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We report the numerical scheme that was developed within the framework of classical molecular dy-
namics methods for atomistic simulation of the deposition of Ag atoms onto the surface of two-dimensional
(2D) titanium carbide Ti2C (MXene) and the growth of silver nanoparticles (NP). Developed model adopts
hybrid interatomic potential, where interactions between metal atoms and between metal-carbon are de-
scribed within different methods. Proposed model can be used to study similar systems consisting of other
metals, as well as two-dimensional carbides Tiw +1Cr with n =2 and 3. Experiments on simulation of the
deposition of silver atoms onto the surface of two-dimensional titanium carbide Ti2C with three different
values of the growth surface area were performed. To investigate the peculiarities of nanoparticle for-
mation and growth processes, two types of interaction between Ti2C and Ag atoms with the metallic-type
bonding and Van der Waals forces were considered. Considered cases simulate deposition onto hydrophilic
and hydrophobic surfaces, respectively. It is shown that in case of hydrophilic-type of interaction Ag thin
film growth on the substrate, while in case of hydrophobic surface, separate nanoparticles are formed. A
modeled sample of the system with a silver nanoparticle formed on the surface of two-dimensional titani-
um carbide was obtained, and forces of interaction between the Ti2C surface and NPs were calculated. In
addition to the stationary case, the MXene-NP interaction was also considered under external loading. The
friction forces between the nanoparticle and Ti2C were calculated at three different magnitudes of the ex-
ternal load. It is shown that translational movement of the nanoparticle on the MXene surface observed in
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the case with largest magnitude of external load.
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1. INTRODUCTION

MXenes, being nitrides and carbides of a transition
metals with a thickness of a few atomic layers are new
class of two-dimensional materials, famous for their
extraordinary properties [1]. Thus, recent studies re-
veal numerous possibilities of application of MXenes in
electrochemistry, nanoelectronics, biophysics, and
many other fields [1-7].

Besides two-dimensional materials, metal nanopar-
ticles are also widely used in nanoelectronics to design
novel devices with enhanced properties (see for exam-
ple [8-9] and related references). Moreover, hybrid na-
nomaterials, including combination of different two-
dimensional crystals, as well as decorating the surfaces
of 2D materials with metal nanoparticles (NP) is one of
the promising areas of modern nanotechnology [10].
For example, there is a large amount of research aimed
at the chemical modification of graphene by methods of
electrochemical deposition, photoreduction, etc. [10-12].
Such technologies make it possible to modify the prop-
erties of graphene with the purpose to improve its per-
formance. In addition to graphene, surface decoration
with metal nanoparticles also applicable to MXenes
[18]. For example, study [14] reports synthesis of
MXene/Ag composites for lithium-ion batteries, which
demonstrate an increased charge rate and number of
charge/discharge cycles. In particular, in [13] samples
of MXenes decorated with silver, gold, or palladium
nanoparticles were synthesized. The authors report on
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the advantages of using their hybrid materials as a
substrate for surface-enhanced Raman spectroscopy
(SERS). The noble metal nanoparticles decorated
MXenes demonstrate the high sensitivity of SERS de-
tectors for the detection of methylene blue (MB) with
estimated enhancement factors of the order of 105.
Overall, studies conducted in [13] open the way to ex-
panding the use of hybrid materials based on noble
metal nanoparticles and two-dimensional materials,
including MXenes, in SERS systems of the visible
range for sensors, detectors, as well as catalysis and
biomedical applications.

Atomically thin structure of MXenes and diameter of
few nanometres of NP make it difficult to study them on
atomistic level. Such studies require special facilities like
atomic force microscopy or similar, thus, additional theo-
retical investigations are conducted to get insights on
physical processes that occur on an atomistic level.

In the proposed study, we report the computational
model, developed for simulation of the process of depo-
sition of Ag atoms onto surface of TioC MXene and dec-
orating it with silver nanoparticles. Our model based
on a previously developed approach that was proposed
for molecular dynamics (MD) simulation of the
Tim+1Crn MXenes [7]. Here we introducing the deposi-
tion of Ag atoms into the simulated system to obtain
the modelled samples of Ti2C MXene with Ag coating
as well as MXene decorated with silver NP or the en-
semble of nanoparticles. We also describe the structure
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of obtained samples and calculate the interaction be-
tween Ag NP and TieC MXene. Overall, proposed nu-
merical scheme can be used in further synthesis and
design hybrid materials for nanoelectronics.

