activation energies for diffusion and

surface free energies

The nickel crystal has the cubic close packed atom arrangement (f.c.c.)
the (111) and (100) faces abeing the two most stable faces, determining
the equilibrium shapes of large crystals.

Approximations for all relevant energy parameters can be made,
considering nearest neighbour interactions only. This is the line we
will follow throughout. In sections 1 and 2 of the appendix, a
justification of some of the approximations will be given.

The heat of formation of the crystal from infinitely separated atoms is
found by considering the coordination number of the nickel atoms in the
crystal, which is 12. As every nearest neighbour bond is shared by two
atoms, the heat of formation per atom is 6 w, where w is the energy
content of a single bond.

On adsorption on a (111)-face a nickel atom forms three bonds, hence
the heat of adsorption per atom amounts to 3 w (on a (100)-face this
would be 4 w).

On diffusion of a nickel atom over a (lll)-face it has to pass a
transition state, where it is bound to two surface atoms. Hence the
activation energy for diffusion is w (on a (100)-face this would be
2w).

Creating of two (lll)-faces by cleavage of a crystal, the number of
bonds broken is three per atom in one of the faces. Hence the surface
energy per atom is 3/2 w (for a (100)-face it would be 2w). The surface

energy per unit of surface area then is

o = 3‘1’
fa11Y" Taz
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Table 4.4. Calculated pre—exponential factors in m s™' and energy-terms for

the different reaction steps as a factor of hhulkfkT.
(r in nm)
Reaction Pre-exponential Factor tnergy
step Reaction in exp.
873 K 973 K

1 at edge 896%™ " 998%™ ! 0.793
M (NDTT 375N (A1,0,)

3 Ni (A1.0.) » Ni 2.02%105 2.25%105 1

ads 2737 + "“vapour

6 hiads(Ni) 2 Nivapour 4030 4500 1

ba Diffusion through vapour 2.50%10 %1 3.40%10 e~ 1
away from and towards
nickel particle

7 Transition of Ni atoms 4030 4500 0.5
from the bulk to the
adsorbed state

2 Diffusion over alumina from 21.6%r~ 2 24, 1%~ 2 0.862
one particle to another

4 Diffusion through vapour 1.06%10 0% = 11 48510 10x— 1 1
parallel to the alumina
surface

5 Diffusion through vapour 1.22%105% =1 1.70%105%— 1 1
away from the sample

8 Redistribution by diffusion 20,1*%~ 2 292 4% 2 0.667
over nickel surface




Table 4.5. Evaluated linear particle growth rates to be multiplied by

- 82 =

n
r , for the various reaction steps (r in nm).

Reaction dr/dt(amh~ 1), (111)-face|exp.
step Reaction of r
T =873 K T =973 K
at edge 2.3%109-2 15 -1
1 N (MDD » NE L (A10,)
3 Niads(A1203) : Nivapour 1.7%10™"4 3.2%10°2 0
6 M g(M) 2 M e 3.4%107% | 6.4%1074 0
6a Diffusion through vapour 2.1 4.8*%102 -1
away from and towards
nickel particle
7 Transition of Ni atoms 2.2%10° 3.2%10° 0
from the bulk to the
adsorbed state
2 Diffusion over alumina 1.8*1075 1.6*%1073 -2
from one particle to
another
2, cor- 2.9%1075 | 3,2%1073
rected
(for r=1lnm)
4 Diffusion through vapour 9.0 2.1%103 -1
parallel to the alumina
surface
5 Diffusion through vapour| 1.0%107% 2.4%10"2 =1
away from the sample
8 Redistribution by 0.27 9.2 =2
diffusion over
nickel surface
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For the [100]—face the same data apply, with the exception of those for
step 7. The rate at 873 K is now 9.1 * 108, at 973 K the rate is 5.6 *
109.

Table 4.5 allows a comparison of the various possible rate determining
growth steps. Returning to section 1 of this chapter and the discussion
illustrated by fig. 4.1, we are now in the position to check to what
extent the various anticipations have been justified. First we consider
particles with a radius of 1 nm. Then several conclusions are straight

forward.

Diffusion of nickel vapour away from the nickel particles (step

6a) is very fast as compared with the evaporation of nickel atoms

(step 6); hence 6a is irrelevant as a rate determining step.

- Redistribution of adsorbed nickel atoms over the surface of the
particles (step 8) is a very fast process.

- Transition of nickel atoms from the nickel bulk to the adsorbed
state and vice versa (step 7) is also a very fast process.

However, here the proviso holds, that for a well faceted crystal
incorporation of the adsorbed nickel atoms may be nucleation
inhibited and thus a slow process. This aspect will be considered
in the next section.

- The transition of adsorbed nickel atoms from the nickel to the
alumina surface at the circumference of the particles (step 1) is
also a fast process and no candidate for the rate determining step.

- Direct evaporation of adsorbed nickel atoms from the surface of the

nickel particles (step 6) is a slow process as compared with step 2.

Hence it is not rate determining. However, with slightly different

parameters or particle radii it might take over from step 2.

Two parallel routes remain, indicated as I and II in section 1. The

rate limiting steps in these routes appear to be:

1 Transport of nickel atoms by diffusion over the alumina surface
(step 2)

II A sequence of diffusion over the alumina surface (step 2) and
desorption from the alumina surface (step 3), followed, after rapid

diffusion through the gas phase (step 4), by the reverse steps.
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As seen from table 4.5, the diffusion through the gas phase is very
fast as compared with the diffusion over the alumina surface. So in
principle route IT is an effective short cut for route I. The
limitation is the rate of desorption and readsorption of nickel from
and to the alumina surface. The effect of the short cut will be that
the concentration gradient, governed by the surface diffusion, will
reach from r to £'r closer by than ir, as originally. The evaporation,
preceding the gas diffusion, then, will originate from the smaller
suface n (£'r) 2 as compared to 7 (%r)? originally. %' is found by
balancing the resulting rates, i.e by putting:

g2 - 1 =
%ﬁ-ff * 1.7%107% = 12:, * 1.8*%1075 at 873 K

and:
g'2 =2 Inf -3
T;E'* 3.2%10 TYL * 1.6%10 at 973 K

For 2=10 this leads to %'=4.1 at 873 K and 2'=3.2 at 973 K with the
correspondening rates 2.9%1075 nm h™land 3.2*1073 nam h™!. It can be
seen, that the effective rate of diffusion has scarcely changed as
compared to the rate of the diffusion of the adatoms over the alumina
surface as derived originally.

Accordingly, the calculated values for the rates of the rate
determining step 2 of route II can be considered as satisfactory

approximations for the growth rates dr/dt.

A disturbing factor, however, is found in step 5, namely the diffusion

of nickel through the gas phase away from the sample. The rates of step

5 are found to be slightly greater than the transport rates leading to
sintering. This would mean that sintering is always accompanied by a
depletion of nickel from the sample. Obviously, it falls to the
experiment to decide whether this is a realistic conclusion. Generally no
such effect is observed. We shall return to this point in the

discussion of the reliability of the models and the parameters chosen

in the first two sections of the appendix.
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All conclusions derived so far are valid for a particle radius of 1 nm.

The rates of the various processes, however, depend in a different way

on this radius, which can be seen from the last column of table 4.5.

This might influence some of the conclusions. Inspection shows that

there are no problems at smaller particle sizes. At larger radii,

however, several effects arise:

- The diffusion of nickel vapour away from the sample (step 5)
predominates to a greater extend over step 2.

= The direct evaporation from the nickel particles (step 6) increases
with respect to step 2 and would take over at a particle size of r =
2.3 nm at 873 K and r = 1.6 nm at 973 K.

— The competition between route I and route IT (essentially step 2 and
3) changes more and more in favour of step 3 and hence route I1. This

effect is more predominant at 973 K than at 873 K.

Definite conclusions about these circumstances are only possible after
the consideration of better approximations, to be found in sections 1
and 2 of the appendix. In section 7 of this chapter such conclusions

will be recapitulated.
4.5. The role of supersaturation in determining growth rates
S0 far we have considered the maximum rates of reversible growth steps.

All maximum rates depend on the radius of the nickel particles, for

which they are considered, by a common factor:

2gal
exp [icrr ]

In the actual circumstances of the sintering process, we assume that a
rate determining step has been identified and that the total driving
force is concentrated at that step. Such a driving force is seen as
arising from a difference between an average vapour atmosphere (c.q.
adsorption density) prevailing in the area or region between the
differently sized particles and the vapour pressure or adsorption
density corresponding to the particle considered. The net rate is a
balance between a forward step, leading to growth, and a reverse step

leading to dissolution. The balance is expressed by a factor:
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2(!8'3]

20a?
exp [igex] = e [y

where r* {s the radius of particles in equilibrium with the nickel
concentration between the particles.
This factor can be converted as follows:

20a’ 2¢a? 20al 2@31 1
exp [grew] - exp (g7 ] = e [igow] 1 - e G- 1}

2gad 1 1
Assuming: —E¥—-(; - ;;) << 1,

the equation becomes:

20a3; (202} 1 1 2ga3 r* 20a’
=exp [ign] e - D =iaer @ - ) exp = (22)

The factor (1 - r*/r) is found frequently in literature as governing
the prowth or dissolution of particles in a dispersion of sizes. Those
particles with r > r* grow, while particles with r < r* disappear. Most
authors [8,9], however, use a series expansion for the exponential such
that the factor exp [%%%;] disappears. In the next chapter it will turn
out, that interpretation of sintering results {s seriously influenced

by this omission.
4.6. Nucleation-inhibited growth as a possible rate determining step

Turning to nucleation as an inhibiting factor in growth of crystals
with well developed low index faces, supersaturation, as expressed by a
factor (1 = r*/r), is of dominating importance. The driving force for
incorporation of adatoms into the crystal structure is the gain in
lattice energy. For adatoms on a low index face such a gain
materializes only for a two dimensional nucleus of a certain minimum
size. Relatively speaking, the gain in energy per atom for a smaller
nucleus 1is less, which is expressed by saying that such a subcritical
nucleus has too large an edge energy. The well known nucleation theory,
to be summarized below, shows, that both the size of the critical
nucleus and the activation energy for its formation, sharply depend on
supersaturation. The same sharp influence is shown by the growth rate

as limited by nucleation.
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Assuming, as stated before, that the nickel particle is a half sphere
with radius r, supported by a flat alumina surface, the lineair growth

‘ rate, as a consequence of nucleation, can be given by:

dr 7
| E 2nr“a IN

where IN is the rate of formation of two-dimensional nuclei of

‘ sufficient size per unit area of nickel surface.
‘ On its turn:
*
IN =7 ¢n ,
%

where n is the concentration of critical nuclei per unit surface area,
and @ the flux of nickel atoms towards the circumference of the
nucleus and Z, the Zeldovich nonequilibrium correction factor, which is

dimensionless and of the order of unity.

The following values may be substituted:

* ﬁGcr
n = ng exp [- o ]

where n, 1is the concentration of surface sites (= a~2);
Accr the free energy of formation of a critical nucleus at

the prevailing concentration of adatoms (i.e at the

prevailing supersaturation).

n
¢ =2 lzdi (see eq (11), section 4.2.5)
u (Ni)
| where D = % %Z a2 exp [- _EEﬁT___] (see eq (17), section 4.2.7)
3
W neq exp [igi*] (see section 4.3.1)

and:

1 Motk ~ Paas™™)
n_ = ——exp [

eq a2 kT

] (from eq. (9) and (3), section 4.2)
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The free energy of formation of a nucleus with radius e from adatoms

with a concentration corresponding to r*, is given by:

1 1
AG = np§ a 2g (;;-— ?) + 2npe

1 1
where 2g (?; - ;) is the free energy difference per unit of volume

between particles with radius r* and r and e is the free energy per

unit length of edge of a two-dimensional nucleus.

The radius of the critical nucleus and the activation energy for its

formation are derived from:

dAG _

dp L

The result is:

2 * *
NES E T [ rr
G B pm— for ol

4 cr ag r - r* Por 2ga r - r*

Combining all quantities gives the desired result:

dr _ _q? . r2 kT 2083] "
dt ~ 1n 2%a h <P lkrex |
h - h Ni) - Ni
" bulk ads (R uact( ) - _me? x vk (19)
exp | kT lexp [~ Zar v = o=

Using the data from table 4.3, with h, . = -6.0%107 197, and the

approximation Z = 1, the following rates are obtained:

at 873 K:
0.667 hb
4.75 1k * s
%% = 3.5%105r Zexp (o) &xp T L exp (- 28.4 ;E:E;;) ms~ 1
4.75 r r* =
= 4.7%103 r2 exp I e ] exp [- 28.4 ;“:";;] nm h™ ! (20)

and at 973 K:
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dr 4.18 r r* o
3t = 1+6%10° rZexp [—5~] exp [~ 244 ——] mn B2 (21)

where r and r* are expressed in nm.

The effect of the second exponential factor in equations (20) and (21)
*
—E:E;; is a complicated quantity. Its

is still difficult to judge, as =
possible values can be limited, however, by considering the conditions
where nucleation limitatfon can operate in the sense as considered

here.

