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Abstract — The kinetic model of electrochemical nucleation ofmicro- and nanoparticles is studied. The functional
dependence of probability of the energy of the paitle on the relative radius found earlier is usedn nucleation in the
statistical Heisenberg model. On the basis of thergposed theory, a simple ratio for calculation of pobabilities of kinetic
processes is obtained for the case of electrochealiaucleation.

Index Terms— micro- and nanoparticles, electrochemical nuclean, kinetic model.

I. INTRODUCTION

generalize the solution and compare it with theegain
thermodynamic relations. Therefore, the analyticitians
are of interest particularly since — in our viewthe solution
of a similar problem has already been examined5][2-

The control of the dimensions of the particles an@here the two-dimensional model that is not congbyet

layers of particles in the electrochemical procgsseone

adequate for our problem was examined) is not ntir

of the basic problems of the various forms opuitable for the discussion of the physics on thbjext

electrochemical technologies. The transition froracro-

phenomenon. Therefore, the first objective of thespnt

to micro- and nano- technologies is one of the dasVork is to derive the analytic expression thatasvenient

tendencies in the development of the
electrochemical dimensional treatment methods.
nucleation phenomenon plays a dominant role imtmeo-
treatment processes. The nucleation phenomenonthies
formation of the nuclei, has long been studiediiretic of
phase transition. Along with the particular tedlogecal
problems of the resolution of the electrochemicadsiions,
are the general approaches to these problems fispkygi
the evaluation of the possible dimensions of thdigas
and their connection with the energetic parametére
present article is devoted to this question. While first
part of the article is a critique of the conventibn
thermodynamic approach, in the second part we pmint
the place of this approach and find its applicabili
criterion.

The thermodynamic approach makes isiptes to
obtain simple relations for the radius of the resgl
particler, [1]:

@

whereg is the specific surface energy amds the change
of the volume energy in the phase transition (iupon

r.~Kolu

moderfpr the discussion — and to draw conclusions regato the
THRerresponding nucleation problem. We shall show the

division of the total system energy into the freeface
energy and the bulk (corn) energy for the phenomeosfo
the nucleation of the micro- and nano-particless -was
done in [1] - is quite arbitrary. This division Basily
realized for the systems with induced anisotropy.

II. STATISTICAL MODEL

The classic Heisenberg statistical model for the-tw
dimensional space that is applicable for the staflyhe
magnetization of the ferromagnetic material is eixeth in
[2]. It is known that the statistical sum and the
thermodynamic functions are determined by the local
energy minima. We shall use the variation minimunthe
exchange energy (in the cylindrical coordinate exygtthat
was proposed in [2]. As in [2 - 5], we examine the-
temperature limit, when a single energy minimum is
significant. Therefore, we replace the variationtted free
energy by the variation of the energy of statistitadel

nucleation) K is the particle shape factor. The account fofwe will discuss this approximation later):

the fact that nucleation may take place on theaserbf the
macroscopic body (or in the pores) reduces in essére
change of the constants in the equation (1) witoawt for
the phenomenological interaction with the surfatehe
macroscopic material. The further generalization thod
results of the thermodynamic relations to the eatadm of
the kinetic phenomena reduces to the introductibthe
equilibrium thermodynamic potential (with accourdr f
formula (1)) and the use of fluctuation theory. Hwer, in

this approach the connection between the thermadigna

concepts and the possible statistical model thatbie to
include the nucleation phenomenon is not a prieident.
At the present time the computational methods aesl dor
the statistical models, but in this case it is idifft to

5[ T(p)dv=0 2)
the integration is performed over the entire voluwmef
particulars and

T(p) =A/2{(0")? + a2 (sind)¥ p 2}, (3)
wherep =1/ I'. is the radial relative coordinaté < p < 1),
6(p) is the angle between the cylinder axis and the
magnetization vectdr < 6(p) < 7/2),

az=(B-1)/A (3a)
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where A is the exchange interaction constal, is
anisotropy coefficient [2 - 5].

We will examine the nucleation of cylinddigarticle.
The exchange energ¥(p) is the classic analog in the
Heisenberg model for the two-dimensional space, (fee
example, [2]). Therfollows from (2) and from (3) the
known nonlinear equation that was presented, Spaltyf,
in[2 -5]:

0" (p) + 9'(p)! p — [a2sing cod]/ p2 = 0. (4)
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Fig. Functioné(p) is the angle of an inclination to an axis
of the cylinder (which characterizes energy of ipla in
Heisenberg model from the given radwsoordinates of a
particle).

If a = 1, there is no anisotropy in the system, and
if a> 1, the external anisotropy exceeds the exchange
interaction in the system.