2. SIMULATION SETUP

As it was mentioned in introduction, in our study we
used previously developed model for MD simulation of
MXenes, that are described in detail in [7]. Within pro-
posed approach, interactions between carbon and titani-
um atoms in Ti2C are described through empirical poten-
tial function, where energy of the system is presented as
a sum of two- and three body terms [15]:
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while interactions between titanium atoms are calculated
within Embedded atom method (EAM) [16]. Mentioned
scheme was used to calculate forces between the atoms
within MXene sample. At the same time, interactions
between Ag atoms were escribed within EAM [16].

In our experiments we onsider a system consisting of
a sample of two-dimensional titanium carbide Ti2C with
lateral dimensions of 20 x 17 nm?, onto the surface of
which Ag atoms were deposited, as it shown in Fig. 1.
The temperature of the Ti2C sample was maintained at a
300 K using a Berendsen thermostat [17].

.
> e,

Fig. 1 — An example of the initial configuration of the studied
system with a Ti2C sample with dimensions of 20 x 17 nm?
and silver atoms (shown in green) deposited on its surface

The deposition procedure was modelled as follows.
Before the start of the experiment, the silver atoms
were located at a height of 1.0 nm above the Ti2C sur-
face, while the x and y coordinates of each Ag atom
were chosen randomly. The deposited atoms had only
the normal component of the velocity directed towards
the growth surface, the density of deposited atoms was
chosen so, that the silver atoms did not interact with
each other until approaching the Tiz2C surface at a cut-
off distance of 1.0 nm. As soon as Ag atoms reach the
cut-off distance to the surface, a thermostat was ap-
plied to them, and the atoms began to interact with
each other, as well as with Ti2C atoms, and as a result
their velocities were changed according to the calculat-
ed forces of interatomic interaction.

In our study we considered three cases with differ-
ent sizes of a surface areas on which silver atoms were
deposited. As it was found out in the course of the ex-
periments, the faster growth of one nanoparticle with a
close to spherical shape occurred on a smaller area of
the deposition surface. Therefore, in order to study the
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formation of a separate silver nanoparticle, located on
the surface of two-dimensional Ti2C, experiments were
also conducted with growth surface areas of
6.0 x 6.0 nm?2 and 3.0 x 3.0 nm2. The configuration of
atoms in these cases was chosen similarly to the gen-
eral case shown in Fig. 1. A comparison of all initial
configurations of the experiment is shown in Fig. 2.

Fig. 2 — Initial atomistic configuration of the system, consist-
ing of Ti:C MXene and Ag atoms with three different sizes of
surface growth areas: 20 x 17, 6.0 x 6.0 and 3.0 x 3.0 nm?2 from
left to right

Also, in order to investigate different types of interac-
tion between Ti2C and Ag atoms, deposited onto its sur-
face, two cases were considered. Thus, in the experiments
the forces between Ag atoms and two-dimensional car-
bide were calculated within both the EAM model, and the
Lennard-Jones (LdJ) potential. The EAM approach models
the metal-type chemical bonding between the titanium
atoms in Ti2C and depositeded silver atoms, while the LJ
potential relates to the van der Waals forces between the
nanoparticle and 2D MXene. In real conditions, the me-
tallic bond relates to a pristine surface of Ti2C without
functional groups. The interaction within the LD poten-
tial models the general case of decoration without the
formation of chemical bonds and can be related to the
MZXenes with various surface termination.

Another interpretation of the two considered cases
can be the deposition onto “hydrophilic” (EAM poten-
tial) and “hydrophobic” (LJ potential) surface of
MZXene. It is worth to note, that hydrophilic or hydro-
phobic behaviour of a material is strongly influenced by
the surface morphology of the material. The uneven
surface of MXenes can lead to differences in the distri-
bution of surface charges and functional groups, which
can affect their hydrophilic and hydrophobic properties.
For example, the presence of hydrophilic functional
groups, such as -OH and -COOH, on the surface of
MZXenes can enhance their hydrophilicity, while the
presence of hydrophobic functional groups, such as -F
and -Cl, can enhance their hydrophobicity. Therefore,
studying the interactions between nanoparticles and
MZXenes at nanoscale level is important for both hydro-
philic and hydrophobic surfaces.