No limitation at all will be expected when the two-dimensional nuclei
are so small, that they only contain a few nickel atoms. This means,

that for nucleation limitation to be effective:

pcr 2 a (22)

ar:

r r*
o R
2a0 r — %

This means that

r r* 2ga?
T-r* * ¢

Using the values for o, ¢ and a as given in table 4.3:

r r¥

r—_F > 0.7 am (23)
On the other hand, extreme limitation of growth due to the need for
nucleation, i.e no growth at all, is to be expected when the radius of
the critical nucleus exceeds the radius of the crystal face on which it

should be formed:

- >a-rT (24)

where o is a geometric factor, which we assume to be 0.5.
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Then:

* * a
T T 20Sred— g r=l.63r (25)

In conclusion, equations (20) and (21) apply to the situations where:

£ r*

Introduction of eq. (23) in the growth rate expression at 873 K, eq
(20), results in:

8751 e 273

r*

dr
2ci L1%10-5 2
- < 1.1%1075 r2 exp |

We can now compare this with the rate obtained by considering step 2 as
rate determining. For a good comparison the result from table 4.5 has

to be combined with eq (18):

dr 4.75, ,1 1, 1.8*1075
s 4,75 exp [ o | =5 >

_ 1.2807% R e
- exp [L22]

1‘2 r* (28)

It is seen that at particle sizes around 1 nm, nucleation may be an
effective rate determining step if such particles have surfaces

consisting of low index crystal faces.

At increasing during sintering, the effect of the second

r
r-r*
exponential factor in eq (20) increases and sintering will come rapidly
to a stand still. In order to come to a more precise comparison of the
consequence of eq (20) and (28), sintering of a dispersion of particles
will have to be considered in detail. This will be done in the next

chapter.

For the sake of completeness, the equivalents of equations (20) and
(21) will also be given for the parameters corresponding to
(100)-faces:

6

+59 * -
i ] exp [-2.76 %%;ﬂ nm h~ 1 (29)

dr
) e 3
at 873K: at 4.7%10° exp [ =
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dr 5.83 rr¥ o
at 973K: g = 1.6%105 exp [—5—| exp [-2.10 ] om b™* (30)

In analogy to eq (26) a range can be defined, where growth limitation

due to nucleation may be operative:

rr*

=tk < 62 1,

2.7 £

4.7. The overall reliability of the results obtained

In the appendix a discussion is given of a number of factor that might

effect the accuracy of the results derived thus far. The main

conclusions may be summarized as follows:

- Mobility of the adsorbed nickel atoms would influence the rate of the

various adsorption and desorption steps considerably. These effects
would be taken into account by assuming, that the transition states
for adsorption and desorption, both for nickel and alumina, would be
completely mobile. Anyhow, these are sensible assumptions, but they

would lead to much higher rates of adsorption and desorption.

Taking into account the vibrational entropy in the calculation of the
thermodynamic potential of bulk nickel, would lead to a considerable
reduction of the vapour pressure of nickel and of the equilibrium
concentrations of adsorbed nickel. The rates of adsorption and
desorption steps as well as of all diffusion steps would he
influenced. For the former this would compensate the effects of the
mobility of the transition states for adsorption and desorption. The
effect on the latter would take away the serious problem, that
diffusion of nickel vapour away from the sample did appear so rapid
that depletion of the sample by this process would be expected to

occur simultaneously with sintering of the nickel particles.

Refinement of other entropy terms by vibrational contributions would
not lead to great changes in the relative rates of the various
reaction steps. After the corrections, discussed so far, all

conclusions as to the rate determining step would remain valid.
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In the appendix a discussion is also given of the choice made for the
= = LO% =18
hbulk 6.0%10 A

at ~!. It turns out, that this value must be considered as a minimum

enthalpy of evaporation of nickel from the bulk:

value. Higher values would lead to correspondingly lower rates of all

reaction steps.

The most important set of approximations, not dealt with in the
appendix, are those formulated in table 4.3, where all heats of
adsorption, activation energies for diffusion over surfaces and surface
energies are expressed as fractions of hbulk' The possible effect of
these estimates on the relative rates of the various reactions are seen
most clearly in the last column of table 4.4, presenting the factors of
hbulkfkT in the exponent of the Arrhenius factors of the various rates.
As steps 1, 7 and 8 could be discarded with wide margins, it is seen
that only the relative rate of step 2 as compared to step 3 and 6 would
be influenced by the estimates of table 4.3. It is not to be expected
that the general picture of the relative rates of the various steps

would be seriously influenced by the different estimates.

A very real sensitivity to the estimates of table 4.3, however, turns
up in the rate formulas for nucleation inhibited incorporation of
nickel atoms in growing particles. As is seen from eq (19), in the last
exponential a factor e2/ag occurs. The values of this factor strongly
depend on the estimates used for & and g. A comparison of eq (20) and
(21) on the one hand and of eq (29) and (30) on the other hand shows
the very large difference in the exponents, resulting from the

estimates for a (l1l)-face and a (100)-face, respectively.

To avoid misunderstanding a final comment should be made. The Eyring
method for determining absolute rates of reaction should never be seen
as a method for calculating very accurate values of reaction rates. But
in a field, where no other method is available, a calculation of
frequency factors within one or two orders of magnitude is an important
achievement. This holds the more so, because the effects of
inaccuracies in the estimates of activation energies also easily will
be one or two orders of magnitude. Our general contention is, that

relative errors will be much less than absolute errors, in the same way
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that differences in the estimate for h lead to greater absolute

bulk
than relative errors.

It is in this context that choices have to be made as to the rate
equatioas to be used for the discussion in the next chapter of the
development in time of the sintering in ensembles of small particles.
In view of the uncertainties involved, our main aim is to use some
representative data for the various processes. As such we may consider
the following:

1, The data of step 2 for the (lll)~face in table 4.5 as representative
for both route I and route 11, that is, transport of nickel atoms by
surface and gas phase diffusion over the alumina surface.

2, The data of step 6 for the (1l1)-face in table 4.5 as representative
for the evaporation of nickel atoms from the surface of the nickel
particles followed by diffusion through the gas phase from one
particle to another.

3., The data of eq (20) and (21) as representative for the growth of
nickel particles by nucleation on a (ll1)-face.

4, The data of eq (29) and (30) for the same on a (100)-face.
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5. KINETICS OF THE COARSENING OF A PARTICLE ENSEMBLE BY SINGLE ATOM
EMISSION AND CAPTURE

5.1. Introduction

The phenomenon of Ostwald ripening, the gradual increase in average
particle size in a dispersion of small particles under the influence of
differences in surface energy, is well known as a mechanism for
sintering during a long time. The mathematical formulation for this
phenomenon, as used presently, has been due to I.M. Lifshitz and V.V.
Slyozov [1] and C. Wagner [2] and is generally referred to as the
L.S.W. theory. This L.S.W. theory has been developed originally for a
dispersion of colloidal particles in a solution. The application to the
two-dimensional problem of a dispersion of metal particles at the
surface of a solid carrier is due to B.K. Chakraverty [3] and among
others T.M. Ahn and J.K, Tien [4]. Our discussion will be based on the
papers of Chakraverty, Ahn and Tien, although in some details modified

points of view will be introduced.

The general way to classify a growing dispersion of particles Is by its
distribution function f(r,t), such that f(r,t)dr given at time t,
represents the number of particles in the system, or per unit of
volume, with radii between r and r + dr. The development of the
distribution function is governed by the so-called continuity

equation:

af(r,t) 3 dr
L) B L
gt ar 1int) g | =90
expressing the fact that the change, 3f(r,t)/a3t, of the number of

particles with sizes between r and r + dr is equal to the difference of
number of particles entering by growth at r and disappearing by growth

at ¢ + dr.

The continuity equation can be transformed into a partial differential
equation when an expression for dr/dt is available, either in r and ¢,

or as has been encountered in the previous chapter, in r.
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Generally the experimental situation is such that the total mass of the
material in the particle ensemble is conserved. Solutions of the

continuity equation have to be sought such that:

o

of wr? f(r,t)dr = V = constant 1)

wim

where V is the total volume of the particles. The numerical factor 2x/3
represents our contention, that the supported particles can be

considered as half spheres.

Here the contribution to the total mass of the material atomically

dispersed in the solution, the vapour phase or the adsorbed state is

neglected.

As sintering of the supported particles occurs by transport through the
vapour phase or the adsorbed state, these states in itself are
important for the processes., In fact it has already been suggested in
the previous chapter, that the sintering is governed by an average
vapour pressure and a corresponding concentration of adatoms in the
space between the particles. These average concentrations can be
specified by a virtual diameter r* of the partfcles, that would be in
equilibrium with these average concentrations. Particles with r > r*
grow, particles with r < r* ghrink, while particles with r << r*
disappear very fast. Ultimately the growth rates, dr/dt, derived in the
previous chapter, can be expressed as functions of r and r*, see

section 4.5.

During the sintering process r* increases gradually with the growth of
the average particle size. Formally, r* is a function of t, and thus
introduces a time dependence of dr/dt, to be introduced in the
continuity equation. In order to circumvent part of the mathematical
difficulties the indirect time dependence of dr/dt might cause, earlier
investigators have used a change to more appropriate variables, namely

dimensionless radius and time variables defined as:

_ 2(t)
P = T(t)

(2)
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and

T =1n [::g;;] (3)

where r*(0) is the value of r* at t=0.

Accordingly a new distribution function is defined, that is &(p, 1),
such that #(p, 1) gives the number of particles with a radius between p
and p + dp at time t. The corresponding continuity equation in the p, T

space then reads:

39(p,1) 3 dpy _
ar * 3p [#(p0) gl = 0 (4)
The only transformation yet to make, is from dr/dt to dp/dt. This is

performed as follows:

dp _ _‘d p/eX . ey k. ode 1 dr
dr ~ d In(r*/rg) T T Tdr * ¥k P+ Iexjae ac )

As growth formulas are available expressing dr/dt in r and r*, dr/dt
may also be easily expressed in p and r*. In this way the only time
dependence remaining is that of the slowly developing functions r* and
dr*/dt. Presently it will be shown in a way slightly different from
that of earlier authors, how the problem of this time dependence is

circumvented. For convenience, we follow other authors by writing:

d dr* dr*
E‘:— (py Tox*, 377) = =8 (py TT*,57) (6)

The continuity equation can then be given as:

d *
i’é—:'}‘)’ = g_p {¢(o.r)s(o.r.r*,d—:‘)} (7)

Now, the feasibility is investigated of solutions of the type:

#(p,1) = T(1) ¥(p) (8)
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Reading equation (7) as:

3
¢ =8 §_ + ¢ ap

and substituting equation (8) leads to:

dr dy g
el rry + VT W

Attempting a separation of variables by dividing this equation by (T:

Ldr _ dlny,
rd: - B dp FE 9

A successful separation of variables requires, that 3g/3p and hence g
is independent of 1 and only dependent on p. As now the left hand side
only depends on 1t and the right hand side only on p, the equality

requires that both sides must be equal to a constant K, independent of

p and 1. Now further solution is a straightforward affair.

First the time dependent part:

ar _ (10)
with solution: T(71) = K, exp [KT] (11)

The constant K follows from the conservation of volume, eq. (1):

u!m

o r3(p,dp = V

L]

T ol o3+ A(Du(p)dp =

Substituting r* according to eq (3) and T(t) according to eq (11)

results in:

%1 *3(0) Ko exp [31] exp [K7] 01‘”93-4:(9):19 =V
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As V, the total volume of the particles, is independent of 1:
K=-3

Then the p-dependent part:

d In ¢ , dg
B P +E 3

dlny,ldg __
dp g dp

o L
and: In ¢y g = -3 DI g dp (12)

Integration leads to {(p). As indicated by earlier authors [1—31,
expression of this particle size distribution in p instead of r allows
of obtaining a time independent particle size distribution. The growth
of the particles is reflected by a growth of the average particle size
as represented by the time dependence of p via the time dependence of
r*,
Finally, the circumstance that g, and hence dp/dt, only depend on p,
involves that g must be independent of r* and dr*/dt. It will turn out
that this requirement leads to a relation between dr*/dt and r* which
is just the required relation expressing growth of an average particle

size r* with time.

The examples to be studied will be the most relevant growth processes

coming from the discussion in the previous chapter:

- particle growth limited by the diffusion of nickel atoms over the
alumina surface (step 2);

- particle growth limited by desorption of nickel atoms directly from
the surface of the particles (step 6);

- particle growth limited by two-dimensional nucleation on the growing

particle faces.

However, before turning to these examples, two remarks may be made:
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- The average radius r* can be thought as to have been obtained by
averageing over the vapour pressures. Therefore it will be different

from the average according to the definition:
r(t) = " r(t) £(r,t)dr (13)

For all reasonable purposes, however, r*(t) will be just as
informative as ;(t}. If required, for instance, for comparison with
the experiments, r*(t) could be transformed into ;(t) when f(r,t) is
known. In view of the accuracy of the experiments such a

transformation will be rarely justified.

- The solutions ohtained, explicitely refer to the circumstance, that
separation of variables is possible, and the particle size

distribution, expressed in p, is invariant in time. The initial
particle size distribution is not necessarily equal to the steady
state distribution. Therefore there must be initial stages of
sintering where the separation of variables is not justified. There
is even no guarantee that the system will tend towards a steady state
solution or that a steady state solution Is possible for all
situations. In the wake of earlier investigators, however, we assume
that, if a steady state solution is mathematically feasible, it will
be the experimentally relevant solution attained after a relatively

short initial stage of sintering.