To compare the results for the two cases, we préisen
calculated variation of the angle from the coordinate

To find the nohomogeneous equation that physicalorigin (wherep = 0) of the cylindrical particle to its

describes the nucleation process, we specify
corresponding boundary conditions in the form

0(p)=m p=0;
0(p)=nr12,p=1.

(5)

The analogous problem of determining the magnédizat
of the infinite cylinder was examined previously-[3], for
which was found the analytic relation:

g} = 1/p% (6)

We note that the mathematical solution (6) of thaation
(4) was also examined in [2]. This solution is tedrthe
two-dimensional soliton (instanton) and is a raxaneple
of the exact analytic solution of the nonlinearlpem.

It is possible to obtain the analytic smaot which
corresponds only qualitatively to the real situatidVe see
that the obtained solution does not make it posstbl
clearly divide the system energy into the surfanergy
and the corn energy. We can consider that thislasion

tisurface (where = 1) (fig.). At the same time, (fig.) let us

limit our examination to the two extreme cases luf t

value of the parametexr.

(1) curve 1l corresponds to the case=
relates to the condition when microscopic
absent,

(2) curve 2 corresponds to the came 10, which
refers to the condition when microscopic anisotropy
exists,

(3) curve 2 corresponds to the case 50,
(4) curve 2 corresponds to the case 100.

It is shown that, in the first case, it is diffitto isolate
the volume of the cylinder that can be attributedthe
surface energy, since the an@lechanges smoothly as a
function of p. In the second case, whan= 10, a range
can be chosen whose volume amounts to the sunfecgye
of the cylindrical particle. In the framework of rou
qualitative examination, we may conventionally assy
for example, that the surface layer is counted filoervalue
p ~ 0.8. We make this choice using only the shapeuofe
2, which sharply decreases fpr> 0.8. The volume that

1, which
anisotragp

will remain valid with the increase of temperaturedefines the surface energy of the cylinder amoto0%

Consequently, the simplified model correspondséoreal

physical problem. We shall examine the general thae

corresponds to the exactly solvable model. This caskes

it possible to find the criterion that determineben the

expression (1) can be used adequately. We shoakkpr
calculation of change of the anglérom the beginning of
coordinates (whem =0) a cylindrical particle up to its
surface (whep =1).

3,0

25

8 (p)

2,0
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1,0 s 1 s 1 s 1 s 1 s 1
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of the cylinder's volume in this case. Wharincreases
further (for example, by a factor af= 100), this volume
will amount to less than 10% of the cylinder's vo&u

lll. TERMODINAMIC ANALIZE

Formation of nanocrystalline structures often deisen
on the kinetics of nucleation, which includes the
thermodynamics of the nucleation process only as an
elementary step or event. Thus, the most probable
dimensions of the particles in various physicocluai
processes are also determined from simple thernaodiyn
relationships involving thermodynamic functions. €Th
nucleation is usually treated as a chain of sedplent
processes; that is, tie-atom nucleus is formed by addition
of one atom to afN - 1)-atom cluster or by a similar loss
of atoms. Constructing a chain of Markov processes,
can obtain the Einstein-Fokker-Planck equation.islit
worth noting that the kinetics of the nucleatiogass is
simplified if the process of steady-state nucleatis
examined. Therefore, we shall further evaluatepthesible
dimensions of the particles and their correlatioithvithe
energy parameters using the simple ideas
thermodynamic functions.

and
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The further analysis of the kinetic phenomendecause the dimensions of the particles become aaie
reduces to description where the velocity of tleady-state with the dimensions of the layer.

stream of formation of the most probable nuclaeleéned Let the surface energy change in the nucleation pro
as [1, 4, 5] cess according to the Lippman equation [6]:
- do =qdo, 12
J~exp{-E/kT} (7) a (12)

whereq and ¢ are the charge and potential on the surface.

where E, is the activation energy of formation of the T .
2 g9y In the approximation of the constant capacity ef double