3. RESULTS
3.1 Deposition onto Hydrophilic Surface

The atomistic configurations of the system during the
deposition of silver atoms with the metallic type of Ag-Ti
interaction and the area of the growth surface of
20 x 17 nm? are presented in Fig. 3.

The left and right panels of the figure show the con-
figuration of the system with 512 and 1024 silver at-
oms on the Ti2C surface, respectively. As it can be seen
from the figure, silver atoms occupy places on the sur-
face that relate to the minimum of interaction poten-
tial, thus forming atomic clusters of various sizes. The
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size of such clusters increases as more silver atoms are
deposited onto the surface. At the same time, the loca-
tion of atomic clusters and individual atoms on the sur-
face determined by the random uniform distribution of
Ag atoms over the Ti2C surface. As the number of de-
posited silver atoms increases, large percolation cluster
of Ag atoms is formed on the surface of two-
dimensional carbide, as shown in Fig.4.

Fig. 3 — Atomistic configuration of a system with 512 (left)
and 1024 (right) silver atoms on a Ti2C surface with a deposi-
tion area 20 x 17 nm?

At the same time, obtained silver coating has a
thickness of a single atomic layer. It can be expected
that a further increase in the number of deposited at-
oms will lead to uniform coverage of the entire surface
of Ti2C with a thin film of silver while the formation of
a separate nanoparticles was not observed.

—

Fig. 4 — Atomistic configuration of a system with 2048 silver
atoms on a Ti:C surface with a deposition area 20 x 17 nm2.
Top (left panel) and side (right panel) view

To investigate the possibility of the formation of a
separate nanoparticle on the hydrophilic Ti2C surface,
an experiment with the size of growth surface area
reduced to 3.0 x 3.0 nm? (as shown in right panel of
Fig. 2) also was performed.

Fig. 5 — Atomistic configuration of a deposition process of 512
silver atoms onto a Ti:C surface with a deposition area
3.0 x 3.0 nm?2

The atomistic configuration of the system under the
specified conditions with 512 silver atoms on the sur-
face and a growth surface area of 3.0 x 3.0 nm: is shown
in Fig. 5. As can be seen from the figure, a similar be-
havior to the previous case with larger deposition area
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is observed. With the difference that silver atoms cover
the surface of Ti2C by a several atomic layers, depend-
ing on the ratio of the number of deposited atoms and
the growth surface area. At the same time, another
feature of the experiment with a smaller area of the
growth surface and the metallic type of Ag-Ti interac-
tion is a noticeable curvature of the Ti2C sheet in the z
coordinate direction (see Fig. 1 for coordinate axes).
This behavior can be caused by the fact that the forces
of interaction between titanium atoms in the contact
area and silver atoms above the surface reach suffi-
ciently large values, which in total are strong enough to
deflect the central region of the Ti2C sheet. Concave
shape of the two-dimensional titanium carbide sample
is preserved even after the deposition of all silver at-
oms onto the surface.

Thus, as the conducted experiments show, in the
case when interaction between titanium atoms on the
surface of Ti2C and deposited silver atoms is modeled
as a metallic-type bonding, the formation of individual
Ag nanoparticles is not observed. At the same time, Ag
thin film is formed on the surface of MXene.

3.2 Deposition onto Surface with Hydrophobic
Properties

As it was mentioned above, the case when the in-
teraction between silver atoms and Ti:C sample is de-
scribed through the Lennard-Jones pair potential, sim-
ulating deposition onto hydrophobic surface was also
considered. We assume that for the formation of indi-
vidual silver nanoparticles on the surface of a two-
dimensional material it is necessary to simulate the
conditions under which the contact angle of the surface
silver atoms would be close to 180° (a situation corre-
sponding to a hydrophobic surface) [18-20]. Since ex-
periments with a metallic bond in the system led to a
contact angle close to 0° (Ag atoms completely "spread"
over the surface of Ti2C), it can be expected that the
required conditions of hydrophobicity will be observed
when the forces of interaction between silver atoms will
significantly exceed the Ag-MXene interaction. The
results of a series of experiments with hydrophobic
interaction are shown in Fig. 6 — Fig. 10.