5.2. Sintering limited by diffusion of nickel atoms over the alumina

surface

The relevant expression for the growth of a particle with radius r is

obtained by combining the formula for step 2 in table 4.2 with equation
(4.18).

dr 1 a3 2¢a3d kT 2ga3 r*
ar L _a°' _<cga” Kl s oL -—) %
dc T4 2, kTr* h EXD [k'i‘r*] a-=:

r 1n

hbulk i hads (A1203) = uact(ﬁlZOB)

kT

* exp |
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20a’
=3 e [igw] GF (1%
r
where A, = -—1' ﬂ ex [thlk = hadS(AL203) 3 uact(Alzo 3>l (15)
¥ Zing & °F KT
According to (5), transformation to the p-t1 space gives:
dp 1 Al 25&3 1-p (Lo ) 16
TR M Rl gt e AT 48
A, 2¢a3
WAED, § = r*’dr*/dt S [kTr*] CLE)

The requirement, derived earlier, that g(p,t,r*, dr*/dt), and hence
dp/dt, must be a function of p only, leads to the conclusion that X has
to be a constant independent of time. This immediately leads to a rate

equation for the sintering process:

A
dr* 1
e =3 ¢ 8T [kTr* (18)

where only the constant ) has to be chosen. This choice is limited by
the requirements dp/dt has to meet. In the first place only negative
values of dp/dt are meaningful. That is so because p = r/r*, and at
constant r only increasing r* is to be expected. In the second place,
at the upper limit of r (thus of p at constant r*) there is no
mechanism by which particles could be created or removed, hence dp/d1

should be zero.

Considering expression (16):
4
do .2 =Xxpo+t2
dt 3 J
p

several types of behaviour are possible, dependent on the value of ),

as can be seen in fig. 5.1.
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Fig. 5.1. Dimensionless growth rate for different values of }

At p » 0, dp/dt » - =, expressing the fact that very small particles
disappear extremely rapidly. For ) = A\gs» the curve for dp/dt touches

the p-axis. The conditions for this to occur are:

8
l
o

and %;_(§$> %l

It 1s easy to see that A, = 256/27, while Py = 4/3. For ) < Ay the
curve does not intercept the p-axis. Such values for A are
unacceptable. For A > A, there is an intercept at lower p-values
according to higher )A-values.

For A > A, the part of the curve for p > p, (the intercept) is
unacceptable as dp/dt becomes positive. Also for ) = Ag» the dotted
part of the curve is rejected as dp/dr increases indefinitly and cannot
attain zero anymore.

In conclusion only A > 256/27 i{s feasible, coupled to the segment of
the dp/dt-curve for p between zero and the first intercept. Following

Chakraverty we make the most artractive choice of ) = 256/27.

Introduction in eq (18) results in the rate of sintering:

27A
dr* 1 -3 2¢gal
il o (20)
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The foregoing argument closely followed Chakraverty. Yet the resulting
equation (20) differs from his result in that the exponential Factor is
added here. This is a consequence of the development used in section
4.5, which is superior to the approximations made by Chakraverty. As
soon as 2¢a3/kTr* becomes of the magnitude of unity the exponential
term makes itself felt, and the sintering process does nnt anymore
follow a simple power law as frequently assumed in the past. Equation
(20) will be used later in this chapter, in combination with the
results of two alternative processes, for the analysis of our

experimental data.

For the sake of completeness, here, first the results of section 5.1
will be used to derive the steady state particle size distribution. The
appropriate formula to be used is eq (12), which in comhination with eq
(16) leads to:

34

iz p p-dp

Wygr=tal 06 280
GO S T

p3dp
(4/3-0)2(16/3+8p/3+2)

o P
37 (21)

Integration then results in:

2 7 4 1 1+3p/4
Inyg=75;,"5ln (3~ 0) - g7z arcte {—".2-2—-—}+

11 16 8
=5 1n {37+ 7 p + 02} + constant

S U | 16 1 t
where: constant = g In g3+ 77 In 3+ 7 + arcﬁ& 1/v2

= 1n 11.5

Substitution of g = dp/dt leads to the result also obtained by

Chakraverty:

2 1 1+(3 p/4
ox [~ 5] ew [~ g arerg 520 ]

¥(p) = 11.5 p3
4 19/6 16 8 2.23/12
&= / G +3etp) I

(22)

This distribution function is given in fig. 5.2.
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Fig. 5.2. The dimensionless particle size distribution for mechanisms 2

(curve a) and 6 (curve b).
5.3. Sintering limited by desorption from the nickel particles
The relevant expression for the growth of a particle of radius r is

obtained by combining the formula of step 6 of table 4.2, with equation
(4.18).

h
dr 2ga’d kT 2ga3 r* bulk
at kre* b o [iper] (1= ) exp [57— ]
A
2 2¢ad, r_
S B [kTr*] (r* D (23)
2ga" bulk
with AZ = h exp [~ ]

According to eq (5), transformation to the dimensionless p, Tspace

gives:
BE o 2oy 2D
dr P *2 p (24)
A
2 20a3
= ex (25)
with Ay = Samejac &P leper]

Similar arguments as used in the preceeding section 5.2 lead to the

following results:
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A
dr* (e 2083
T e lierex | o

Judging from the curve of dp/dt vs. p, equation (24), only satisfactory
solutions are obtained for X, > 4. Again we make the choice of Ay = 4,
which is the case where the curve touches the p-axis (analogous to fig.

5.1). The corresponding range of p is from 0 to 2.

As before, the distribution function is derived from:

Inyp=-3,° L2 (27)

p2=bpth

which results after integration in:

1 = =3 [1n(2=p) # 52== 1n 2

nyop { n(2-p = n - l}
and subsequently in:

- g -5 b

¥(p) = 8 edp (2-p)75 exp [~ 3= (28)

This curve is also represented in fig. 5.2.

Again these results will be further used in a comparison with other

mechanisms in section 5.5.

5.4. Sintering limited by two-dimensional nucleation on the growing

particle faces

Now the essential rate equation for the growth of a single particle is

given by eq (4.19):

dr n2 r? k1

dt Inkt“ s b °F [kTr*] oxp [ZoakT r - r#

[hbulk =BT~ ()
KT

* exp

2pa3 mel o r#* |

willy 25 oy [kTr*I e [_ 20akT r - r*

(29)
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with Aq = _n%z kT & [hbulk = h g (M) —u,  (NL)
3 7 aln i h P o

Transformation, according to eq. (5), to the p,rspace results in the

dimensionless growth rate:

dp p2 20al R
T~ Pt amrE Ay (02 e [l e g 5Tl @O

The requirement that dp/dt should be a function of p only, can be

satisfied with the following construction:

d
32 = = P+ Agp? &9
dr* 3 2gal el

and F— = x; (r*)2 exp [kTr*] exp {Ezgig—?szfj r*] (32)

where 13 is a constant.

Now complications arise that did not occur in the preceeding sections.
There the equations derived for dp/dt were valid over the whole range
of p considered. The factor p-1 took account of the fact that particles
grow for p > 1 and shrink as p < 1. In contrast, equation (29) and
hence eq (31), only applies to growing particles, that is for p > 1. As
we have shown earlier, section 4.6, there is even a range of
supersaturations, p-1, where nucleation is impossible and therefore
growth does not occur. The minimum supersaturation required for growth
to occur is given by eq (4.25) as:

ppl = (0, = & (33)
Altogether one should distinguish three ranges:

p > fp growth covered by eq (32)
1 €p & pg MO change of particle size, dr/dt = 0
0<p <1 particles shrink according to one of the mechanisms

mentioned before.

However, the growth processes in the three ranges considered have one

feature in common: the development of r* and dr*/dt is governed by
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nucleation limitation. This means that dr*/dt, as derived from eq (32),

also applies to the shrinking process for p < 1.

The most important result thus far is the rate of growth of the average
particle size, dr*/dt, as given by eq. (32). However, Ay is still a

" constant to be determined. In addition, now dr*/dt depends on p,
because of the factor p/(p-1) in the second exponential. As seen
before, the maximum admissable value for p depends on X and is obtained

by the condition:

dp
e 2 =0
(df)p=po

Substituting eq (31), this results in:
y
p. = — (34)
0 A3
The second criterion used earlier to make a choice for ia, viz:

d_d
bl

= 0
dp 0

p=p
does not apply anymore. This situation has been recognized by T.M. Ahn

and coworkers [4]. Instead they advocate the use of a criterion,
applied by C. Wagner [2]:
dp}

3
E;'OIDU #(p,)dp = lim {¢(D,T} bt
p+0

(35)

Here two expressions are used, describing the rate of decrease in the
number of particles: the change in the total number and the rate of
disappearance at p = 0. The essential assumption is, that no particles

appear or disappear at p = p

0

A very elegant formulation for eq (35) can be found by substituting
eq (6), (8) and (11), and assuming the value K = -3 derived earlier.

The result is:

ofp y(p)dp = %-lim [wp)g(e)]
p+0
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Provided [g(p=0)]"! is finite, eq (12) shows that:

lim 1n[y(p)g(p)] = 0
p+0

1
and hence OID Y(p)dp = 3 (36)
A problem with the application of eq (35) or (36), however, is that
these equations are direct consequences of the continuity equation (4).
They will therefore be valid for all solutions of the continuity

equation derived using eq (31), independent of the value of Age

There is no choice but to take an arbitrary value for Ass where in view

of eq (34) the maximum must be:

1
Py

Ay =

as pg must be larger than Pg*

A reasonable assumption might be:

1

2p

DO -1 = Z(DB _1) ’ lg - s =1

Then it is also possible to make an estimate of the factor p/(p-1) in

the second exponential of eq (32). Its value varies between:

. pg ~ 172
N and

B

=]
pB

Introduction of eq (33) and of the average value of p/(p-1) into
eq (32) leads to a final expression for the rate of growth under

nucleation limitation:

dr* 2¢ 2 ga?

-NE
— = A3 (1 +-—) (r*)2 e | (37)

3
at e kT o) o Loy Yy

Again for the sake of completeness the distribution function for the

situation of nucleation limitation will be derived. Assuming that the
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rate of shrinkage of the particles for p < 1 is determined by diffusion
of nickel atoms over the alumina surface, the considerations of section
2 apply, and in principle eq (16) and (18) can be used. There is a
problem, however, as dr*/dt {s Iimited by nucleation inhibition and
given in eq (37). This upsets the whole argument of section 1 and 2,
for now it is impossible to make ) of eq (17) independent of r* and
hence of 1. Separation of variables, as proposed in eq (8) is no longer

feasible.

It will also be clear, however, that for the range where nucleation
inhibition is really important, dr*/dt is so small, that it can be
easily followed by the shrinking and disappearance of the particles
with p < 1. In the extreme case dp/dt will have high (negative) values
for all p values from 0 up to 1 and correspondingly ¢{p) will have very
low values up to close to p = 1. Under these circumstances the

dependence of dp/dt on 1 will not have a great effect anymore.

Moving to the range 1 < p < pps W have seen already that dr/dt = 0.

From eq (5), the transformation te the p,t-space leads to:

d
E% ==-p and g (p) = p

Introduction into eq (12), leads to:
1l d d
lngge =3 gff 253400 5

el © 3 1np

or:
v = p~ % exp [-CI] (38)

Analogously for the region Py <pX pp» We find by substitution of
dp/dt of eq (31) into equation (12):
Pp 4 o 4

B
1 - 25 - =0 L
L Ay of p; p(1=1x3p0)
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and:

(1—139)2 exp ['Cl]
b= - : (39)
p (l-xspB)

If desired, the factor exp [_CI] can be determined from the Wagner
criterion (36), where the contribution for p < 1 to the integral is
neglected. In agreement with the assumption 'dp/dr| 22X for0 & 5 Ly

it is found that C; = 0 and exp [-C,]| = L. The results are depicted in
fig. 3 for the choice of Py and py as indicated.

100 -

v(p)
1

Qoo

0 1 2
_bp

Fig. 5.3. The dimensionless particle size distribution
5.5. Synthesis and evaluatlion of results

Three rate determining steps have been discussed in detail, that is,
two parallel steps, diffusion of nickel atoms on the alumina surface
(step 2, eq (18)) and the evaporation-condensation of nickel from and
to the particle surface (step 6, eq (26)), and one series step, the
nucleation inhibited incorporation of nickel atoms into growing crystal
faces of the particles (step 7, eq (37)). The overall rate is
determined by the fastest of the first two steps and the slowest of

this fastest step and the third step.

Using equations (15), (23), and (29), the data from table 4.3 and the
value for hy of =6.0%10719 Jat™ !, the values for the various
ulk

parameters are obtained as presented in table 5.1.

The equations for the growth rates of the possible rate determining
steps are evaluated by introducing the calculated values of these

parameters into the equations (18), (26) and (37). The results obtained
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have been presented in table 5.2, using the data corresponding to
(111)-nickel crystal faces and in table 5.3 using the data for
(100)-faces.