nucleus. The solution of the problem further redute

calculation of the magnitude of the activation gyer layerC N 13
Further, we assess how the free energy changesttieom ace. (13)
center of the particle to its surface. The layeidyer . .
change of the free energy of the cylindrical péetiés We obtain for the change in the surface energy
examined. The formula for the energy that was used
obtain the equation of motion has the form o=C(p)2 : (14)
[E@p)dv~ E (8) The change in the surface energy may be due to the
anisotropy introduced above. Actually, if we assutimat
the integration is performed over the entire volunad an asymptotic functional dependence occurs,
particulars and
A 2~ 1ip?, (15)
R(=T+W, 9)
then we finally obtain for the parame#&{5]:
a) whereT is determined in (3), and W is
determined as: aze= C /12, (16)
W =A (az-1)sil/ 2p 2 (10)  wherer, ~ 10° cm is the equilibrium value of the
nanoparticle dimension.
b) We use the solution (8) in equation (9), and  For the evaluation, we take the capacity of a ngrcu
we find: electrode that is known to be on the order of
T +W=2 Aa2? p) 2/ [p2 (1+ p?)?] . (11) Cl2 ~10" (1 /km) (CGS) a7
Let's analyze solution (11). In that specifiase of If we confine ourselves to the upper limit of the

absence of anisotropy (whef=1) energy of the surface of value, then we obtain for the evaluation of the
the cylinder (ap?=1) goes toA. In a case whea?>1, the dimensionless quantity

energy on a surface of the cylinder goesAt@®2 It is a~10 (18)
possible to consider given parameten 2 as the value of
the surface energy.

The energy inside a particle goes to nob zedue if
a=1. On the other hand the energy is equal to zeaé>if.
Characteristic gap of free energy can corresponphtise \,  \\NETIC OF THE NUCLEATION PROCESS
transition, when in system is infinitesimal anisgy. Such
phase transition can give the result in jump ofngfeaof In the framework of the case where formula (7) is
distribution of magnetization. The similar phasansitions ~ applicable, we obtain the formula for the veloaitfythe
are known. It is received here as the simple aigalyt steady-state stream of formation of the most priebab
solutions. The energy of particles, in a casa=1, is equal  huclei in the form (8)

A.

Generally results of consideration have qualitative
character.

With decrease of sizes of particles the rofea J~exp{ (2AazD (a) V)KIT}, (19)
thermodynamic condition the surface is increasife
given elementary model showed, that in this caseres
difficult to separate thermodynamic functions onre th 1
volumetric thermodynamic functions and the surface D(a) = Ipdp P

s [p(1

whereV is the volume of the particle,

2a

thermodynamic functions. It is possible to do usiage + p2a )]2 (20)
parameten? >10.

IV. ELECTROCHEMICALNUCLEATION

Then we shall investigate the physical nature ef th
examined anisotropy for the case of electrochemica
nucleation. This anisotropy can be generated usimy
distribution of the electric field in the near-diexe layer,

Let us consider the physical meaning of formulg.(20
The factor

Aaz~B 1)
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represents the specific surface anisotropy havimg a VI. CONCLUSION
electrochemical nature, and(a) is the fraction of the
surface with the given energy. Thus, we come tonéda

(7), whereE, has the meaning of the surface energy of t

nanoparticle (which dominates in the given case).

With decrease of the dimension of the plagicthe
t thermodynamic state of its surface will play an reve
increasing role in describing its thermodynamicestahis
article presents a very simple model that showgdomes
Let us discuss a possible variant of a high-teatpee  more and more difficult to separate the thermodyinam

limit of the kinetic theory. With increaSing tempﬂ.ﬂre, the functions into the corn and surface functions.
processes of growth of a stationary stream due

temperature transitions over the energy barrier thof
instanton are possible. The energy height of thiddya(by
analogy with magnetic problems) is defined in thése
by the magnitude:

The physical consequence of the examined emod
reduced to the fact that this separation into tivea energy
and the surface energy can be performed if the@afsy in
the system significantly exceeds the close-ordetrdpic
exchange interaction.

E.~ (B A)*/r, (22)

The concept of the energy of anisotropyrotiitced in
theory acquires the meaning of the electrostatergn
of a double electric layer. With the aim of cregtin

For the potential energy of our topological mode equilibrium particles with nanodimensions, the #lec

introduce instead of the usual time a complex tin

inversely proportional to the temperature [7]. Thee
obtain for the evaluation of the potential barrier

W~ (1 - exp {BA)*V Ir. kT}) (23)

The aforementioned effects will be significant ofdy
temperatures

KT BA™VIr,

(24)

capacitance of the system where such a partictgds/n
should be increased.

For the velocity of the steady-state streamfor
motion of the most probable nuclei, we obtain alltethat
allows us to suggest that effective control is imssover
the nucleation process by electrochemical methods
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Note that, precisely for such temperatures, the- con

ditions of steady-state kinetics are violated.His tase, no

activation processes that we do not examine hete w

define the kinetics of the process. Therefore, Wwalls
consider the following expression to be the appilidy
criterion of (16):

T<T (25)
It is clear from simple physical reasons that, witem

temperature approaches the critical value the formed

particles will begin to be destroyed owing to tiffect of the
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