Fig. 6 — Atomistic configuration of a system with 512 (left)
and 1024 (right) silver atoms on Tiz:C surface with a deposition
area 20 x 17 nm2 and hydrophobic type of interaction

The left and right panels of Fig. 6 show the configura-
tion of the system with 512 and 1024 silver atoms on Ti2C
surface, respectively, in the case of the “hydrophobic” Ag-
MXene interaction (see Fig. 3 for comparison with the
similar configuration in the “hydrophilic” case). As it can
be seen from the figure, in contrast to the metallic-type of
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Ag-Ti interaction, in the hydrophobic case, the so-called
island growth of silver nanoparticles on the surface of
TizC is observed, instead of individual Ag atoms, mostly
atomic clusters and nanoparticles of small sizes are pre-
sent on the surface. When the number of deposited atoms
increases, the nanoparticles growth in sizes as well, while
at the same time new growth centres are formed on the
surface.

The configuration of the system with 2048 silver at-
oms on the surface is shown in Fig. 7 (see Fig. 4 for com-
parison). We expect that with a further increase in the
number of deposited atoms, individual nanoparticles of
small sizes on the surface of Ti2C will begin to overlap,
which will lead to the formation of a single nanoparticle
with dimensions proportional to the number of deposited
atoms. Since conducting of such an experiment requires
significant computational power, to optimize the time of
the experiment and to obtain silver nanoparticles with a
spherical shape on the surface of TizC, the area of the
growth surface was reduced to and 6.0 x 6.0 nm2. The
configuration of the system after the deposition of 1024
silver atoms on the reduced area of the growth surface
with hydrophobic-type of interaction is shown in Fig. 8. As
can be seen from the figure, the reduction of the growth
surface area allows to obtain several silver nanoparticles
on the Ti2C surface in a relatively short computational
time, however, to obtain a single silver nanoparticle on
the surface, a significant increase in the number of depos-
ited atoms and therefore the time of the experiment is
also required. Besides this, such configuration of the sys-
tem is characterized by the presence of atomic clusters of
small size, and individual Ag atoms that are located out of
cut-off distance from each other, thus forming a separate
center of growth of NPs.

Fig. 7 — Atomistic configuration of a system with 2048 silver
atoms on the surface of a Ti2C surface with a deposition area
20 x 17 nm? and hydrophobic type of interaction

Fig. 8 — Atomistic configuration of a system with 1024 silver
atoms on the surface of a Ti:C surface with a deposition area
6.0 x 6.0 nm2 and hydrophobic type of interaction

This situation is undesirable at the beginning of the
simulation, if the aim of an experiment is to obtain a
single nanoparticle fixed on the TizC surface, as it addi-
tionally requires computational power. One of the op-
tions for optimizing such a configuration can be the con-
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tinuous extraction of isolated atomic clusters from the
system during simulation.

However, this requires a separate algorithm to deter-
mine the isolated growth centre, as well as additional
calculations. A much simpler solution is to reduce the
growth surface area in such a way that, even at the be-
ginning of the simulation, the additional NP growth cen-
tres will not appear. Example of such configuration is
shown in Fig. 9.

Fig. 9 — Snapshot of deposition of Ag atoms onto the surface of
a Ti2C surface with a deposition area 3.0 x 3.0 nm?

At the end of simulation, a silver nanoparticle on the
surface of two-dimensional Ti2C was obtained in a rela-
tively short time, which is shown in Fig. 10.

Fig. 10 — Single Ag nanoparticle at the surface of Ti2C sample
formed from the deposited atoms

Thus, as it follows from the conducted experiments, it
can be concluded that in cases of deposition of Ag atoms
onto hydrophobic and hydrophilic Ti2C surfaces a qualita-
tively different growth mechanism is observed. Namely,
growth of either the ensemble of nanoparticles or a thin
silver film in the first and second cases, respectively. For
comparison, Fig. 11 shows the atomistic configurations of
the system with 2048 silver atoms on the TisC surface
with hydrophobic and hydrophilic interactions.

Fig. 11 — Comparison of atomistic configurations of a system
with 2048 silver atoms on the surface of a Ti2C surface with a
deposition area 20 x 17 nm? for hydrophobic (left panel) and
hydrophilic (right panel) type of interaction

3.3 Interaction Between MXene and Nanoparticle

The formation of a separate silver nanoparticle with
a close to spherical shape, (see Fig. 10) allows to calcu-
late the interaction forces between the particle and TizC
sample in the stationary condition and under the exter-

02030-4



ATOMISTIC SIMULATION OF T12C MXENE DECORATION...

nal force Fs, that can be applied to nanoparticle. Since
the formation of a nanoparticle was observed only for the
hydrophobic surface of Ti2C, the further study of the
interaction forces between a nanoparticle and two-
dimensional Ti2C will be carried out only for the hydro-
phobic type surface of MXene.