Table 5.1. Parameters, to be used in growth equations for step 2 (A1

and Al), step 6 (A2 and xz) and 7a (&3 and 13)

(111)-face (100)-face
Parameter
873K 973K 873K 973K

A (am*h™1) 8.6%10°5 | 6.7%1073 | 1.2%10=% | 9.4%10"3
A,(m?h™ ") 1.6%1075 | 2.7%x10"3 | 2.2%10°5 | 3.7%10"3
Aa(nm"-h'l) 4.7%103 1.6%105 4,7%103 1.6%105

A 9.48 9.48 9.48 9.48

% 4 4 4 4

% 0.45 0.45 0.76 0.76

3
EE%— (nm) 4.75 4.18 6.59 5.83
T Gt D | 63.2 54.7 15.5 12.6

Table 5.2. Growth rates for possible rate determining steps in nm h™l;

parameters for (lll)-face

Rate determining
mechanism 873K 973K

9.1%10”% 4.75 7.1%10" 4 .18
L0 exp [2222] exp [222)

Diffusion over A1203(2) =

rd r

L0*10-6 LBR1I0™h
Evaporation from Ni- 4-0%10 exp [4;75] e exp {4;18]

¢ r
particles (6)

4.75 .
Nucleation on Ni-facets|1.0*10%r? exp [77— -| 3.6%10502 exp {11_1—8 -

(7a) 63.2r| 54.7r |
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Table 5.3. Growth rates for possible rate determining steps in nm h™%;

parameters for (100)-face

Rate determining
mechanism 873K 973K

.3%10-5 3 L9%10~ 4 :
Diffusion over Al,0(2)| 220 o [6r59] o LB {5r83

3 r3

l

5.5%10°6 .59 9.3%10~" .8
exp 16 : } exp {Sr 3}

Evaporation from Ni-
Y r r

particles (6)

Nucleation on Ni-facets|6.1*103r2 exp [-f’r'—sg— -] 2.1*105r 2 exp |

(7a) 15.5r] 12.6r |

5.83
X

The corresponding growth curves, obtained by numerical evaluation of

the rate equations are presented in fig. 5.4 to 5.8.

Radius (nm)

Sintertime ()

Fig. 5.4. Development of the mean particle radius with time for a
dispersion of nickel particles at 873K, assuming diffusion of nickel
atoms over the alumina surface to be the rate limiting step:

a. data from table 5.2, (111)-face; b. data from table 5.3, (100)-face;
c. based on Al', table 5.4; d. based on Al”, table 5.4.
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' Fig. 5.5. Development of the mean particle radius with time for a
dispersion of nickel particles at 873K, assuming the evaporation of
nickel from the particles to be the rate limiting step:

a. data from table 5.2, (111)-face; b. data from table 5.3, (100)-face;
c. based on Az', table 5.4

Radius (rm)

o 200 400 600 800 1000
Sintertime )

Fig. 5.6. Development of the mean particle radius with time for a

dispersion of nickel particles at 973K, assuming diffusion of nickel
‘ atons over the alumina surface to be the rate limiting step:
a. data from table 5.2, (ll1)-face; b. data from table 5.3, (100)-face;

c. based on A,', table 5.4; d. based on A", table 5.4.

‘ 1

6.

2
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Radius (nm)
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Sintertime )

Fig. 5.7. Development of the mean particle radius with time for a

disperion of nickel particles at 973K, assuming the evaporation of

nickel from the particles to be the rate limiting step:

a. data from table 5.2, (lll)-face; b. data from table 5.3, (100)-face;

c. based on A,", table 5.4
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Fig. 5.8. Development of the mean particle radius with time for a

dispersion of nickel particles, assuming two-dimensional nucleation at

the crystal faces to be the rate limiting step; data from table 5.2 and

5.3:

a. 873K, (lll)-face; b. 873K, (100)-face; c. 973K, (lll)=face;

d. 973K, (100)-face
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The main results, shown by these graphs, can be characterized as

follows:

- At 873K, without nucleation inhibition, diffusion of nickel atoms
gver the alumina carrier (step 2) is the predominating growth
mechanism. For particle dispersions with an average radius larger
than 2 nm, the smallest size considered in the experiments, the
growth rate is very small and no perceptible growth is to be

expected.

- At 973K, again without nucleation inhibition, evaporation of nickel
from the smaller particles and recondensation on the larger ones
(step 6) is the dominating growth mechanism. For particle dispersions
with an average radius larger than 4 nm the growth rate is so small,

that no perceptible growth is to be expected.

— As soon as nucleation iphibition dominates the growth process the
growth rates are reduced very much for particle dispersions with

average radius greater than 0.5 nm at 873K and 2 nm at 973K.

Nucleation inhibition only occurs for particles with well developed low
index crystal faces. Generally small particles will not have such
facets. Only after a certain size is passed crystal faces will develop.
At this stage nucleation inhibition will become effective. The results
show, that at this moment the immediate consequence must be, that

further crystal growth stops.

The results, as discussed so far, are underlined in fig. 5.4 to 5.7, by
indicating in the right hand margin of these figures the sizes at which
the very low growth rate of 10™% nm h™} will be obtained for the
different rate determining steps. It will be seen, that at 973K, if
very long times are available and no nucleation inhibition occurs,
growth could continue to large average radii. This is not the case at
873K.

As the present conclusions are very important for the interpretation of
the experimental results, it is worth while to see to what extent the

various numerical results depend on the assumptions used in their
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derivation.

Looking at the relevant equatiomns, (18) for step 2, (26) for step 6 and
(37) for nucleation inhibition, three factors will be considered

B 4 %Or] and A /-

2
successively: exp [E%g—], exp [~ %Eif b

Y3
1. The common factor exp [Egg_] of all three processes.

This factor arises out of an improved approximation of the driving
force for particle growth, so far not used by other authors (see
section 4.5.). Its effect is largest for small average particle radii,
leading to a very fast initial growth, and peters out for average
particle radii approaching r=2¢a3/kT. The results, therefore, depend
essentially on the choice that has been made for the surface free
energy, o. This is the reason for the differences of the growth curves
evaluated for mechanisms 2 and 6, using the parameters for (ll1)- and
(100)- faces (see fig. 5.4 to 5.7).

It is seen, that the particle radii, attained after for instance

1000 h, are not greatly influenced by the difference in the values of ¢
for the (l111)- and the (100)-face.

The values chosen for ¢ depend on the assumptions for its relation to
hhulk as given in table 4.3. In section A-3 the predictions have been
compared with experimental data. It is seen that the value of o chosen
for the (1l1)-face should be considered as a maximum value. In that
respect the results for the (111)-face should be considered as more

reliable than those for the (100)-face.

TE_ (£
kT ‘oa
nucleation inhibited growth.

2. The factor exp [- + %) r], which dominates the rate of
The eff N LCIPLE N o
e effect of this factor is important for r [2kT (ca 4)] 3
From table 5.1 it is seen, that widely different values are obtained
for the coefficient of r in the exponent by using the values of ¢ and o

applying to (111)- and (100)- faces, respectively. The corresponding
1

ne e 31
2kt (G + 7)) are 0.016 and 0.065 om at 873K and 0.018

and 0.080 nm at 973K.
Fig. 5.8 shows, that the estimates of ¢ and o for the (111)- face lead

values for [

to very low rates of nucleation inhibited growth, while those for the
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(L00)-face lead to a reduced, but still substantial inhibition of
growth, as soon as nucleation is required.

It is reasonable to assume, that the estimates of ¢ and ¢ for the
(100)-face represent a situation allowing of the largest nucleation
inhibited growth rates possible. Even these rates bring crystal growth
to a standstill for average particle radii greater than 2 nm.

In section A-4 further refinements have been discussed for the
estimates of ¢ and g, connected with the proper values of the lattice
parameter to be introduced in the parameters o*a? and e*a as given in
table 4.3. Taking into account of these refinements leads to slightly
different values for the factors under discussion. The corresponding

line of table 5.1 should now be read as:

(111)-face (100)-face

Parameter
873K 973K | 873K 973K

;;T (%; e %ﬁ nm ! | 57.9 50.0 | 14.9 12.0

The difference in the parameter values are substantial, but the effects

on the growth curves very minor.

AI AZ A‘!
3. The factorg —, T and —-
Ay Ay Xg

Uncertainties in the parameters ) are of minor importance within the
purposes of this chapter. The values taken for M and 12 are minimum
values, leading to maximum values of the predicted growth rates.
Uncertainties in the factors A, are much more important. The factors A,
and A,, used so far, are essentially those derived from table 4.5 and
discussed in section 4.7. As mentioned there, all adsorbed species

and transition states have been assumed to be localized, while
vibrational contributions to the entropies of bulk nickel and the
absorbed species have been neglected. In section A.l1 and A.2 better
approximations have been discussed. The results have been assembled in

table A.7. In order to check the sensitivity of the overall results to
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the values of Ay and A,, in fig. 5.4 to 5.7, growth curves have been

added, calculated with values of A, and A derived from the data in

’
table A.7. The values A,' en A,',so0 used,zhave been presented in table
5.4 and should be compared to those of table 5.1. In order to evaluate
a possible effect of mobility of adatoms at the alumina surface, in
fig. 5.4 and 5.6 also growth curves have been presented for this
version of rate limitatfon by diffusion of adatoms over the alumina
surface. The corresponding values of ﬁl”, calculated using data from
table A.2 and A.3, also have been presented in table 5.4. It should be
kept in mind here, that the growth rate now is proportional to r~2.

This influences the value of A,, which now turns out as 6.75.

Table 5.4. Revised parameters, to be used in growth equations for step

2 (A", A" and },") and step 6 (A,")

Parameter, (l11l)-face 873 K 973 K
A,' (am*h™h) 1.4%1073 1.1*%10"1
A" (nm3h~ 1y 9.0%103 5.4%1071
Vi 6.75 6.75
A, (nm2h~ 1) 2.4%1074 3.3%10-2

In connection with the factor Aa, it has been shown in section A.2,
that the rate of nucleation inhibited growth is only slightly
influenced by the introduction of corrections, due to vibratfonal
entropies of bulk nickel and absorbed nickel atoms. Moreover the
structure of the growth equation (5.37) in combination with the
parameter values of table 5.1 is such, that very wide variations in the
value of Aa have very little influence on the value of the particle

radius, where growth effectively comes to a standstill.

Reviewing the earlier conclusions as to the maximum radii, attainable
by growth under circumstances where nucleation inhibition is not
effective, it should be kept in mind that the modified growth rates, as

obtained now, should be considered as maximum values. Three reasons can
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be mentioned, viz:

- The value of hbulk’ used for the calculations, must be considered as
a lower limit, see section A.3.

= The value of ¢ (111) used must be considered as a higher limit, see
also section A.3.

— All possible extra activation energies in the transition states have

been neglected.

Fig. 5.4 and 5.5 show, that at 873 K the maximum particle radius to be
expected after 1000 h of growth is 3 nm. From fig. 5.6 and 5.7 it is
seen, that at 973 K growth in 1000 h to particle radii of 8 mm is
possible.
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6. GENERAL ANALYSIS OF RESULTS
6.1. Introduction

An extended thermodynamic and kinetic analysis of the growth of
individual supported particles, in chapter 4, shows that during
sintering mass transport from one particle to another is governed by
evaporation of nickel from the particles, and diffusion of the nickel
atoms along the support. For these rate determining process steps the
rate of the Ostwald ripening process of a supported particle dispersion
was evaluated in chapter 5 and will now be used for further analysis of

the experimental results as presented in chapter 2 and 3.

This will be done by first confronting the results of the sinter
experiments with the theoretical predictions. After that the
information on the chemical composition of the metal support interface
will be analyzed, in order to come to a better understanding of some of

the factors that might govern the sintering process.
The new developed approach will then be tested using the experimental
data of P. Wynblatt et al. [1], sintering a Pt/Alé)amode] catalyst in

an oxygen atmosphere.

6.2. Confrontation of experimental kinetic data with theoretical

predictions

6.2.1, Kinetics of the Ostwald ripening process

Sintering of the model catalyst at 873 K will not be discussed any
further because, as already concluded in section 2.6, the supports used
do not meet the requirements made for this sinter study. Also,
according to the theoretical predictions of section 5.5, at 873 K very
low growth rates are to be expected in dispersions with average

particle radii in excess of 3 nm.

In fig. 6.1 the growth curves for mass transport through the vapour
phase (a) and by diffusion along the support (b), as evaluated in

section 5.5, are given for 400 hours processing at 973 K.
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Radius (nm)
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Sintertime (h)

Fig. 6.1. Development of the mean particle radius with time for a
dispersion of nickel particles at 973 K;
a: evaporation of nickel rate determining, based on A," from
table 5.4
b: diffusion over alumina rate determining, based on Al" from

table 5.4

From these theoretical growth curves it can bhe seen that the highest
growth rate possible is predicted assuming substrate diffusion
including mobile adsorption. Sintering of the metal dispersion by
evaporation-condensation can therefore be neglected and from now on the
discussion will be focussed on fig. 6.2, where the theoretical growth
curves for substrate diffusion are combined with the experimental

data.

For the initial stage of sintering the experimental data, except those
of catalyst F(o), agree well with the theoretical growth curve for
mobile adsorption with an activation energy in between those evaluated
for (111) and (100) faces of nickel (see chapter 4). There may be a
small influence of the additives on the activation energy for sintering
in this range, but the data are too restricted for further analysis.

Greater differences between the various samples occur, when the
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Radius {nm)

Sintertime (h)

Fig. 6.2. Development of the mean particle radius with time, as
predicted by the growth model assuming diffusion along the
support (solid lines) for:

(lll)l: localized adsorption on alumina, activation energies
evaluated for nickel (111) face

(lll)m, (IOO)M: mobile adsorption on alumina, activation
energies evaluated for nickel (111) and (100) faces,
respectively.

Data as determined for the differrent model catalysts: Cat.

F, Ni/Cr/A1,0,(0); Cat. E, Ni/Al,0.(e); Cat. H,

I\H./M:l‘l!'Crz’Al2(!!3 (¢) and Cat. G, Ni/Mn/Al 20 3( A).

sintering is further continued. Assuming, that the diffusion of nickel
adatoms along the support is the governing step, still various factors
might be influenced by the additives.

