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The dynamics of metal atom deposition on a flat metal substrate in the diffusion mode has
been studied. Conditions for growing up the periodic structures with a developed surface mor-
phology are found. The applicability of the results obtained to the manufacture of catalysts is
analyzed. In particular, when platinum atoms are deposited on a gold substrate, which is expe-
dient by cost reasons, a system of nanopyramids confined by (111) facets can be formed under
special conditions. This structure possesses an ultrahigh catalytic activity and is promising for

applications in chemical industry.
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1. Introduction

Nanoscale morphology of the surface has been inten-
sively studied, especially in the case where the sur-
face growing due to the adsorption of atoms, ions, or
molecules, simultaneously changes its structure [1-7].
The research of the mechanisms of structure growth
on surfaces used as catalysts and the conditions of for-
mation of crystallographic facets with enhanced ac-
tivity (e.g., facets with the Miller indices (111) in Pt
structures) are of great importance due to a consid-
erable number of applications. Recently [8-10], it has
been demonstrated experimentally that, in the course
of surface growth, the clusters and nanopillars includ-
ing structures with a large fraction of facet (111) area
can be formed.

The obtained results stimulated the corresponding
theoretical researches in two directions. First, the cal-
culation models of many-particle systems that, on the
one hand, would correspond to real physical one as
much as possible and, on the other hand, could be
tackled with the use of available computational re-
sources had to be developed for this class of prob-
lems. The second direction consists in the application
of this tool to solve the following problems: (i) the
choice of substrates that would be the best for grow-
ing up catalytically active morphological structures,
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(ii) the optimization of the amount of a deposited
substance in order to provide the largest active area,
and (iii) the determination of key factors (the tem-
perature and the concentration regimes) that would
provide a controllable growth of nanostructures in a
nonequilibrium state avoiding their transition into the
state of chaotic dynamics.

Hence, it is important to elucidate how the sur-
face evolves under such conditions and whether it
is possible to provide the formation of required (de-
sirably, homogeneous) morphologies. This task de-
mands the application of a general modeling that
would involve several competitive dynamical proces-
ses: mass transfer, surface relaxation, evaporation,
and deposition. In this work, the properties of formed
structures (i.e. the chemistry and physics of their
catalytic activity) are not studied from the view-
point of their further application. The main efforts
are aimed at determining the mechanisms of syn-
thesis of such surface structures, whose morphol-
ogy is favorable for catalysis. The object of our re-
searches is a platinum (Pt) structure, a typical cata-
lyst with catalytically active (111) facets. The model
is based on the general approach used in atomistic
modeling, i.e. the kinetics of particles, atoms, ions,
or molecules (we will refer to them as atoms). This
model was recently developed and used in researches
dealing with the growth of nanoparticles with a
fixed shape both on a substrate [1] and in the bulk
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[11]. In the present work, the model is adapted to
consider the growth of deposits on the surface of
type (111).

The dynamics of the surface modification process is
substantially governed by the diffusion of free atoms
over the surface, which is accompanied by a surface
diffusion of the hopping type. Some atoms can es-
cape from the surface, and then come back again. The
motion of atoms over the surface is regulated by a
thermal-like rule, which will be considered below. The
rate of surface diffusion is responsible for the possibil-
ity to establish a local equilibrium. It is evident that,
if the surface diffusion is not taken into account, the
adsorption of free atoms gives rise to a fractal struc-
ture [12-14]. If the external layer relaxes within the
time interval 7, that is much shorter than the time
7q of the formation of an additional layer as a result
of the atomic flux to the surface, a stationary regime
of growth takes place. In this regime (1. < 74), the
isolated equilibrium nanoparticles obtain the Wulff
shape [15-19]. We are not interested in this regime
of surface layer growing. Evidently, the case 7, > 74
with the uncontrollable surface growth also does not
correspond to the aim of this work. Hence, we intend
to study a moderately nonequilibrium regime with
Tr ~ Td-

A controllable synthesis of nanoparticles in the
moderately nonequilibrium regime (without a break-
down into chaotic dynamics) was recently studied
in work [14]. On the basis of a proposed physical
model, it was shown that the nanoparticles with var-
ious faceted shapes can be grown up for a metal of
the same crystal class. The results obtained were con-
firmed by experimental data for a body-centered lat-
tice [19]. Therefore, we may hope that the results
of our work [14] obtained with the use of the same
model are reliable. In parallel, the problem of lower-
ing the cost of catalysis is solved. Instead of a plat-
inum substrate, we propose to use a gold one with
the orientation (111) (the lattice parameters of gold
and platinum are very close to each other). Hence,
platinum atoms are deposited on the gold (111)
surface.