The configuration of the studied case within Carte-
sian coordinate box is shown in Fig. 10. During the
simulation, the components of the forces acting on the
nanoparticle from the titanium and carbon atoms of the
Ti2C sample were calculated. The time dependences of
the normal and tangential components of the force act-
ing on the nanoparticle in the stationary case are shown
in Fig. 12. As it can be seen from the figure, the time
dependence of the normal and tangential components of
the force acting on the NP is characterized by a constant
change of sign. At the same time, since the force does not
reach a constant zero value, the nanoparticle does not
leave the surface, which indicates the adsorption of NPs
on the surface of MXene. The change in the direction of
the force can also be affected by the constant fluctuation
of the surface of the two-dimensional sample with the
formation of wrinkles, as well as the changes in the av-
erage normal coordinate of the Ti2C sheet in space.

10 15 20 25 30 35 40
t (ps)

0 5

T T T

Fx

T T T

10 15 20 25 30 35 40
t (ps)

Fig. 12 — Time dependencies of the normal (top panel) and
tangential (bottom panel) components of the force acting on Ag
nanoparticle from the atoms in Ti2C sample

0 5

The behaviour of the NP at the surface of MXene also
was investigated at applied external load. Performed
experiment allowed us to calculate effective adhesion
forces between silver NP and TizC sample, which can be
used in further investigations of the tribological charac-
teristics of the system and calculation of such parame-
ters as friction coefficient between the NPs and the sub-
strate, or similar. The initial configuration of the system
before external shear loading is shown in Fig. 10. Stud-
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ied system consist of silver nanoparticle obtained by the
deposition of silver atoms and located in the center of the
Ti2C sample in a Cartesian coordinate box. In the next
phase of experiment, an external shear load along the x
axis was applied to silver NP. Three different magni-
tudes of the external load of 0.5, 10.0 and 50.0 nN were
considered. The translational movement of the nanopar-
ticle in the direction of the applied force was observed for
the largest load magnitude. Related snapshots of the
moving NP are it shown in Fig. 13.

Fig. 13 — Snapshots of the sliding of Ag nanoparticles on the
Ti2C MXene at applied external load of 50 nN along the x axes

The procedure for applying of the external force was
implemented as follows. For all Ag atoms in nanoparti-
cle, in addition to the interaction forces between Ag, Ti,
and C atoms, calculated from the corresponding poten-
tials, an external force was added by constantly in-
creasing the x component of acceleration by a given
value. During the experiments, the forces acting on the
nanoparticle from the Ti and C atoms in Ti2C MXene
were calculated, as well as the time dependences of the
average coordinates and velocities of the nanoparticle.
Time dependences of the x components of the force act-
ing from the Ti2C on the silver nanoparticle in the
three considered cases shown in Fig. 14. As can be seen
from the figure, the behavior of the system in the cases
with magnitudes of external load of 0.5 nN and 10.0
nN, are similar, while the case with 50 nN is qualita-
tively and quantitatively differs from the first two cas-
es. The complete picture of the system behaviour be-
comes clearer after analysing the time dependences of
the corresponding components of coordinates and veloc-
ities that are shown in Fig. 15. The average coordinates
of the nanoparticle were calculated as the average val-
ues of the corresponding components of the coordinates
of all Ag atoms. As it can be seen from the figure, the
case with the smallest applied force 0.5 nN is charac-
terized by the absence of translational motion of NP,
and accordingly, the x component of the velocity is close
to zero. The force acting on the nanoparticle is caused
by the interatomic interaction between the nanoparti-
cle and the substrate, and the external load has almost
no effect on the behaviour of the system. When the ex-
ternal load increases to the value of 10.0 nN, x compo-
nent of the NP velocity also increases, and nanoparticle
moves for approximately 1.0 nanometre in the x direc-
tion during the considered simulation time. At the
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same time, the contribution to the tangential x compo-
nent of the force acting on the nanoparticle from the
friction force during translational motion is barely no-
ticeable without a detailed analysis, and the corre-
sponding time dependence in Fig. 14 has a qualitative-
ly similar form to the previous case.