In chapter 5, it has been predicted already that as soon as the metal
particles develop well formed crystal faces, nucleation inhibition does
stop further growth. Additives might influence facet formation. Also,
as can be seen from fig. 6.2, for a particle dispersion of mean
particle radius larger than 3 nm, growth rate is very sensitive to the

transition from the localized to the mobile adsorption mode. Slight
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changes in the adsorption mode could be introduced by variations of
activation energy for diffusion over the alumina surface, caused by the
various additives. A third factor influenced by additives might be in
the surface free energy of the nickel particles and hence in the

driving force for sintering.

Addition of chromium, catalyst F, almost directly introduces
stabilization of the mean particle size. Growth kinetics resembles the
model for rate determining substrate diffusion in the localized mode.
This indeed would suggest an influence through the activatlon energy
for diffusion over the alumina surface. As such, this effect on the
properties of the alumina surface would appear to be more probable than
the other effects, which would require influences of the additives on

the nickel surface.

Catalyst G represents a different effect, namely a coarse dispersion
already after desintegration of the nickel film. As can be seen from
fig. 6.2 the higher stabilization level reached by introducing
manganese is not only caused by the coarser initial dispersion, but
also by a longer initial stage of sintering. Here mobility of adatoms

on alumina might have been enhanced.

Model catalyst H, containing chromium as well as manganese, exhibits a
fine nickel dispersion just as catalyst F, containing chromium. The
high stabilization level seems to be accompanied with an Increased
duration of the initial stage of sintering as compared with the
nickel-alumina catalyst E, a phenomenon also observed in the manganese

containing model catalyst G.

6.2.2. The particle size distributions

From the PSD's as given in chapter 2, it can be seen that during the
second stage of sintering, characterized by a constant mean particle
size, the dispersion is not at all stable. There is still a changing of
the size distribution going on, although the electron micrographs do
expose faceted crystallites. So, despite faceting of the crystallites,
there is some mass transport leading to broadening of the particle size

distribution, however, without significantly affecting the mean

- o
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particle size. Additional information, not available, would therefore

be required for further analysis of the second stage of sintering.
6.3. The chemical composition of the metal support interface

During heat treatment at 973 K in hydrogen, the metal deposits on the
alumina support react with the alumina creating a diffusion layer,
which consists of (see chapter 3 and section 2.3):

NifAIZD3 + solid solution of nickel oxide in alumina

Ni/Cr/Al,0, + nickel chromate

Nime"Alzo3 + manganese aluminate and a solid solution of

nickel oxide in alumina

There is a clear tendency of nickel to diffuse, in the form of
N12+~ions, into the alumina carrier. This diffusion is precluded,
however, by the presence of chromium. But also in this case a boundary

layer is definitly present.

In section 6.2.1. it has been concluded, that the sinter behaviour of
the model catalysts is strongly influenced by the additives Cr and Mn
and that these effects are probably due to their influence on the

diffusion of nickel adatoms over the alumina surface.

The question remains, to what extent variations in sinter stability
might be influenced by the diffusion layers, discussed here. In
principle such an effect might be possible. In thin film technology [2 ]
it is known that crystals growan on a substrate with a different
structure are rather irregularly shaped, because of the mismatch of the
crystal lattices. Matching of the crystal lattices can be realized by
the formation of an intermediate diffusion layer, thereby restoring the

regular shape of the crystallites grown.

In other words, the formation of low index crystal faces on the nickel
particles might be influenced by the presence of diffusion boundary
layers and through nucleation inhibition this would influence sintering
very strongly.

Indeed a certain amount of facet formation on the nickel crystallites

is observed during sintering. But these observations are scanty and do
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not allow for any discrimination between model catalysts without
additives or with special types of additives. Much more systematic

research would be required to come to conclusions here.
6.4. Analysis of the sintering of Pt/A1203 model catalysts in oxygen

The sinter studies of Pt!Alzo3 systems, reported by P. Wynblatt [1],
involved sintering of a model catalyst in an oxygen atmosphere

Py, ™ 2 kPa) at 873 K and 973 K. In the presence of oxygen a volatile
oxidic species is formed. Such a species with a high affinity for the
oxidic substrate will show limited mass transport by adatom diffusion
along the substrate. Sintering will therefore be determined by mass

transport through the vapour phase.

Following the thermodynamic and kinetic models as presented in chapter
4 and 5, the growth curves have been evaluated and presented in fig.
6.3. and 6.4 together with the experimental data of P. Wynblatt. For
the initial stage of sintering a quite satisfactory agreement is found
between the data and the growth model. At a certain stage of the
process, average radius of 8 nm at 873 K and 10 nm at 973 K, the mean
particle size levels out very abruptly. This must be caused by
nucleation inhibition due to facet formation of the crystallites.

Indeed such a facet formation is shown by the electron micrographs.

The present interpretation to a certain extent is in contrast with that
of T.M. Ahn et al. [3]. They appoint nucleation inhibition as the
sinter mechanism right from the start. There are two main differences
between our kinetic model and the analysis of T.M. Ahn leading to the

discrepancy viz:

« the exponential term: exp [E%%].
As illustrated in section 5.5 this factor does have a remarkable
influence on the sinter rate. By neglecting this term growth is

underestimated, especially during the initial stage.

+ the edge energy.

T.M. Ahn et al. have evaluated this energy parameter by curve



et 174 ey

fitting, whereas we have used a broken bond model. As no direct

experimental information is available, the feasibility of the

estimates cannot be judged. We feel Ahn's estimates to be extremely

low.
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Fig. 6.3. Development of the mean particle radius with time for a
dispersion of platinum particles at 873 K and oxygen pressure of 2
kPa, assuming the evaporation of platinum oxide from the particle

to be the rate liming step;

dr _9.25%1075

a. For localized traasition state; - = exp{a'ia] am k™1

d 0.31 8.18 sy
b. for mobile transition state ; 3% - axp [Fo—] W1

. = = *10~19
Pr b . = -8.83410719 J
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Fig. 6.4. Development of the mean particle radlus with time for a
dispersion of platinum particles at 973 K and oxygen pressure of 2
kPa, assuming the evaporation of platinum oxide from the particle

to be the rate liming step;

?l * hl‘ . -
a. for localized transition state; %§-= 55r10 e {? iS] nm h™*
dr 2.90 1283 s
b. for mobile transition state ; F-= —— exp [—F——] nm h™1

6.5. General conclusions

In the preceding sections it has been shown, that the theoretical
treatment, presented in chapter 4 and 5, gives a better qualitative
description of the growth of dispersions of supported metal particles
than earlier proposals in literature. That is mainly due to the
introduction of an improved series development of the factor
representing the supersaturation. More important, however, is the
question whether the quantitative treatment of chapter 4 and 5 also is
justified. In answering this question let us first notice, that the
number of essential parameters involved appears to be less than one

might expect. Two of these parameters turn out to be of essential
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importance:

- the combination, caszTr, governs the very rapid initial growth, that
occurs when the particles are so small that the value of this
parameter is substantially greater than unity;

- the heat of evaporation of the bulk metal, as indicative for the
other energy parameters involved, determines the éarticle size where

the rate of sintering diminishes very rapidly.

The results of the quantitative estimates, however, appear to be very
sensitive to some kinetic factors, that are difficult to establish
beforehand: the mobility of the metal adatoms on the carrier surface
and the mobility of the transition state for adsorption and desorption.
The comparison with experiments on NifA1203 and Pt/A1203 has shown that
only the assumption of high mobility in both cases yields the high
growth rates observed experimentally. In other words, this finding
might be interpreted as showing, that there is a tendency for our
quantitative predictions to underestimate the growth rates as observed.
This is an interesting contrast with the field of catalysis, where the
application of Eyring's theory of absolute reaction rates usually leads

to overestimates in comparison with observations.

The experiments described in this thesis apply to model systems with
rather large metal particles: radii in the range from 2 to 10 nm. This
might be adequate for the catalysts studied in our laboratory,
nickel/alumina methanation catalysts, but many industrial nickel and
platinum catalysts contain smaller particles, down to radii of 0.2 or
0.3 nm. On the other hand, inevitably for the study of the model
systems, higher sinter temperatures had to be applied than allowed for

the stability of supported fine grain metal catalysts.

In order to apply the predictions of this thesis to such systems a
certain amount of extrapolation would be required. In comparing small
particles and low temperatures on one hand and large particles and high
temperatures on the other hand, still three aspects might be mentioned

here:

- During the growth of large particles well formed low index crystal

faces may develop, leading to nucleation inhibition of particle
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growth and hence a considerable stabilization of particle size;
unfortunately, for structure sensitive reactions this also could mean
the end of catalytic activity; for small particles facet formation is
much less probable.

- At high temperatures the vapour pressure and the rate of evaporation
may be so high, that the active metal is carried away from the
sample; in industrial catalysis the active metal might be transported
through the catalyst bed and out of the reactor; the considerations
of chapter 5 have shown, that the preference for growth vs. transport
depends on a rather delicate balance between the various parameters
involved. The geometry of the carrier pore system might also be very

important here.

- All considerations so far apply to the role of Ostwald ripening in
the sintering of the metal particles in a catalyst; in the
introduction it has been menticoned, that sintering of the carrier
must be an important factor too; even in the experiments with our
model system it has turned out that the stability of the alumina
carrier film cannot be taken for granted; on first sight it is to be
expected that in actual catalysis Ostwald ripening is more important
for small metal particles at relatively low temperatures, while
sintering of the support will predominate for larger metal particles

at higher temperatures.

Finally a word about the effect of additives. As mentioned earlier
additives may be used to enhance the sinter stability of a catalyst
carrier. From the experiments described in this thesis it is clear,
that additives also may influence the Ostwald ripening of supported
metal particles, both favourably and unfavourably. The most probable
effect responsible has turned out to be the influence of additives on
the diffusion of metal adatoms over the carrier surface. The experience
assembled at present is far too scanty, however, for direct

explanations and predictions.
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APPENDIX: ANALYSIS OF APPROXIMATIONS IN THE KINETIC AND THERMODYNAMIC
BASIS OF CHAPTER 4 AND 5

A.l. Mobility of adsorbed nickel atoms

All considerations of chapter 4 have been based on the assumption, that
the adsorption of nickel atoms on nickel and on alumina is strictly
localized. The temperatures involved, however, are rather high and two-
dimensional mobility of adsorbed nickel atoms cannot be excluded. Such
mobility could influence the rates of adsorption and desorption
(particularly step 3 and 6 of chapter 4) and the rates of diffusion of
nickel atoms over the surfaces (step 2 and 8 of chapter 4). In order to
study the effects of possible mobility we start by repeating the
relevant part of table 4.1, but now with the formulas appropriate to

mobile adsorption.

Table A.l. Chemical potential of Ni in the various states in which it
may occur, assuming two-dimensional mobility for the

adsorbed state and the transition state for adsorption and

desorption.
state of nickel p/kT
3 h?
vapour 1n £?-+ 7 In T kT
? 2
ds h
dsorbed - b
adsorbed state T + 1n nd4s + In 7 kT
he
transition state 1n nt + 1In TrakT

Here we may assume that:

L = +
hads hads uact

where h' is the enthalpy of the mobile adsorbed state, while h is
ads ads

the enthalpy of the localized adsorbed state and . is the activation
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energy for the jumps of nickel atoms from one localized site to

another.

Analogously to equations (4.7), (4.8) and (4.9) now the following

equations can be derived:
- for the rate of desorption:

v, =L 4
d h

h + u
ads act]
ads

exp [— 7 (1)

- for the rate of adsorption:

§2 142

bR G 2)

a h kT

— for the adsorption equilibrium, LMl

2 +
he 172 (hads uact)]

2mkT’ exp | kT 3)

3
kT ¢

Mads

Comparison of equations (1), (2) and (3) with (4.7), (4.8) and (4.9)

shows that:

v_ (mobile) v, (mobile) 2 =1
a I = g2 (h_) (4)
va (localized) vd (localized) 2 mkT

where the substitution ng = a2 is used, and:

%ade (mobile) - a? ( h2 )ﬁl . S T ..
n 4 (localized) 2% Gmkt! P It

These equations hold both for adsorption on nickel and adsorption on

alumina.

Using the same numerical values as in chapter 4, the results as
tabulated in table A.2 have been obtained. It is seen, that mobile
adsorption is strongly favoured on alumina and is in the balance for
nickel. The rates for adsorption and desorption are found to be much

greater for mobile, than for localized adsorption.
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Table A.2. Comparison of adsorption—desorption rates and adsorption

equilibria for mobile and localized adsorption

nickel alumina

873K | 973K | 873K | 973K

v (mobile)

0 ds (mobile)

1
N ds (localized)

0.21 0.54 27 42

A first conclusion to be drawn is, that it is wise at least to assume
two dimensional mobility for the transition states for adsorption and
desorption. Then the difference between the rates of adsorption (and
desorption) for mobile and localized adsorption disappear and for both
modes the high rates of table A.2 apply. In the next section of this
appendix, starting with table A.4, this choice will be followed
through. This choice, however, does not influence the adsorption
equilibria, neither the balance between mobile and localized
adsorption. In the next section it will be shown, that the inclusion of
vibrational entropy contributions to the chemical potentials do shift
the balance between mobile and localized adsorption in the sense, that
for nickel localized adsorption is far predominant, while for alumina
localized adsorption is favoured, but there is still a certain

competition from mobile adsorbed atoms.