We suppose the following scenario. If the density of
a diffusion flux corresponds to the moderately equilib-
rium regime, there emerge the periodic cluster struc-
tures on the substrate surface. In the course of time,
every of those clusters is transformed into a nanopy-
ramid, with a considerable part of its surface being
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Fig. 1. Configuration of the calculation region: (A) emitter,
the lower surface of which is a source of free atoms, (B) frag-
ment of one of the structures obtained in numerical experi-
ments, (C) substrate plane

formed by the (111) facets of platinum (the geometry
of a calculation region and the example of a deposited
atom configuration are shown in Fig. 1). The final
structure is a layer of platinum with a developed cat-
alytically active surface. For the described regime to
be realized and the usage of the given platinum mass
to be maximally effective, the corresponding condi-
tions have to be provided.

Note that the orientation of a substrate with a
face-centered lattice is important for the creation of
the desirable surface structure. In work [1], the facet
(100) was used in a similar problem. In that case,
nanorods grew on the substrate; the nanorode tops
were presented by the platinum (111) facets, whereas
the lateral surface by the facets (100) and (110),
which were perpendicular to the substrate plane and
are characteristic of the equilibrium Wulff configu-
ration. Such a general configuration of a nanorod is
associated with a bad choice of the initial geome-
try, because it is difficult to provide a stable uniform
growth of nanorods under such conditions. Should
one of the rods dominate by height, it would at-
tract the diffusion flux and slow down the growth
of its neighbors. As will be shown below, this short-
coming does not arise for the substrate orienta-
tion (111). Nanopyramids which are formed on the
substrate are confined by (111) facets both from
above and, to a great extent, from aside (at an
acute angle to the substrate surface), which substan-
tially reduces the possibility of the advanced growth
for them.

The structure of the paper is as follows. In Sec-
tion 2, the details of a numerical model are discussed,
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and the physical interpretation of dynamic laws form-
ing the basis of the model is presented. In Section 3,
the results of calculations are presented and ana-
lyzed. Section 4 contains our conclusions.

2. Model Description

The geometry of a calculation region is depicted in
Fig. 1. In a cube with an edge of 480a (a is the dis-
tance between neighbor (100) atomic layers, and 2a
is the size of an elementary cell in the face-cente-
red cubic (fcc) crystal), two planes are marked. They
are perpendicular to cube’s diagonal, pass through
cube’s vertices, and divide the diagonal into three
equal parts. One of the planes (C) is a substrate,
and the other (A) is an emitter of free atoms. The
distance between the planes d ~ 280a. In a layer
10a in thickness which adjoins the emitter, a con-
stant concentration of free atoms, mng, is maintai-
ned. Below, the dimensionless distances normalized
by a will be used. The time will be reckoned in
units of 7, the time interval between the jumps
of free or adsorbed atoms. Free atoms move chaot-
ically, which is simulated by jumps in random di-
rections. The hopping distance per time unit equals
1. Then, the diffusion coefficient D and the density
® of diffusion flux perpendicularly to the substrate
equal

1 D’no
D=-, &~=2 1
-, =, M

where ng is the number of atoms in the volume a3,
and d = 280 is the distance between the planes. The
zones under the substrate and above the emitter
are supposed to be unreachable for atoms. The cube
edges elastically repulse atoms that try to leave the
calculation region. A characteristic structure formed
on the substrate of adsorbed atoms is shown in Fig. 1
in the circle.

When a free atom reaches the substrate surface or
the surface of already formed cluster structure, it oc-
cupies the nearest vacancy. After the atom is cap-
tured, it occupies the volume a? with the center at
the crystal lattice site.