0.0 ,~Wﬂﬂﬂ‘\,\.“/«\_wﬁw-m‘wwﬂ

~ -2.5- 1
=
£ F=50 nN
iR F=10 N

-5.0 F=0.5nN

-7.5 T T T

0 20 40 60 80
t (ps)

Fig. 14 — Time dependences of the x component of the force
acting from the Tiz2C on a silver NP at applied external force
(magnitudes of external force a denoted in the figure)

Increasing the external load to 50.0 nN leads to no-
ticeable changes in the behaviour of the system. Thus,
as Fig.14 shows, the corresponding dependence is char-
acterized by a continuous growth of the tangential force
with further fluctuations around the value of approxi-
mately — 4.0 nN.

8- )
F=50 nN
6 ——F=10nN |
F=0.5nN
X
2. ]
0- //
0 20 40 60 80
t (ps)
20 , : :
F=50 nN
154 |— F=10nN i
F=05nN
S 10- .
*
Q)

é 5 ]
>x ///—————‘
0- ]

5 . : .

0 20 40 60 80
t (ps)

Fig. 15— Time dependences of the average x coordinate
(toppanel) and the corresponding velocity component (bottom
panel) of a silver NP at applied external force (magnitudes of
external force a denoted in the figure)
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It is worth noting that the force acting from the
Ti2C on the silver nanoparticle has a direction opposite
to the force of the external load, and can be interpreted
as an effective friction force. The related dependences
in Fig. 15 show the translational movement of the na-
noparticle along the x axis with acceleration in the ini-
tial phase. Moreover, from the general form of the time
dependence of the velocity, we expect that when a NP
velocity reaches a certain value, the nanoparticle will
continue to move without further acceleration.

4. CONCLUSION

We presented the results of the computer simula-
tions of decoration of two-dimensional Ti2C MXene with
Ag nanoparticles that were performed within the classi-
cal molecular dynamic methods. As our experiments
shown, the formation of separate, spherically shaped
nanoparticles was observed in the case (to which we re-
fer above as hydrophobic case) when the interactions
between deposited Ag atoms and MXene substrate were
described by Lennard-Jones interatomic potential. While
with metallic-type interaction between deposited Ag
atoms and Ti atoms in the MXene substrate (hydrophilic
case) the growth of Ag thin film was observed.

From performed simulation model of the sample of
MZXene decorated with single Ag nanoparticle of spheri-
cal shape was obtained. Obtained sample allowed us to
investigate the tribological properties of the studied sys-
tem and calculate effective values of the adhesive and
friction forces between MXene substrate and Ag nano-
particle. As our experiments shown, the translational
motion of the NP on the substrate surface was observed
when the external load of magnitude 50.0 nN was ap-
plied to the NP. In general, critical value of the external
force that initiates a translational movement of the NP
in studied system may depend on many factors, like size
of the nanoparticle, contact area between NP and sub-
strate and a shape of the MXene sheet in the region
where NP is located. Thus, as it can be seen in the
Fig. 13, motion of the nanoparticle causes folding of Ti2C
nanosheet along the contact area NP-substrate in the
direction of movement. Such folding of the 2D MXene
and wrinkles on its surface may increase the external
force needed to move the nanoparticle.

Even though we calculate the numerical characteris-
tics of the NP-MXene interactions, obtained values can
be considered only as effective parameters, that are valid
within the studied system. To obtain the exact friction
coefficient between Ag nanoparticle and Ti2C MXene
more detailed studies with experimental confirmation
are needed. Nevertheless, presented results can be used
in further investigations and design of the hybrid nano-
materials for application in nanoelectronics.
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AromicTuune nexopysanus Ti:C makceny cpiOHHMHN HAHOYACTUHKAMU

A.0. KpaBuenro!3, A. Tapan?, ¥V.C. llIgens!, M. Ky6ax!, B.M. Bopucioxk!