In view of a possible contribution of mobile adsorbed atoms on alumina,

it is still necessary to see to what extent the transport of nickel

atoms over the alumina surface (step 2 of chapter 4) is influenced by
mobility. For localized adsorbed atoms the transport is a diffusion
process as a consequence of the activated random jumping of nickel
atoms from one site to a neighbour site. According to section 4.3.2 the
maximum flux towards or from nickel particles by this diffusion is:

- 27D =1
Ing “ads oL ® (6)
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The diffusion coefficient is given by eq (4.17). Numerical evaluation
along the lines used throughout leads to values of 7.2*%10"9mZs~ ! at
873K and 1.15%107% n2s™! at 973K.

For mobile adsorption, the coverage is so low (of the order of
magnitude of 10 at m~2) that the nickel atoms may be considered as a
two dimensional Knudsen gas. The flux towards a nickel particle then

may be given as:

1 _akT, /2
§= 2 a1
3 (2n ) 'tnads at.s (7)

In table A.3 the numerical estimates following from eq (6) and (7) have

been compared.

Table A.3. Comparison of flux due to diffusion of localized adatoms and

to collision of mobile adatoms (r in nm).

873K 973K
9 (mobile) U 3e (MoRiLs) n_,, (mobile)
? (loceitzedy | * 47
(localized) " L. (localized) ¥ L. (localized)

It is seen, that a small fraction of mobile adatoms still can have a

significant contribution to the transport.
A.2. Equilibria and growth rates

Equilibria and reaction rates are determined by chemical potentials,

defined for the species i as:

R
u = (3"1)1: "

where G is the Gibbs free energy and N is the number of molecules of
the species concerned. Thus far all contributions to the chemical
potential due to vibrations have been neglected, while possible

translations of adsorbed atoms have only been considered in section 1
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of this appendix. Rotational contributions have no effect anyway, as

nickel vapour is a monoatomic gas.

Full expressions for the chemical potentials are presented in table
A.4. As is seen, the vibrational pattern of adsorbed atoms is
simplified by assuming one vibration mode perpendicular to the surface
and two modes parallel to the surface. As suggested in section 1, the
transition states for desorption have been assumed to have complete two
dimensional mobility, while the transition state for the transfer of
atoms from the nickel to the alumina surface is assumed to have one
dimensional mobility along the particle circumference. Extra activation
energies for the processes involved still have been neglected.

The quantities h and had , encountered earlier, now have to be
s

bulk
interpreted as:

h

s ® hy - 9/8 kaD faor nickel

= +
hada h3 +1/2 hv, h\.‘2 for locallized adsorption (8)

and h =h +1/2 hv, +u for mobile adsorption
a a act

ds

The terms in the chemical potentials, not accounted for earlier, are
presented in table A.5 as Au/kT. Numerical values at 873 K and 973 K
are given in the last two columns of this table. To obtain these
values, estimates have to be made of the frequencies v, and v, for the
adsorbed states on nickel and alumina. Fortunately here the available

margins are relatively small,

A reasonable estimate for vy for nickel can be made by assuming:

h“l
—_= = 370
k BD 370 K

The corresponding contribution to u/kT is:

hy,
n (1 - exp [~ 35—]) = 1.06 at 873 K
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Table A.4. Chemical potentials of Ni, corrected for vibrational

contributions

state of nickel u
3 2 kT
vapour kT 1n B _ = kT 1n o
¥T 2 b2
% "%
solid ho + 9/8 k8 - kT¢(T—] + 3 kT 1n (l-exp [—))

i3

adsorbed state
(localized)

h_+ 1/2hy; + hy, + kT 1n n + kT 1n a2
a : Sty ads .

H 2
+ K 1n Q-exp [P + 2kT 1 (-exp [ D

adsorbed state
(mobile)

2 mkT
he

h, + 1/2 hv )

+ u . + kT 1n n,

1 ac s ~ kT 1In(

d

~hv,
+ kT 1n (l-exp [—ETTJ)

transition state
for desorption

2mm kT
h2

KT 1n o' - kT 1n

transition state at
the edge between

nickel particle and
alumina surface

+ by
ha{AIZDS) + kT 1ln n + kT 1n (l-exp [EEH}) -~

2mm kT

- %‘kT 1n
h2

o= h0 and ha are the enthalpies at absolute zero of the solid and the

adsorbed states with respect to the vapour;

3 u  x3
- ¥ = K} oI X
u

= Wy

e’ -1
and v, are the vibrational frequencies of the adsorbed atoms in

eD is the Debye temperature of nickel (90 = 370 K);

dx;

the direction perpendicular and parallel to the surface.




Table A.5. Au/kT for the different states of nickel
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state of nickel Au/kT 873 K 973 K
vapour not influenced - -
0 -'*D
D
solid = $GH3 In (=exp [- =] | ~4.0 -4.3
adsorbed state, hv,
- -—D + -5.8 -6.1
nickel particle | 1n(l-exp [ kT-IR
2
ibid, alumina 210 (l-exp [z -6.8 «7.1
carrier
transition state 2mm kT 9 -6.7 -6.8
- I ——
for desorption hZ
transition state %'ln gIELJEE - In a + =5.7 =-5.9
2
at the edge h h
between nickel & o Pk [“ UE1
particle and PI"%T D
alumina surface
difference for Yoot ™ hv2 < i ¥ N 4 .
mobile vs loca- kT h2 3 %
lized adsorption g th
ibid, alumina ek Ineeg [kT D 2.4 2.3
carrier

An estimate for v, can be made by assuming that the entropy contribution
to the free energy of nickel atoms, adsorbed on nickel, is comparable to
that of nickel atoms in the surface layer. The latter entropy
contribution can be found by adding the entropy contribution to the
surface free energy, tabulated as =1.75 kT in table 4.3, to the entropy
contribution in the chemical potential of solid nickel, tabulated here
as —4.0 kT. The result is -5.75 kT at 873 K. Taking into account the
contribution due to v, as derived above, this leaves for the

contribution of v, of u/kT:
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hv,
21n (1 - exp [—W]) = -4,69 at 873 K

hu2
and accordingly: " 87.5 K

To estimate the margin available, it should be considered, that the

maximum contribution of the term involving v, is obtained, when there
is complete two dimensional mobility of the adatoms. The corresponding
entropy contribution to the chemical potential then is seen from table

A.5 to amount to - 6.7 kT. The corresponding value of v, follows from:

hy
2D = -3.35

In (1 - exp [~ T

hy
and is given by: g5 31 K

In order to come to the quantitative data in table A.5 we have made the

rather arbitrary choices, given in table A.6.

Table A.6. Estimates for vibration frequencies

Ni A1203
\-'1 \Jz \.l:L \JZ
= ) 370k | 87.5k | 370 k | 50 k
hv(10~19J) | 0.051 | 0.0121 | 0.051 | 0.007

As the solid state has to be considered as a given reference in all
cases and concentrations and rates are effected by exp [aquT], the
following conclusions may be drawn in comparing the more accurate

predictions with those derived earlier and assembled in table 4.5.
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- The equilibrium vapour pressure at 873 K is a factor exp [h.O] = 55
and at 973 K a factor 74 smaller than before; the same factor applies
to the rates of diffusion  through the gas phase.

- The concentration of adsorbed nickel atoms at 873 X has increased with
a factor exp [1.8] = 6 for the particle surface and with a factor
exp [2.8] = 16 for the alumina surface. At 973 K the same factors
apply. The rates of transport by diffusion over these surfaces have
increased accordingly.

- The rates of desorption of nickel atoms from (and adsorption on)
nickel and alumina have increased with a factor of exp [2.7] = 15 at
873 K and of 12 at 973 K.

- The rate of the transfer of adsorbed nickel atoms from the nickel to
the alumina surface (and vice versa) has increased by a factor of
exp [1.7] = 5.5 at 873 K and of 5.0 at 973 K.

- A possible preference of mobile vs localized adsorption is governed by
the quantities in the last two lines of table A.5. At 873K the
exponentials of f% amount to 490 for nickel and 11 for alumina in
favour of localized adsorption. At 973K the corresponding factors in

favour of localized adsorption are 270 and 10.

It is seen, that many of the entropy effects of vibration and two-
dimensional mobility of transition states compensate. The most
significant result is the marked decrease in diffusion transport through
the gas phase. The effect of the mobility of adatoms on alumina appears
to be very much reduced now as compared with the predictions of section
A.l. Yet the high transport efficiency of such mobhile adatoms might

influence growth rates by step 2 considerably.

In order to see to what extent the relative rates of the various growth

processes are influenced, the data for the relevant processes, as

tabulated in table 4.5, are corrected and presented again in table A.7.

It is seen, that the rates of nucleation inhibited growth are only
slightly influenced by the better approximations. Conclusions as to the
rate determining step of the particle growth as derived from table A.7

are nearly the same as those derived from table 4.5, viz:
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n
Table A.7. Lineair particle growth rates (to be multiplied by r ) for

¢ is
the various reaction steps; growth rates in nm h™ *, r in nm.

Reaction step 873 K 873 K exp. of r
-
1 Niads(NiEdge) . Niads(Alj13) 0.13 7.4 1
1,0 N .5%10~ 3 -
3| Mg (AL09) SN 2.5%10 0.39 0
6 Ni . (Ni) « Ni 5.1%10"5 | 7.8%1073 0
ads *» vapour
2 Diffusion over A1203 3.0%10™"% 2.,7*10™2 =2
corrected for effect of 3 4.7%10"% | 4.8+10"2
corrected for mobility 1.9*10™ 3 fte £ 5 Ho =1
4 Diffusion through vapour from 0.16 28 =L
one particle to another
5 Diffusion through vapour 1.8%1078 3.3%107 " -1
away from the sample

Analogously, the rate constants for nucleation inhibited growth, as

given in eq. (20) and (21) of chapter 4, now should be read as:

2.8%10% instead of 4.7%103
9.7%105 instead of 1.6*105

- Step 1 and 4 are so fast, that they do not interfere with other
slower steps.

- Step 2 has a fast partially parallel, partially serial step in the
combination of 3 and 4. As a consequence the concentration gradient,
operating 2, is compressed to a distance &'r < gr. Calculating &'
such that the two processes match, leads to &' = 4.3 at 873 K and ¢’

= 3.5 at 973K. The adapted rates of 2 turn out as 4.7%10%nm h~ ! at
873K and 4.8%10"2nm h™! at 973K.
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- There is a certain competition between the parallel steps 2 and 6,
where 2 is the faster route. The ratio between 2 and 6, however,
depends on the particle size. At a particle radius r>3.0 nm at 873K
and of r>2.5 nm at 973K step 6 takes over from 2.

- Mobile adatoms on alumina would lead to a moderate increase of the
rate of step 2. The conclusions as to the competition with the other
reaction steps remain essentially unmodified.

- Step 5, the diffusion through the vapour phase away from the sample,
is much slower than in earlier calculations. This is a fortunate
difference as otherwise the sintering experiment would have been

accompanied by a gradual depletion of nickel from the sample.

A.3. Derivation of hhulk from equilibrium data about nickel vapour

pressures

Theoretically, the equilibrium vapour pressure of solid nickel at
temperature T is given by:
1 h(T
p (T) = exp éé%“l + exp - akT

where —Ah(T)/kT is the slope at T of the Arrhenius plot of 1n p va T °,
while exp AS(T)/k is the corresponding pre-exponential factor.

According to Clapeyron, Ah = hgas > hhulk , taken at the temperature

here the slo 4 =8° =-3°
where the slope is determined. Accordingly AS Sgss sbulk’ taken at

the same temperature and at unit pressure.

Using the approximations, outlined earlier in this appendix, it is found
that:

h(T) - o S "

gas(™) = By (D) = ~hy + 5/2 KT = 3 KT 4 (/D) 9)
and 5° (1) - S° .. (T) =k (5/2 + 3/2 1n 2 KL 4 10 k7 +

gas bulk h2

- &¢(GDXT) + 3 In (1 - exp [-BafT])

Table A.8 presents values of these quantities for several temperatures.
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Table A.8. Numerical data for the energy and entropy of evaporation.

K Boas = Mouik 1/k (Sgag = Spu1k)
(10~19]) (py = 1Nm~2)

873 hy 1, (0) = 0.006 26.8

973 hy gy (0) = 0.013 26.7

1200 | - b . (0) - 0.028 26.6

1500*} hy g, (0) = 0-048 26.6

1726 hy 1, (0) = 0.063 26.5

*) melting point of nickel

Experimental data gathered by A.N. Nesmeyanov f&] consist of two

strongly different groups of results, see table A.9. From these data we

select as characteristic quantities:

= the vapour pressure at 1400 K (being the mean temperature of many
series of experiments). The vapour pressure is the directly measured
quantity!

- the entropy AS/k, as deduced from the temperature dependency of the
vapour pressure. This entropy can directly be compared with the

thermodynamical predictions of table A.8.

Table A.9. Characteristic data for the evaporation of Ni, taken from

Nesmeyanov [4]

p(Nm—2) AS /k aD{K) Ah(1400K)
(10~19n)
Group 1 | 1.33%1073 | 28.0 588 6.60

Group 2 0.84 31.1 1750 5.44
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The predicted value of AS/k on basis of the Debye temperature for
nickel, OD = 370 K, is 26.6. The Debye temperatures corresponding with
the experimental data of AS/k have been listed in the third column of
the table. As the value of GD = 370 K is determined by measuring the
specific heat of nickel at relatively low temperatures, while here we
are dealing with measurements of the vapour pressure at high

temperatures, a difference in the Debye temperature is possible.