Adsorbed atoms can move into neighbor vacancies
or even escape from the surface of a formed clus-
ter. In the fcc crystal, every atom can interact with
its 12 nearest neighbors. If this number, my, is less
than 12, the probability, per time unit, that the atom
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will try to change its localization place equals p™o,
where p < 1 is the problem parameter (p ~ 0.5+0.8
[14]). The direction of probable motion is random. It
is connected with the number of neighbors in the new
position and is realized with a probability propor-
tional to e™=l/FT where € < 0 is the binding energy
of the atomic pair, and m; is the number of the near-
est neighbors in a new position (the value m; = 0
corresponds to the probable evaporation of the atom
from the cluster surface). In our calculations, we used
the parameter o = exp ;5 ~ 2 [14]. Within one step
of Monte-Carlo (MC) algorithm, which was selected
to be equal to the time unit, the displacements of both
free and adsorbed atoms occurred randomly. The to-
tal number of the atoms involved in the dynamical
process reached 10°, and the number of MC steps
was (20+60) x 10°.

3. Results of Numerical
Simulation and Their Analysis

3.1. Typical size of nanoformations

It is natural that, at the initial stage of free atom ad-
sorption on the substrate surface, only isolated clus-
ters are formed (Fig. 2,a). A further evolution can go
in two ways. The first way corresponds to an equilib-
rium regime, where the separate clusters form a con-
tinuous (filled) first layer, and this process is repeated
periodically. The second way is nonequilibrium and
the most important. Instead of the dense filling of the
first layer, the formed clusters start to grow upward,
and the second, third, and so on layers are formed on
them (see the inset in Fig. 2,a).

We can evaluate the size [ of a cluster, for which
the tendency to form a multilayer structure prevails
over the tendency to expand over the substrate. For
the formation of the following layer of atoms to start,
it is necessary that the deposition time (®l3) " of a
free atom onto a cluster with the characteristic size
I should be of an order of the time [2/(2D;) needed
for an adsorbed atom to roll down (diffusively) from
this cluster. Here, D, is the diffusion coefficient of a
separate atom on the filled (111) surface: Dy = 0.43p3
(we took into account that this atom is connected
with three atoms located below and can jump in six
equiprobable directions each v/2 in length, and the
jump time (in dimensionless units) equals to 1; we
recall that the dimensionless units for the length and
time are used).
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b

C
Fig. 2. Evolution of the surface of type (111) during the
diffusion growth. The flux of free atoms onto the surface & =
®g ~ 1.77 x 105, the parameter o = 2. The time: 10° (a),
3.5 x 108 (b), and 6 x 106 MC steps (c)

For the parameters indicated above, we obtain

2D, 1/4
= <¢> ~ 20, (2)

which quantitatively agrees with the data in
Fig. 2, a. The parameter [ characterizes the size of a
region on the substrate, where the equilibrium regime
of growth locally dominates. Therefore, the shape of
clusters that grow on the substrate upward has a ten-
dency to be transformed into the Wulff configuration
in the case of an isolated nanoparticle. In this case
(Figs. 2 and 3), at the late stages of epitaxy, which is
nonequilibrium for the substrate as a whole, the sur-
face becomes covered with a system of rather ordered
nanopyramids. The latter, owing to their physical ori-
gin, are confined by, mainly, planes (111).

Note that, for the nanopyramids to preserve their
equilibrium shape (at a length scale of about 1)
when growing further, they need to accumulate the
mass not only at their apices, but also on the lat-
eral faces that are inclined with respect to the sub-
strate. Therefore, if the balance 7, ~ 74 is insignifi-
cantly violated, i.e. 7. > 74, the development of pyra-
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Fig. 3. Final configuration of the surface structure in the 2®¢
growth regime with the flux of free atoms ® = ®¢ (a), 2P0 (b),
and 3®g (c¢). o = 2.5. The time is fixed at moments, when the
numbers of atoms are approximately the same in all cases. The
inset: Schematic image of facets of nanopyramids grown up on
the surface. Arrows mark facets (111)

mid instability along their height is less probable than
in the case of the substrate (100) orientation [11]. Tt
will be recalled that, in the case of such an orien-
tation, the lateral faces of nanorods are perpendic-
ular to the substrate plane and parallel to the gen-
eral direction of atomic transport, which gives rise to
the elongation of nanorods keeping their cross-section
constant. The diffusion flux of free atoms is so redis-
tributed in the space that it is completely concen-
trated at the nanorod tops.

In view of the mechanism of stationary growth of
nanopyramids in our case (if the optimum regimes
for the fabrication of catalytic structures are deter-
mined), the epitaxy has to be terminated in due
time. Otherwise, the transport of free atoms would
be spent only on additional deposition beneath the
system of nanopyramids rather than a modification
of the surface morphology.

