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Abstract A microscopic model based on the appearance,
diffusion, and aggregation of point defects allows to cal-
culate the time of appearance of the first nucleus on a
surface during a reaction between a solid and a gas. Cal-
culated distributions of these times of appearance of the
first nucleus are qualitatively compared to experimental
ones, previously determined. The appearance of the point
defects seems to be the most influential step on the time of
appearance of the first nucleus. Moreover the comparison
between experimental and calculated distributions allows
to conclude that the frequency of appearance of the defects
is higher on the edges than on the faces of the single
crystal.

Introduction

Two different processes occur during the reactions of a
solid’s decomposition, and more generally during the
reactions between a solid and a gas: nucleation and the
growth of nuclei.

Nucleation is the process responsible for the appearance
of the nuclei, which are the smallest possible volume of the
new solid phase. Then the growth of these nuclei
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corresponds to the development of the new solid phase, to
the detriment of the initial solid phase.

This growth process is quite well understood for reac-
tions between a solid and a gas [1-4]. On the contrary, the
nucleation process remains much less well known, and it is
notably very difficult to find quantitative data about this
process in the literature.

Numerous questions remain unanswered concerning the
nucleation mechanism during solid/gas reactions, espe-
cially about the size of the nucleus, its shape, the precise
mechanism for the nucleus formation, etc.

In order to try to answer some of these questions, we
decided to study the model reaction of the dehydration of
lithium sulfate monohydrate single crystals, which has
been studied extensively [5—18]. This reaction corresponds
to the equation:

Li;SO4 - HyO(s) — LipSOu4(s) + HyO(g). (1)

The progress of the reaction as a function of time was
followed by isothermal thermogravimetry at a constant
pressure of water vapor. The kinetic curves of conversion
versus time, o(f), could be explained due to a nucleation
and isotropic growth model for o varying from O to 1 [14—
16]. We observed that induction periods were systemati-
cally present at the beginning of the dehydration of each
single crystal, so we focused our study on the modeling of
the initial part of the o(f) curves. It was shown that it is
possible to calculate, for each single crystal, the experi-
mental time of appearance of the first nucleus from the
experimental kinetic curve. These works provide evidence
that the distributions of the experimental times of appear-
ance of the first nucleus depend on the water vapor
pressure. Indeed, these distributions are shifted towards
longer times when the water vapor pressure increases.
Moreover their shape presents one mode at low water
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vapor pressure, and two modes when the water vapor
pressure increases. The first mode seems to be due to the
nucleation on the single crystal’s edges, whereas the sec-
ond one seems to be due to nucleation on the single
crystal’s faces.

In order to explain these phenomena, we decided to
describe the nucleation process by means of a microscopic
model based on the appearance, diffusion, and aggregation
of precursors, which are elementary defects.

The aim of this model of nucleation is to reproduce as
accurately as possible the process of nucleation and to
determine the time of appearance of the first nucleus at a
surface in given conditions.

Description of the model

The mathematical details of the model are given elsewhere
[19]. In this paper, we just present the general structure of
the modeling, the results obtained for the dehydration of
the Li,SO4-H,O surface, and their comparison to
experiments.

The symbols, their signification, and their units used in
the following text are summarized in Table 1.

The model consists of a microscopic and probabilistic
approach in two dimensions, and requires a discretization
of both space and time.

The modeling is based on static aspects, which represent
the physical reality, and dynamic aspects to account for the
induction time.

The static aspects are the following:

— the single crystal is a three-dimensional lattice; the
arrangement of atoms and molecules corresponds to the
crystallographic structure of the solid,

— locally, the surface of the single crystal is an ordered
plane of atoms and molecules, it is a two-dimensional
structure,

— the nucleus is a part of the crystallographic plane of the
surface, this part being sufficiently disturbed to allow

Table 1 List of symbols used in the model

the change of chemical phase. The element which
disturbs the lattice is called a defect. In general, it
corresponds to the addition (or the removal) of a
molecule or an atom to (or from) one particular site of
the lattice. The nucleus is then characterized by a
geometry (a set of lattice nets) and a composition (the
number of defects necessary for the phase change).

The model is also based on two dynamic aspects:

— The creation of the defects occurs randomly: the
defects are formed at random in space (in the crystal-
lographic structure) and in time. From a probabilistic
point of view, the appearance of the defects is modeled
by a discrete Poisson process, using a parameter y that
represents the average number of new defects created
by unit of time and by unit of area. The probability that
a defect appears in a surface site during the time
interval [t,7+df] is equal to 1 — exp(—sgydr), where sq
is the area of an elementary site.