The results of group 2 cannot be totally correct because extrapolation
of the data to 973 K and 873 K would result in such high vapour
pressures and accordingly such high diffusion rates of nickel away from
the sample, that the experiments described in this thesis would have

been impossible to do.

The values of Ah at 1400 K, corresponding to the theoretical entropy
value and the observed vapour pressure at 1400 K, have been calculated
and are given in the last column of the table. The argument concerning
the maximum value of the vapour pressure, which is reasonably acceptable
at 873K, leads to the conclusion that Ah can hardly be lower than
6.0*10719J, Therefore we shall adopt this value for calculations, but
take into account that values up to 6.7%107'9] may be possible.

In order to come from Ah (1400) to h , as defined in eq (8),

bulk
according to eq (9) the following correction has to be made:

= - 1400) + 5/2 k * 1400 - * 1400 00) + 9/8k0_.
hbulk ah ( ) /2 k * 1 3k Msn,'m 0) / 00

It is seen that the correction is of minor Importance compared with the

other uncertainties. Therefore the value to be used will be:

= - 6,0%10" 197
hbulk 6.0%10
An independent check on the feasibility of this value can be obtained
through the surface free energy. According to table 4.3 the values
*10~ 19
bulk would be 1.5%10 J
for the (111)-face and 2.0%107!9 J for the (100)-face. Experimental

derived for g*a? from the present value of h

values are available for temperatures close to the melting point: 1726K.

Making the corrections for the temperature dependance of ¢*a? indicated
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in table 4.3 and using the values for a2 of 5.37 #1020 2 for the
(111)-face and of 6.20%10720 m2 for the (100)-face, the following values

are predicted for the surface free energies:

2.02 J m2
2.55 J m=2

(111)-face: ¢
(100)-face: ¢

A representative experimental value is 1.81 J w2 [5, 6]. Also here we
find a justification of the adopted value for hbulk' while there is an

indication that we may have overestimated our values of ¢ and of the

quantity 2¢a3/kT.

A.4. Geometric factors

The factor a, occuring in the various geometric factors of section 4.3,
has different origins. It may arise from the volume per atom added to
the growing crystal, but also from the surface per adsorption site
either for nickel or for alumina. Finally, in one case it applies to
the linear distance separating adsorption sites along the edge between

nickel particle and the alumina support.

Obviously it is an approximation to define these quantities as a?, a?
and a, respectively, and to use the same numerical value of a in the
three cases. In view of the other approximations made, however, this
modest approximation is easily justified. The numerical value taken in
order to calculate tables 4.4 and 4.5 is 2.22*107 !0 m, which is vm1f3,
where vm is the volume per atom of bulk nickel. The corresponding

distance between nearest neighbour atoms in the nickel crystal is:
a' = a*21/6 = 2.49%10" 0 m

There is one instance, where more care is required in defining a, namely
equation (4.19) for the growth rate as limited by two dimensional
nucleation on particle facets, as is seen in section 4.6. Here the
growth rate is strongly influenced by the exponential

e € 3 *

el g o
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In this formula, a represents the thickness of an extra adsorbed layer,
while € and o must be derived from the estimated values for the atomic
quantities €a = ' and gal = g' of table 4.3. In the latter two
equations, a represents the distance between nickel atoms along the edge
of the two dimensional nucleus and a? the surface per nickel atom at the
lattice plane considered. Different results are obtained for the

(111) and (100) faces of the fcec nickel crystal, as can be seen in table
A.10.

Table A.10. Characteristic parameters for different crystal planes

Thickness of Distance Surface £
ag
the ads. layer | along edge per atom
2
(111) 1/3 a'y6 a' 1/2(a') A e'/a -3/2/4
—
(100) 1/2 a'/2 a' (a')? 'l - 2 _J

Similarly, in the factor we/2kT, e should be taken as:

gt '

= L6

a' a*2
In connection with this point it should be stressed that all through
chapter 4 essential formulas about surface free energies of curved
surfaces of small particles and curved edges of two-dimensional nuclei
have been used as derived for continous media and perfect spherical or
circular shapes. The particles studied in the present research, however,
have radii of the order of nm, while the two dimensional nuclei are even
smaller. The number of atoms in such particles might deviate
considerably from the idealized shapes. This problem has been studied
extensively by J.C. Anderson [5}. Fortunately his conclusions are, that
although some quantitative differences may occur, the qualitative
description tgking into account the correct structures on an atomic
scale, does not deviate essentially from the description based on

continuous models.
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A.5. Zeldovich factor

The Zeldovich factor in the equation for the rate of formation {IN} of
two-dimensional nuclei on a flat surface, see section 4.6, expresses the
consequences of deviations from equilibrium in the concentrations of
nuclei of sizes close to the critical size. It is a dimensionless factor
and provisionally it has been taken as equal to 1. In fact the correct
value is:

263a7 1721 1.3/2

6 () s
n2e2kT 5 T

With the values of the various parameters, used earlier, and with r and

r* expressed in nm:

372 372 - 372
z2=0.25 Gp-27" =025 () (’Tl) Fot the (T11)-Face
and:
3’2 =l B2
Z=1.12 (1;*) (-Qp-l) for the (100)-face

where p is a dimensionless radius defined as p = r/r*.

It is seen, that Z depends on r* and p. In view of the dominating

effect of the second exponential factor in eq. (4.19) and the limited
ranges of r* and p, where two-dimensional nucleation operates, it is
quite reasonable to take Z as a constant. It is also seen, however, that
the value of this constant is better approximated by for instance 0.05
than by 1.
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SUMMARY

The physical principle by which the catalytic activity of a metal/oxide
catalyst decreases is coarsening of the metal dispersion. This process
may be caused by sintering of the support, Ostwald ripening of the metal
particles, or by particle growth through collisions of migrating metal
particles along the support. Because of the intense contact hetween
metal and carrier, mutual interaction may change the sinter behaviour of
the individual compounds. Much work is devoted in literature to the
influence of dopes on the thermostability of highly porous alumina
supports, while less is known about the influence of the support and

dopes on the sintering of the supported metal particles.

The study described in this thesis, is performed in order to give more
insight into the sinter mechanism of supported metal dispersions and the
influence of additives on this part of the process.

In chapter 1 this study is placed within the framework of the

research in our laboratory. A short summary is given of literature
concerning the following subjects: sintering of NifAlg)a catalysts, the
behaviour of Pt and Pd supported model catalysts and fundamental studies
emphasizing the theoretical aspects of sintering.

The study in question follows two main lines, viz: sinter kinetic
measurements of a model Ni/A1203 catalyst with or without additives and
chemical analysis of the metal support interface on the one hand, and
development of a theoretical sinter kinetic model suitable for analysis
of the experimental data, on the other hand.

In chapter 2 preparation and sinter experiments of four different

model systems, viz. Ni/alzoa, Ni/Cr!AlZOS, Nian/Mz{)3 and
Ni/Mn/Cr/A1,0,, have been described. Sintering at 873 and 973 K is
followed ex-situ in the Transmission Electron Microscope and samples,
after sintering for about 300 hours, have been analyzed by Transmission
Electron Diffraction.

Independent of the sinter temperature or composition, all model
catalysts show a fast initial stage of sintering of 10 hours, followed
by stabilization of the mean particle size. Dispersions with a mean
particle radius of 11 nm are thermostable even at 973 K.

During ageing of the Ni/Al,03; model catalyst at 973 K nickel aluminate
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is formed. Addition of manganese leads to enhanced sintering rates,
while again nickel aluminate is formed. Addition of chromium delays
sintering and apparently prevents formation of nickel aluminate.
Addition of chromium and manganese together, only slightly influences
the stabilization level. In this catalyst nickel and manganese aluminate
is detected. The results of the chemical analysis of the Ni."AIZD3
interface are presented in chapter 3. Analysis is carried out with

X-ray Photoelectron Spectroscopy, combined with ion etching, in order to
obtain depth profiles, using thin layer composites aged for 100 hours in

hydrogen at 973 K.

The interfacial layer in the Ni/Al,03 system consists of a solid
solution of nickel oxide in alumina. In the Ni/Cr}’hlé}3 composite nickel
chromate is supposed to form the interfacial layer, while no diffusion
layer could be detected in the Ni{Mn/Alzog composite.

In chapter 4 a theoretical analysis of the kinetics of the growth of
individual particles is given and by means of a thermodynamic and
kinetic model an estimate is made of the rate determining process

steps.

Using Eyring's theory of reaction rates for all elementary steps
occurring, the rate is found to be proportional to the concentration of
atomic species in the transition state and hence dependent on the
chemical potentials of the reaction partners. By neglecting the
vibrational and rotational entropy contributions in the chemical
potentials, relatively simple equations are obtained for the reaction
rates. From the equilibrium calculations calculations result in the
concentrations of the migrating atoms in the gas phase and adsorbed
states. Diffusion from and towards a particle is subsequently defined
and by means of a geometric factor converted into a growth rate.

Using a broken bond model, all important, but unknown, energy parameters
are related to the experimentally known value of the heat of evaporation
of nickel. So the rates of individual growth steps can be estimated and
rate determining steps established.

For nickel particles on an alumina support, the growth appears to be
determined either by diffusion of atomic species to the vapour phase or
by diffusion along the alumina support. However, as soon as growth is
determined by nucleation -in the case of faceted crystallites—

effectively growth is terminated.
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A critical analysis, in the appendix, of the approximations used in the
kinetic and thermodynamic model shows, that, taking into account the
mobility of the transition states for adsorption and desorption our
calculations lead to substantially increased growth rates. However, this
effect is partially compensated by considering the contribution of the
vibrational entropy in the chemical potential of bulk nickel as well.
Moreover, by this effect the vapour pressure of nickel and the
equilibrium amounts of adsorbed nickel are reduced significantly. In
this way it also becomes clear, why there is no more depletion of nickel
from the sample by diffusion away into the reactor.

In chapter 5, the kinetics of the sintering of a supported particle
dispersion, Ostwald ripening, by atomic emission and capture is
discussed, using the model of eg. T.M. Ahn, based on the L.S.W. theory
with some modifications. An essential improvement is obtained by using a
better series expansion for the factor representing the supersaturation.
Now the kinetics is no longer of the power law type predicted in
previous theories, but an additional exponential dependency on the
particle radius appears.

Numerical calculations predict a maximum particle radius of 3 nm for
sintering at 873 K during 1000 hours, while the process is determined by
diffusion of mobile adatoms along the support. Sintering at 973 K during
1000 hours, with the same mechanism determining sintering, leads to a
maximum particle radius of 8 nm. For particles with a radius larger than
0.5 om (at 873 K)and 2 om (at 973 K) growth stops as soon as faceting of
the nickel particles occurs and nucleation inhibition becomes rate
determining.

In chapter 6 the results of the experimental studies are compared

with the theoretical predictions.

At 973 K, sintering of all model catalysts, independent of the chemical
composition, appears to be governed by diffusion of the mobile adatoms
along the alumina support as rate determining step. The rate of this
diffusion appears to be sensitively influenced by the type of additive
used. Probably, this is so, because there is a rather delicate balance
between localized and mobile adsorbed species, the latter contributing
much more to mass transport than the former. Additives apparently will
influence this delicate balance. Further in some cases the development
of a diffusion boundary layer, as shown by the XPS analyses, appears to

be accompanied by improvement of the nickel crystallite habits,
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resulting in stabilization of the mean particle size of the nickel
dispersion. Overall, the reaction rate and hence the degree of
stabilization decreases in the order NiCr,0, > NiAl 0, > MnAl ,0..

At 873 K, very low rates of sintering are predicted by the theoretical
treatment for particles with radii larger than 3 nm. Experimentally
substantial sintering is observed for such particles. Indications have
been obtained, however, that, contrary to the original intent of this
investigation, the alumina carrier films were not sufficiently
thermostable and did show a certain amount of recrystallization during

the sinter experiments.
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SAMENVATTING

Het fysisch proces, verantwoordelijk voor de afname van de katalytische
activiteit van metaal-op-drager katalysatoren, is het grover worden van
de metaaldeeltjes. Dit proces wordt veroorzaakt door zowel het sinteren
van de drager, vergezeld van migratie van metaaldeelt jes over de drager,
als door groei van de metaaldeeltjes. Vanwege het intensief contact
tussen beide componenten kan onderlinge befnvloeding leiden tot een
specifiek sintergedrag van elk van beide componenten. Uitgebreid onder-
zoek is en wordt verricht naar de invloed van dotering op het sinterge-
drag van hoog poreuze alumina dragers, terwijl weinig hekend is over de
invloed van alumina dragers en doteringen op het sintergedrag van de
metaaldispersie. Het onderzoek, zoals beschreven in dit proefschrift, is
uitgevoerd om meer inzicht te verkrijgen in het sintermechanisme van
nikkel metaaldispersies en de invloed van alumina dragers en doteringen
op het sintergedrag van de metaaldispersie.

Het onderzoek, zoals beschreven in dit proefschrift, is uitgevoerd om
meer inzicht te verkrijgen in het sintermechanisme van nikkel metaal
dispersies en de invloed van een aluminadrager met en zonder toevoe-
gingen.

In hoofdstuk 1 is dit werk geplaatst in het kader van het onderzoek
binnen onze groep. Met een korte samenvatting wordt een literatuurover-—
zicht gegeven van achtereenvolgens het sinteronderzoek aan Ni/AlZO3
katalysatoren, het onderzoek naar het gedrag van Pt en Pd dispersies op
een stabiele aluminadrager en fundamenteel theoretisch onderzoek van de
sinterkinetiek van kleine metaaldeeltjes op een drager.