In Fig. 3, the characteristic size of pyramids [
monotonously diminishes, as the flux grows from ® =
= &y ~ 1.77 x 1075 (panel a) to ® = 3@, (panel c).
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Fig. 4. Final configuration of the surface structure. The con-
centration and the flow of free atoms ® = 3®( are identical for
both panels. The parameter a = 2 (a) and 2.5 (b)
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Fig. 5. Dependence of the number of catalytically active sur-
face atoms (y-axis) on the total number of atoms in the system
(z-axis) for fluxes ® = P (squares), 2P (triangles), and 3Pg
(circles). a = 2.5. The dashed arrow marks the time (in Monte-
Carlo steps), when the initial substrate becomes filled. The
solid arrow marks the number of adsorbed atoms, at which
the catalytically active area is almost identical irrespective of
the growth regime

Fig. 6. Growth of two-dimensional clusters on the lateral faces
of nanopyramids. a = 2.6, a time moment of 3.7 x10% MC steps
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As aresult, the number of nanopyramids in Fig. 3, cis
one and a half times as large as in Fig. 3, a. This effect
resulting from the increase of ® is close to the esti-
mate 134, /13, = v/3, which follows from Eq. (2). The
time in Fig. 3 was so selected that the total number
of adsorbed atoms in each panel is the same.

Another, not less important, parameter in formula
(2) is the surface diffusion coefficient Ds. A temper-
ature reduction (T ~ 1/«) reduces the mobility of
surface atoms, since the difference between the prob-
abilities for states with different numbers of nearest
neighbors increases. Figure 4 shows the final surface
for the parameter o« = 2 (panel a) and 2.5 (panel b),
with all other parameters remaining identical (in par-
ticular, ® = 3®g). One can see that the scale of epi-
taxy instability decreases.

In Fig. 5, the dependences of the number of sur-
face atoms, for which the number of nearest neigh-
bors varies from 9 to 11 (the catalytically active
atoms, CAAs), on the number of all atoms adsorbed
on the substrate are depicted for three regimes of
growth: ® = ®q (squares), 2@, (triangles), and 3P,
(circles). In all cases, a = 2.5. The most effective us-
age of the deposited material was reached at & =
= 3®%(. Every point in the plot corresponds to a spe-
cific time. The difference between the regimes con-
sists not only in the rate of deposition on the sub-
strate. The plot (Fig. 5) testifies that the adsorption
of 4 x 10° atoms gives rise to an identical number of
CAAs in different regimes (marked by a solid arrow
in Fig. 5). If 7 x 10° atoms are spent in all three vari-
ants, the areas occupied by CAAs differ by approxi-
mately a factor of two. Let us consider two limiting
cases. (i) ® = ®o. After long deposition (6 x 106 MC
trials), the mass increases by 215%, and the number
of CAAs by 6%. The main part of the spent mate-
rial uniformly covers the substrate forming a thick
layer without high nanopyramids or other inhomo-
geneities. (ii) ® = 3®P,. The increase of the spent
material by 173% gives rise to the increase in the
number of CAAs by 51%. Such a difference between
the useful areas of CAAs is determined by the veloc-
ity of the nanopyramid apex growth with respect to
the surface bottom, which also grows intensively. The
pyramid apex grows slowly with respect to the bot-
tom in the moderate regime and rapidly, if the flux is
intense.

If the nanopyramid grows further, the area of its
lateral faces becomes larger than the critical size [,
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and the lateral faces start to play the role of a sub-
strate: first, the two-dimensional clusters grow on
them, as it occurred at the beginning of the growth
(see Fig. 2, a), and, later on, three-dimensional ones
(Fig. 6). Those results lie beyond the scope of our
research. Studying Fig. 3 attentively, the shape of
nanopyramids in the case & = 3P can be regarded
as tending to the tetrahedral one. In more details,
the features of morphology evolution are considered
in the next section.

3.2. Morphology

The shape dynamics of new formations has spe-
cific features. In particular, as the growth begins
(Fig. 2, a), the two-dimensional clusters, “rags”, are
formed on the substrate. They have a blurred hexag-
onal shape resulting from the circumstance that every
adsorbed atom on the (111) surface forms a vacancy
in the directions of hexagon vertices. Therefore, dif-
fusing atoms create “hexagonal” surface clusters with
energy-gained vacancies located at the cluster perime-
ter. From a certain moment, the scenario is repeated
already on the cluster surface, so that the cluster be-
comes two-layer, three-layer, and so on, and the tran-
sition from the two-dimensional to three-dimensional
growth takes place.