— Once appeared, the defect can move at the surface and
can migrate to a neighbor site. This migration is all the
easier as the defect is then in a lower-energy state. The
resulting configuration of the atoms is thus more stable.
This phenomenon of migration also occurs at random:
each defect has several neighbors, what makes several
sites of reception possible.

During the time interval [(k — 1)At, kAr], the ability that
a defect has to move depends on one hand on the intrinsic
mobility of the particles (diffusion aspect) in the structure,
which is parameterized by the set of parameters oy,...,x,
(v being the number of neighbors) and on the other hand on
the attraction of the defects: to each possible configuration
after migration corresponds an energy that quantifies its
attractive capability. For a binary image X (1 being a defect
present on site j, and 0 not) at N sites, the energy is equal
to:

O =YY (0 - X)) @

i=1 j=i,

Symbol Signification Unit

So Surface of an elementary site m? or A2

b Frequency of appearance of water vacancies Number of vacancies m™2 unit of time ™'
p Coefficient of attraction of the water vacancies None

o; Intrinsic mobility of the water vacancies in the i direction None

d; Distance between two sites in the i direction m? or A2

Pp(X) Potential corresponding to a surface configuration None

Dj Probability None

D Diffusion coefficient of the water vacancies m? unit of time ™"

@ Springer



J Mater Sci (2008) 43:4675-4683

4677

To this energy is associated a potential which is equal
to Pp(X) = exp(—PH(X)). This potential is stronger
when the image is homogeneous, i.e., the defects are
grouped.

Thus, the probability that a defect from image X moves
to form an image I; is than equal to:

_ o;Pp(1%)
B > iy wuPp(I) + (1 - “I)P/J’(X)‘

This probability is proportional to the potential of the
image coming from the migration. Thus, the migration
supports the regrouping of the defects.

The defects migration law depends on the parameters
o,...,0, and f. The parameters oy,...,0., depend on the
temperature. Indeed, the intrinsic mobility of the defects in
the structure is easier when the temperature is high.
According to [20, 21], the parameter «; is linked to the
average diffusion coefficient D of the defect by the
relation:

DAt = Z Otldlz

The appearance of a nucleus is then the consequence of the
dynamic of this process, and more precisely of the coa-
lescence of defects, which results from their appearance
and their migration at the surface.

The time is discretized arbitrarily. Nevertheless the
choice of the time step is such that the processes of
appearance and migration of defects are elementary pro-
cesses between two successive instants.

(3)

Pj

Results and discussion

For this model of nucleation, five parameters determine the
model of nucleation:

— the size and the shape of the surface’s tiling,

— the frequency of appearance of water vacancies,
denoted by y,

— the parameter of attraction of vacancies, denoted by f,
and

— the diffusion coefficient of the vacancies, denoted by D.

In order to determine the shape and the size of the
network, we refer to a previous work [22]. In this work, we
carried out some microscopic investigations of both the
bulk and surface of Li,SO4-H,O by means of atomistic
simulations. We noted that the most stable surface of a
Li,S0O,4-H,O0 single crystal is the (—1 0 1) face. As a con-
sequence, we chose this face to determine the shape and
size of the surface tiling for lithium sulfate monohydrate.
We wused a rectangle, with dimensions equal to
4,860 x 8,305 A2 and containing two lithium atoms, one

J=d=4.86 &

S I d=d=8,305 &

Fig. 1 Tiling used to represent the (—1, 0, 1) face of Li,SO4-H,O

sulfate group, and one water molecule. This rectangle
allows the entire surface to be recovered by simple
translations.

Thus we retain that an elementary site has a surface
so = 40,362 A” and that distances between neighbor sites
are d, = d, = 4,860 A in the east-west direction and
d, = d, = 8,305 A in the north-south direction, as indi-
cated in Fig. 1.

This choice of a rectangular tiling allows us to simplify
the relation between the parameters o; and the average
diffusion coefficient of the defect. Each site having four
neighbors, Eq. 4 becomes:

DAt = opd? + oed® + ad” + oyd>.. (5)

Moreover, as d, = ds and d. = d,, the probability of
migration of a defect from one site to its east neighbor is
the same as that for migration to its west neighbor. This
equality also holds for the north and south direction, what
means:
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Fig. 2 Snapshot of a surface at two instants 7 and 7 + At. The circles
represent the positions of the defects at time ¢ and the crosses
represent the defects at time 7 + At
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oy = ogand o = oy (6)

So Eq. 5 becomes:

DTAI = opd? 4 oed?. (7)
In order to simplify the calculations, and in consideration of
both paths (east-west and north—south), we decided that the
probability of migration is twice as easy in the east or west
directions than in the north or south ones, so o = o, = 20,.