Het onderhavige onderzoek verloopt langs twee lijnen, namelijk het expe-
rimenteel bestuderen van het sintergedrag van een NifAljJs modelkataly-
sator met en zonder toevoegingen en chemische analyse van het nikkel-
drager grensvlak enerzijds, en het ontwikkelen van een theoretisch sin-
termodel voor de analyse van de experimentele resultaten anderzijds.

In hoofdstuk 2 wordt de bereiding en het sinteren van vier verschil-
lende modelsystemen, te weten Ni{'A1203, Ni/Cr.’Alzoa, Ni/Mm’A1203 en
Ni/Mn/Cr/Al,0, beschreven. Sinteren is ex-situ gevolgd in de Transmissie
Electronen Microscoop bij 873 K en 973 K en na 300 uur sinteren geanaly-

seerd met Transmissie Electronen Diffraktie.
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Ongeacht de sintertemperatuur vertonen alle modelkatalysatoren een snel-
le stijging van de gemiddelde deeltjesgrootte gedurende de eerste 10
uur, waarna sinteren afneemt en de deeltjesgroctte een stabilisatieni-
veau bereikt na ca 50 uur. Dispersies met een gemiddelde deelt jesstraal
van 11 nm zijn zelfs bij 973 K thermostabiel.

Tijdens het sinteren van de Ni}A1203 katalysator bij 973 K ontstaat
nikkelaluminaat. Toevoeging van chroom vertraagt sinteren en gaat de
vorming van aluminaat tegen. Daarentegen versnelt mangaan het sinteren
van de nikkeldispersie terwijl ook in deze katalysator nikkelaluminaat
ontstaat naast mangaanaluminaat. Bij het gebruik van een gecombineerde
tussenlaag wordt slechts een lichte verhoging van het stabilisatieniveau
verkregen. In deze modelkatalysator wordt eveneens nikkel- en mangaan-
aluminaat aangetaoond.

De resultaten van de chemische analyse van het NifAli}a grensvlak zijn
weergegeven in hoofdstuk 3. Analyse is uitgevoerd met Rdntgen Foto
electronen Spectroscopie (XPS5), waarbij door combinatie mer ionen ersen
diepteprofielen gemeten konden worden rondom de grensvlakken van dunne-
laagcomposieten. Na de reaktie in waterstof bij 973 K gedurende 100 uur
ontstaat in het Niz"Alz{J3 composiet een grenslaag, bestaande uit een
vaste oplossing van nikkeloxide in alumina. In het Ni/Cr/Al 0, composiet
ontstaat nikkelchromaat aan het grensvlak, terwijl geen reactieproducten
worden gevonden in het Nifﬂn/ﬁ1203 systeem.

In hoofdstuk 4 wordt de kinetiek van de groei van individuele deel-

tjes op een drager geanalyseerd en met een thermodynamisch en kinetisch
model wordt een afschatting gemaakt van de snelheidsbepalende proces-—
stappen. Dit geschiedt door de snelheden van de verscheidene processtap-
pen te beschrijven met de meest eenvoudige versie van Eyring's theorie
voor reactiesnelheden. Hierbij wordt aangenomen dat de overgangstoestand
in evenwicht is met de reactanten en aldus de concentratie daarvan be-
paald wordt door de chemische potentiaal van de desbetreffende reactan-
ten. Door alle vibratie- en rotatiebijdragen in de chemische potentiaal
te verwaarlozen worden relatief eenvoudige relaties verkregen voor de
reactiesnelheden. Uit het evenwichtskriterium wordt de concentratie van
de migrerende metaalatomen op diverse plekken in het systeem verkregen,
waarmee de massastromen van en naar een deeltje kunnen worden gedefini-
eerd. Met een geometrische factor worden deze massastromen omgezet in
groeisnelheden bestaande uit een nagenoeg temperatuuronafhankeli jke

pre-exponenti&le factor en een activeringsenergie.
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Gebruikmakend van een "broken bond model” worden alle essenti#le en
onbekende energieparameters gerelateerd aan de verdampingswarmte van
kristallijn nikkel.

Uit een afschatting van alle groeisnelheden blijkt dat de groeisnelheid
hoofdzakelijk wordt bepaald door verdamping naar de gasfase of door dif-
fusie over de drager, en nagenoeg direkt stopt zodra het groeiproces
bepaald wordt door nucleatie.

Een kritische analyse, in de appendix, van de henaderingen gemaakt

in de kinetische en thermodynamische beschouwing, laat zien dat verwaar-
lozing van de mobiliteit van de overgangstoestand voor adsorptie en
desorptie leidt tot een onderschatting van de groeisnelheid. Daarentegen
leidt de correctie van de thermodynamische potentiaal van "hulk"-nikkel
met de vibratie-entropie tot een sterke vermindering van dampspanning en
de verdampingssnelheden, hetgeen niet alleen het voorgaande effect voor
een deel compenseert, maar bovendien duidelijk maakt waarom er geen
nikkelverlies optreedt door diffusie van het preparaat af.

In hoofdstuk 5 wordt de kinetiek van het sinteren van een deelt jes-
verzameling op een drager —het "Ostwald ripening" proces—beschreven aan
de hand van het model van o.a. T.M. Ahn, gebaseerd op de L.S.W. theorie,
en hier en daar aangepast. Een essenti&le verbetering wordt verkregen
door het toepassen van een betere reeksontwikkeling voor de factor, die
de oververzadiging weergeeft. De groeisnelheden voor het geval van mas-
satransport door diffusie via de gasfase en over het drageroppervlak
zijn dan niet meer alleen evenredig met rn, maar eveneens exponentieel
afhankelijk van r. Numerieke berekeningen voorspellen voor het sinteren
bij 873 K gedurende 1000 uur een maximale gemiddelde deeltjesstraal van
3 nm met diffusie van mobiele adatomen over het drageroppervlak als
snelheidshepalende stap. Sinteren bij 973 K verloopt via hetzelfde sin-
termechanisme, waarbij na 1000 uur een maximale gemiddelde deelt jes-—
straal van 8 nm mogelijk is. Zodra nucleatie tijdens groei de snelheids-
bepalende stap wordt, treedt een aanzienlijke vertraging in groei op van
deelt jes groter dan 0,5 nm bij 873 K en 2 nm bij 973 K.

Uit de analyse van de experimentele resultaten van het kinetisch en
chemisch onderzoek bij 973 K, zoals weergegeven in hoofdstuk 6,

blijkt dat sinteren, ongeacht de chemische samenstelling van de modelka-
talysator, beschreven kan worden door atomaire emissie en invangst met
diffusie van mobiele adatomen over de alumina drager als snelheidsbepa—

lende stap.
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Het blijkt, dat de diffusiesnelheid sterk beinvloed wordt door de toe-
voeging van Cr en/of Mn. Dit 1ijkt vooral een gevolg te zijn van de
delicate balans tussen gelocaliseerde en mobiele adsorptie, waarbij
mobiele adatomen belangri jk meer bijdragen tot het massatransport, dan
hun gelocaliseerde partners. Verder kan het ontstaan van een diffusie-
grenslaag tussen metaaldeeltjes en drager gepaard gaan met het ontstaan
van laag energetische kristalvlakken aan het nikkeloppervlak en stabili-
satie van de gemiddelde deeltjesgrootte. Samenvattend blijkt dat de mate
van stabilisatie afneemt in de volgorde NiCrz0y > NiAl 204 > MnAl 20 .

De theorie voorspelt zeer lage sintersnelheden bij 873 K voor deeltjes
met een straal groter dan 3 nm. Dat experimenteel toch ook voor grotere
deelt jes substanti¥le sintering is waargenomen, moet dan ook toegeschre-
ven worden aan de omstandigheid dat, tegen de bedoeling in, de alumina
vliesjes toch niet voldoende thermostabiel waren en zelf rekristalli-

seerden.
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lattice parameter; adatom jump distance

diffusion coefficient

binding energy per atom/ion

kinetic energy per atom/ion

Gibbs free energy

free energy of formation of a critical nucleus

enthalpy content per atom

peak intensity

rate of formation of two-dimensional nuclei

mass flux

ratio of average distance between particles and particle

diameter

ratio of sample diameter and particle diameter

atomic
number
number
number
length
number

number

mass
of atoms/ions
of adsorption

of adsorption

of species in

per unit volume
sites per unit area

sites along the edge of a particle per unit

the transition state per unit area

of adsorbed species per unit area

equilibrium concentration of adsorbed species

number of critical nuclei per unit area

vapour

pressure

normal atmospheric pressure; 1*10°5 Nm™ 2

vapour

vapour

pressure over

pressure over

photoelectron

radius

radius

of a particle

of a particle

entropy; sensitivity

thin film composite

a flat surface

a particle with radius r

in equilibrium with the environment

factor

activation energy for jumps along the surface

reaction rate

adsorption rate

condensation rate
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vy rate of desorption
ve evaporation rate
W energy content of a single bond
" intensity ratio of the most prominent XPS peak and the total
photoelectron peak
Z Zeldovich non-equilibrium correction factor
OD Debye temperature
£ edge energy
Y Young's contact angle
A adjustable parameter in ensemble growth rate
u chemical potential
v vibrational frequency of adsorbed atoms
w average jump frequency
P dimensionless radius: r(t)/r*(t)
- radius of a critical nucleus
o surface free energy
T time constant for diffusion
1 dimensionless time: In [r*(t)/r*(o) ]
h constant of Planck; 6.63 * 10734 J s
constant of Boltzmann; 1.38 * 10723 Jk~!
ay  Avogadro number; 6.02 * 1023 po1-=!

m(Ni) 9.75 * 10726 kg
a(Ni) 2.22 *# 10”10 g
a(Pt) 2.47 * 10710



CURRICULUM VITAE

De schrijfster van dit proefschrift werd geboren op 29 september 1949 rte

Paramaribo in Suriname.

Na in 1965 vanuit Paramaribo te zijn geemigreerd naar Hoensbroek
(Nederland, Limburg) behaalde zij in 1969 haar H.B.S.-B diploma aan het
St. Claracollege in lleerlen.

In hetzelfde jaar begon zij met de Scheikunde studie aan de Technische
Universiteit te Delft. In maart 1980 legde zij met goed gevolg het
doctoraal examen af, met als afstudeeronderzoek het hestuderen van de
heterogene uitwisseling van ionen tussen kristallen en hun verzadigde
oplossing, onder leiding van Prof.Ir. J.P.W. Houtman van het IRIL.
Hierbij verwierf zij de eerstegraads onderwijsbevoegdheid in de

scheikunde, natuurkunde en mechanica.

Van augustus 1980 tot augustus 1984 was zij in dienst van het SON/ZW0
bij de vakgroep anorganische- en fysische chemie van de afdeling
Scheikundige Technologie in Delft. Gedurende deze periode is het
onderzoek dat beschreven is in dit proefschrift uitgevoerd onder leiding

van Prof.Dr.Ir. L.L. van Reijen.

Sinds 1 juni 1985 is zij werkzaam bij het Energieonderzoek Centrum
Nederland, afdeling Chemie en Materiaalkunde.




STELLINGEN

De benadering van de Kelvin-Thomson vergelijking met een beperkte
reeksontwikkeling is onjuist in het geval van deeltjes ter

grootte van enkele nanometers.

Dit proefschrift, hoofdstuk 5.

Het door Suwa voorgestelde verdichtingsmechanisme van met a-Al,0,
gezaaid boehmiet is in tegenspraak met de gepresenteerde
réntgendiffraktie gegevens.

Y. Suwa, R. Roy, S. Komarneni; Mat.Sci. & Eng. 83 (1986) 151.

De door Bettinelli voorgestelde procedure om zeer zuivere alumina
poeders versneld te verdichten met sinterhulpmiddelen die in
minder zuivere alumina poeders reeds als verontreinigingen aan-

wezig zijn, getuigt niet van kostenbewustzijn.

A. Bettinelli, J. Guille, J.C. Bernier; Cer.Int. 14 (1988) 31.

In de door Aksay gegeven modelbeschrijving van het slibgietproces
is het verloop van de drukgradiént in de mal en de koek niet
correct afgeleid.

I.A. Aksay, C.H. Schilling, in Advances in Ceramics,
J.A. Mangels en G.L. Messing, Eds., American Ceramic Society,
Columbus, OH, 1984, Vol. 9, pg. 85.

Voor de weergave van het mechanisch gedrag van polymeercomposie-
ten, is de rek een betere maat dan de spanning.

In het extrusieonderzoek van keramische pasta's op basis wvan
thermoplasten zou de huidige kennis op het gebied van vormgeving
van gevulde polymeren vruchtbaar gebruikt kunnen worden.
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Aangezien het Trommsdorff-effect en het gel-effect gelijktijdig
optreden bij radicaal polymerisatie, worden zij dikwijls vereen-
zelvigd. Het ware beter duidelijk onderscheid te maken tussen

deze effecten.

Spuitgieten van keramische pasta's op waterbasis heeft duidelijk
economische voordelen ten opzichte van het gebruik van pasta's

op basis van thermoplasten.

Hg-porosimetrie, gebaseerd op een cylindrisch poriemodel, geeft
geen betrouwbare weergave van de poriestructuur van een wille-

keurig poreus materiaal.
Het nadrukkelijk werven van vrouwen voor beroepen die hun aan-

trekkingskracht op de arbeidsmarkt hebben verloren, kan worden

gezien als een echec van de emancipatiegedachte.

Luci Correia Delft, 23 mei 1989