L Cymcevruil depocasruli ynisepcumem, 8yi. Pumcovroeo-Kopcarxosa, 2, 40007 Cymu, YVrpaina
2 Hauyionanwvruti Haykosuil uenmp "Xaprigcvrull (hisuko-mexHiunut inemumym'”, 8yn. Akademiuna, 1,
61000 Xapxis, Vrpaina
3 HanoBioMeouuruti uenmp, ynigepcumem Adama Miyresuua, Wszechnicy Piastowskiej 3, 61-614 Ilosnany, Ionvwa

TIpegcraBieHo KOMITIOTEPHY MOJEJb, PO3POOJIEHY B PAMKAX METOMIB KJIACHYHOI MOJIEKYJIIPHOI JTMHAMI-
KW, JUIsT aTOMICTUYHOTO MOJIEJIIOBAHHS OCAKEHHsI aTOMIB cpibia Ha IIOBEPXHIO JBOBHMIPHOTO KapOimgy TH-
tany Ti2C (MakceHy) Ta pocry cpiOHUX HAHOYACTHUHOK. B 3amIporOHOBAHIN MOJIeJIl BUKOPUCTOBYETHCS Ti0pH-
JHUHU MIKATOMHUM [IOTEHIAJ, e B3a€MO/Iis MI3K aTOMAaMU MeTAaJIy TA B3a€MO/Iisl METAJI-BYTJIEIb OIIUCY€EThCS
B paMKax pi3HHX MeToAiB. Po3pobseHa Momes b Moske OyTH BUKOPHUCTAHA [IJIA JTOCIIIKEHHSA aHAJOTTIHNIX CH-
cTeM, IO CKJIAJAI0THCA 3 ATOMIB 1HIIMX METAJIIB, a TAKOK ABOBUMIpHUX KapOimiB Tix+1)Cr 3 n=21 3. IIpo-
BeJIeH1 eKCIIePUMEHTH, 110 MOJEJIIITh OCAIKeHHI aTOMIB cpibyia Ha IIOBEPXHIO JBOBUMIPHOIO KapOidy TH-
tany Ti2C 3 TppoMa PI3HUMM 3HAYEHHSMU ILIONII HOBepXHi pocty. J{iist mocmimrerus ocobauBocTeit popmy-
BAHHS HAHOYACTUHOK Ta IIPOIIECIB POCTY TAKOM POSIJISHYTO ABA BUnanku B3aemomii misk Ti:C ta aTomamm
cpibiia 3 MIsKATOMHMME CHJIAMH IO BIAMNOBIZAIOTH YTBOPEHHIO XIMIYHOTO 3B’A3KYy METAJIEBOr0 THUIly Ta Bau
nep BaanbcoBumu cuitavu. PosryisgHyTi BUIAOKKM MOIEIIOITH OCAIKEeHHS HA TiApodiibHy Ta TiapodoOHy
HoBepPXHIO BiamosigHo. [TokasaHo 110 y BUIagKy B3aeMOZil MAKIAIKA-0CAIKeH] aTOMU TiApodiIbHOrO THILY
Ha noBepxHi Ti2C MakceHy yTBOPIOETHCS TOHKA ILJIIBKA cpibiia, B TOU Yac AK I TriapodolbHoi B3aemoil crro-
cTepiraerbes (POPMYBAHHS OKpeMUX HaHOYACTUHOK. OTpUMAaHO MOJEJbHHMI 3pa3oK cucreMu 3i cdopmoBa-
HOI0O HAHOYACTHHKOIO CpibJia HA IOBEPXHI JBOBHMIPHOrO KapOiLy TUTAHY JJIS KOO OYJIM JOCIII/KEH] CHLIN
B3aeMOIil MisK MaKCeHOM 1 HaHO4YacTHHKOI0. OKpiM CTAI[IOHAPHOTO BUIAIKY B3aeMomis miakiaagka — HY Oy-
JIa PO3IJISSTHyTa TAKOK IIPY 30BHINIHBOMY HABaHTAa)KeHHI. B ocraHHbLOMY BHIIQJKy OyJIu po3paxoBaHi edex-
THBHI CHJIM TEPTS MK HaHOYACTHHKOW Ta Ti2:C mpw TprOX pi3HUX 3HAYEHHSX IPUKJIAIEHOI 30BHIIIHBOI CH-
. [Tokazamo 110 MOCTYITAMIBHUHA PyX HAHOUACTUHKM I10 IOBEPXHI MAKCEHY CIIOCTEPIraeThes JIUIIE y BUATIAM-

Ky MaKCHMAJIbHOI 30BHIIITHBOI CHJIH.

Kmouosi cnosa: Maxcen, Monekynsapraa muHamika, Mogemosanus, Hanouacrtunka, J{exopyBasns.
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