So, in the case of lithium sulfate monohydrate, the
relation (7) between the average coefficient of migration
and the parameter o becomes:

. DAt
S 2(@2+4a2)

Except for the size and shape of the surface tiling, it has not
been possible to determine the other parameters in the
experimental conditions of our study (a temperature of
80°C and a water vapor pressure in the range 2.6—4.6 hPa).
Indeed, the energy required to remove a single water
molecule has been determined only at 0 K and under
vacuum. The determination of the diffusion coefficient of
the water vacancies requires a complete study using
molecular dynamics, which has not been done yet.

For our simulations, we decided to use the following
values:

the frequency of appearance of the defects y is in the
range 10'*-10'° defects by unit of time,
— the parameters of attraction f3 is between 0O and 1,

Fig. 3 Snapshot of surfaces at the time of appearance of the nucleus for three different configuration of the nucleus: (a) nucleus formed by four
defects with square shape, (b) nucleus formed by five defects with cross shape, and (c¢) nucleus formed by nine defects with square shape
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— the diffusion coefficient of the defect D is in the range
107"°~107>" m® unit of time™'

At each time ¢, defects can appear. Between two instants ¢
and 7 + At, defects can migrate in the four directions (north,
south, east, and west) or not migrate. Figure 2 represents a
snapshot of a surface at two different instants fand ¢ + Atz. In
this figure, the parameters of the simulation are: 100 x 100
sites, At = 1, y = 10", D = 107", and f§ = 0.4.

The shape and the size of a nucleus (i.e., the number of
defects which formed this nucleus) are chosen arbitrarily.
Figure 3 represents the surface when the first nucleus
appears, for three different configurations of the nucleus
(four defects with square shape, five defects with cross
shape, and nine defects with square shape). For these
simulations the parameters were as follow: 100 x 100 sites
At=1,7=10"D=10"", and § = 0.4.

Moreover, the model allows to consider a defect initially
present at the surface of the solid. For the moment, only
one defect can be positioned, which represents 0.1%o of the
surface sites (for 100 x 100 sites). This defect is fixed on
the surface during all the simulation time. It can represent a
water vacancy existing before the beginning of the reac-
tion, a surface defect or even a single crystal edge. Figure 4
represents two surfaces with an initial defect fixed at the
coordinates (3,3)—the indexed origin being situated in
the bottom left corner—at the instant of appearance of the
nucleus formed by nine defects with a square shape. The
nucleus is not necessarily formed where the initial defect is
(Fig. 4b). Nevertheless, we note that, even when the

(a)
I
wlugdsed bl

(b)

nucleus is not formed where the initial defect is placed, this
zone gathers a lot of defects. For these figures the simu-
lation parameters were 100 x 100 sites, At = 1, y = 103,
D=10"" and § = 04.

For a given set of parameters (shape and size of the
nucleus, y, D, f§), we can perform an important number of
simulations in order to obtain as many times of appearance
of the first nucleus. Thus we can calculate distributions of
the times of appearance of the first nucleus.

The following results were obtained with 50 simulations
(we have verified that the shape of the distributions are
identical to those obtained with 200 simulations).

By changing one parameter (the others being constant),
we can see the influence of each of them on the distributions.

The distributions represented in Fig. 5 show that, the
higher the number of defects that form the nucleus, the longer
the time necessary to form the nucleus, as expected. One can
also note that the shape of the nucleus is not very importance:
both distributions obtained with a nucleus formed by two
defects (horizontal or vertical) are roughly the same.

Figure 6 represents the influence of three parameters:
the frequency of appearance of the defects, the defect
mobility, and the attraction parameter. For each parameter,
three different values are used: a low, an intermediate, and
a high value. These distributions allow the observation that
the frequency of appearance of the defects is the most
influential parameter on the time of appearance of the first
nucleus; the attraction coefficient and the defects mobility
have less impact. Figure 6a, in particular, suggests that, for
a given single crystal, if two distinct frequencies of

nucleus

Fig. 4 Snapshot of surfaces at the time of appearance of the nucleus with an initial defect at the coordinates (3,3): (a) the nucleus appeared near

this defect and (b) the nucleus appeared elsewhere
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Fig. 5 Distributions of 50 times of appearance of the first nucleus:
influence of the number of defects and of the nucleus shape, the other
parameters being: 100 x 100 sites, At =1, y = 10, D= 107",
and f = 04
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appearance of the defects coexist on the same surface, the
distribution should be bimodal.