Later on, there emerge the hexagonal nanopyra-
mids (see Fig. 2 and the inset in Fig. 3) with the
lateral faces (111). They are constructed from ener-
getically equidistant planes of the equilibrium con-
figuration of nanoparticles with the fcc symmetry
(the Wulff shape) localized in a confined region with
side [, in which the local equilibrium is established.
Numerous experiments demonstrate the shape evo-
lution from a truncated hexagonal regular pyramid
to a tetrahedron (Figs. 3 and 4), although a regular
tetrahedral shape was not reached. The tendency of
nanopyramids to have a tetrahedral shape is associ-
ated with different energy structures of the (111) and
(100) facets. The facet (111) is catalytically active;
it is characterized by a higher diffusion coefficient
of adsorbed atoms, D, and a higher work function
than that for the (100) one [1]. Therefore, the aver-
age times of growth for a single layer on the (111) and
(100) surfaces are different. In particular, in Fig. 2 of
work [1], the faces of the type (100) in a macroscopic
nanoparticle completely disappear. This is a result of
the growth from an initial grain at the following pa-
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rameters: o = 1, the concentration ng = 1.8 x 1073,
and an exposure time of 3.5x 105 MC steps. A similar
phenomenon is observed on the nanopyramids that
are the local humps of the considered structure.

4. Conclusions

The deposition of metal atoms on a flat substrate can
take place in a quasiequilibrium regime, when a ho-
mogeneous layer of adsorbed atoms over the whole
surface is unstable, but, in local zones, the equilib-
rium surface configurations are created, the form of
which correlates with the equilibrium Wulff configura-
tions for isolated nanoparticles. In the fcc case, if the
crystallographic facet (111) is the substrate plane, the
system of nanopyramids confined by the same facets
(111) from both above and aside can be formed. The
gain in the surface area increase is more efficient at
high densities of the free atom flux onto the substrate.

The unstable regime of atomic epitaxy can be ap-
plied to the fabrication of highly active Pt cata-
lysts. In this case, gold can be used as a substrate
by the cost reasons. The substrate surface can be ei-
ther smooth or preliminary prepared. The latter case
implies that the gold nanopyramids are formed on
a gold substrate fabricated in the unstable regime
of “first layer” sputtering. Those pyramids serve as
centers of the platinum deposition. If the correspond-
ing regime of “second-level ” epitaxy is selected, it
is quite possible that platinum will form nanoparti-
cle chains oriented perpendicularly, which are close to
the Wulff configuration by their shape. Such surface
structures with a developed morphology are charac-
terized by an ultrahigh catalytic activity. The data
presented in Fig. 6 testify that the described scenario
can be realized, which will be the theme of our further
researches.
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work.
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BUPOIIIYBAHH{A
KATAJIITMYHO AKTUBHUX HAHOCTPYKTYP

YV HEPIBHOBAKHOMY PEXKUMI EITITAKCIT
Peszmowme

JocmizkeHo qguHaMiKy HalllapyBaHb, SIKi YTBOPIOIOTHCS aTOMa-
MU MeTaJIiB, IO OCaIKeH] B 1udy3iMHOMY peKUMi Ha MeTaIeBy
IJIOCKY MiJKJIaJKy. 3HAHJEHO YyMOBH, 3a SIKHUX MOXKHa BHPO-
L[yBaTU IEPIOAUTHI CTPYKTYPH 3 PO3BHHYTOI MOPQOJIOTi€ro.
IIpoanasizoBaHO MOXKJIMBICTH BHKOPUCTAHHA OJEP2KAHUX pe-
3yJIBTATIB i Yac BUPOOHUIITBA KATAJII3aTOPIB: IPH OCAIZKEHH]
aTOMIB IUIATHHU Ha 30JI0TY MAKJIAIKY (IO JOUIIBHO 3 MipKy-
BaHb BAPTOCTI) IPH BIANOBIIHUX yMOBaxX MOXKE yTBOPIOBATHCH
cucrema HaHOHipaMmin, ooMexxkennx rpansamu (111). Taka cTpy-
KTypa Ma€ HaJBUCOKY KaTAJiTUIHY aKTUBHICTB i € IepCrieKTuB-
HOIO JJIsI IIMPOKOI'O BUKOPHUCTAHHS B XIMiUHIM ITPOMMCIIOBOCTI.
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