For the case of the presence of an initial defect at the
surface (located at coordinates (3,3)), the results are pre-
sented in Fig. 7 for the influence of the size and the shape
of the nucleus, and in Fig. 8 for the influence of the others
parameters (frequency of appearance of the defects, defect
mobility, and defect attraction).

The presence of an initial defect does not change the
influence of the parameters on the time of appearance of the
first nucleus: a nine-defect square still forms more slowly
than a four-defect square, and the frequency of appearance of
the defects is still the most influent parameter.

It is also possible to compare the distributions obtained
with the same parameters, with and without an initial
defect as shown in Fig. 9.

This figure shows that the presence of an initial defect
appreciably decreases the time of appearance of the first

(b)
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Time of appearance of the first nudeus
(arbitrary unit)

Fig. 6 Distributions of 50 times of appearance of the first nucleus: influence (a) of the frequency of appearance of the defects, (b) of the defect

mobility, and (c) of the attraction parameter
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Fig. 7 Distributions of 50 times of appearance of the first nucleus
with the presence of an initial defect: influence of the number of
defects and of the nucleus shape
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nucleus, whatever the shape of the nucleus. It is highly
probable that increasing the number of these defects would
reduce the times (for the simulations presented on Fig. 9,
there is one initial defect for 10,000 sites).

Now we can compare experimental distributions of the
times of appearance of the first nucleus obtained in a pre-
vious work [18] mentioned in the Introduction, with
distributions calculated by using the described model of
nucleation.

The surface element area being sy, = 40,362 A% and
the lithium sulfate monohydrate single-crystal surface
being in the range 5-10 x 107> m? a complete repre-
sentation of a single crystal’s surface requires roughly
10" sites, what is too large a number for simulation. So
we will limit ourselves to simulations on a 100 x 100
sites and to qualitative interpretations. Moreover all the
parameters of the model have not yet been determined in
the experimental conditions (which are 80°C with a water
vapor pressure in the range 2.6—4.6 hPa).
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Fig. 8 Distributions of 50 of appearance of the first nucleus with the presence of an initial defect: influence (a) of the frequency of appearance of
the defects, (b) of the defect mobility, and (c) of the attraction parameter
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Fig. 9 Distributions of 50 times of appearance of the first nucleus with and without an initial defect: (a) vertical nucleus with two defects, (b)
square nucleus with four defects, (¢) cross nucleus with five defects, and (d) square nucleus with nine defects

Experimental distributions of the times of appearance of
the first nucleus indicate that induction periods are greater
and that distributions are spread over a larger range when
the water vapor pressure is increased. For the calculated
distributions, a decrease in the frequency of appearance of
the defects has exactly the same impact. This is expected if
one considers that the defect is a vacancy of water mole-
cule, since their concentration is expected to decrease with
an increase in water vapor pressure.

Moreover, we have seen that, when the water vapor
pressure is increased, the distribution of the times of
appearance of the first nucleus becomes bimodal. Never-
theless, whatever the parameter of the simulation we vary, it
is not possible to obtain bimodal calculated distributions.
However the existence of two different frequencies of
appearance of defects results in a bimodal distribution, as
shown in Fig. 10. Using environmental scanning electron
microscopy, we have seen in [17] that one mode (the fast-
est) can be attributed to nucleation on the edges and the
other mode (the slowest) to nucleation on the faces, so we

@ Springer

can attribute one of these frequencies of appearance of
defects to the faces of the single crystal and the other to their
edges. This implies that the frequency of appearance of
defects is higher on the edges than on the faces of the single
crystals. Even if the simulations from the nucleation model
give qualitative trends, it is worth noting that they reproduce
the experimental data very well.

Conclusion

A microscopic model was used in order to determine the
time of appearance of the first nucleus at a surface during a
reaction between a solid and a gas. This model is based on
the appearance and aggregation of precursors, these pre-
cursors being point defects such as water vacancies in the
case of dehydration.

A parametric study of the model determined that the
frequency of appearance of the defects is the most
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Fig. 10 Example of the distribution of the times of appearance of the
first nucleus using two different frequencies of appearance of defects
(obtained with 2 x 200 simulations)

influential parameters on the time of appearance of the first
nucleus.

Moreover, a qualitative comparison with experimental
results allows an explanation for the existence of two
modes of nucleation to be proposed and to conclude that
the frequency of appearance of the defects is higher on the
edges than on the faces of the single crystals.
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