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Abstract. The method of molecular dynamics has been used to simulate heteronanostructures formed
when silver iodide and silicon oxide nanoparticles are filling single-walled carbon nanotubes of the
“armchair” type (12, 12). The results of computer modeling show that stable nanostructured “internal
nanocomposites” with Agl inclusions and silicon oxide clusters of various configurations can be formed
in such tubes. Si,O, clusters of linear and planar types have varying degrees of influence on the mobility of
silver ions in the studied complex heteronanostructures of Agl|Si;O,@SWCNT.

DOI: 10.31857/500234761250116¢e4

INTRODUCTION

Among nanomaterials, particularly composite
ones, nanocrystalline structures composed of inorganic
clusters distributed within a crystalline, glassy, or
polymorphic matrix or filling nanotubes of various
compositions and properties (single-walled, multi-
walled, with different chirality and lengths, etc.) are of
particular interest [1—8]. A significant body of research
is dedicated to inorganic nanostructures formed within
carbon nanotubes (CNT) [9—15]. CNT, including those
in nanocomposites, are widely used in various solid-
state electrochemical devices as electrode materials
[16—18], both as anodes [19—21] and cathodes [22].

Alongside experimental methods for studying
nanostructures (high-resolution transmission electron
microscopy, Raman spectroscopy, etc.), computational
modeling techniques such as molecular statics,
molecular dynamics, and Monte Carlo methods are
actively employed. These approaches allow for the
calculation of structural and energetic characteristics
as well as the dynamic properties (mass and charge
transport) of the studied nanosystems [23—26].

Classical molecular dynamics (MD) simulations
have been used to study the formation of nanocrystalline
structuresin single-walled carbon nanotubes (SWCNT)
and the properties of the resulting nanocomposite
systems [26—29].

Previous studies have investigated model
structures of AgX@SWCNT (X =1, Br) [30—33] and
SnF,@SWCNT [34]. It has been shown that silver
iodide nanostructures in SWCNT can adopt
nanotubular structures based on a hexagonal lattice;

however, in some cases, Agl nanotubes based on a
square lattice were also observed. The AgI@SWCNT
heterostructures exhibit lower silver ion diffusion
coefficients compared to bulk silver iodide. For
SWCNT filled with silver bromide, the formation of
nanotubes based on either a square or hexagonal lattice,
as well as fragments of a bulk NaCl-type structure,
was observed. In the SnF,@SWCNT system, model
CNT of different sizes reproduced both an ordered
structure in the form of an internal SnF, nanotube and
a significantly disordered (glassy) phase. Upon heating
the SnF,@SWCNT model system, a state characterized
by noticeable fluoride ion mobility was observed. The
effect of changes (both increases and decreases) in
ionic conductivity in two-phase composite systems
is well known [35], and in [36], an increase in ionic
conductivity of fluoride-conducting solid solutions was
demonstrated upon the addition of inert silicon oxide
particles.

The aim of this study is to model the formation
processes of complex heterostructures consisting
of Agl|Si;O4 nanostructures inside SWCNT and to
determine the structural and dynamic characteristics of
the resulting systems.

SIMULATED SYSTEM DESCRIPTION

Obtaining a complex composite material based on
nanotubes with simultaneous filling by silver iodide
and silicon oxide is complicated by the significant
difference in their melting temperatures. Therefore, we
propose introducing pre-formed Si;O, clusters into the
nanotubes.
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Silicon oxide SiO, can be represented as a Si;Oq
nanocluster. However, as shown in our previous studies,
selecting the shape of even such a cluster is not a
straightforward task. Ab initio calculations were used to
determine the charge states and optimized equilibrium
geometries [37, 38] of two different types of Si;Oq
nanoclusters — linear and planar (Fig. 1).

The calculated electronic and  structural
characteristics of the linear and planar Si;O4 nanocluster
forms were then used for co-filling SWCNTSs with silver
and iodide ions to model the dynamic properties of the
composite material inside the nanotube.

Molecular dynamics (MD) simulations were
performed using the Forcite module in Materials Studio
to characterize the structural and dynamic properties of
the investigated systems [39].

Inthe preliminary stage of the study, it was shown that
the type of carbon nanotube (“zigzag” or “armchair™)
has a minor effect on nanocomposite formation.
Therefore, we selected armchair-type SWCNTs (12,12)
with a diameter of 16.27 A. The creation of SWCNTSs
and their filling with atoms, molecules, and particles is
a standard procedure in the Materials Studio package
[39]. In the generated SWCNT, which had a length
of 40 A, 30 precomputed Si,0, nanoparticles, either
in linear or planar form (without mixed filling), were
randomly distributed. In the next step, the nanotube
was additionally filled with I- (charge: —0.79¢) and Ag*
(charge: +0.79¢) ions in a stoichiometric ratio. This
procedure was carried out using the Amorphous Cell
module in Materials Studio, where the ions were placed
randomly, but placement near the inner surface of the
nanotube (~3 A) was prohibited. The number of silver
and iodide ions was determined based on the estimated
composite density of 5.5 g/cm?. The SWCNT filled with
Agl and Si;O, was then placed in a simulation cell with
periodic boundary conditions.

For MD calculations, we used interatomic potentials
of the Universal Force Field type. Ion charges were
computed using quantum chemical methods. The
simulations were performed in the NVT ensemble using

(a)
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a Nosé—Hoover thermostat, with a time step of 0.1 fs
(10'° s) and simulation durations of up to 100 ps (for
some control simulations, up to 1 ns). The temperature
range varied from room temperature to the melting point.

Radial distribution functions (RDFs) were
calculated to analyze structural features of the simulated

system:
n;(r
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where # is the average number of j-type particles in a
spherical shell of thickness dr at a distance » from an
i-type particle, and p is the average atomic density of the
modeled system.

Particle mobility was characterized using mean
square displacement (MSD) functions:
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where x,(7), y,(¢) and z,(¢) are the coordinates of the k-th
particle at time 7. The time dependence of MSD (except
for the initial segment) was approximated by linear
functions, and the diffusion coefficients of the ions (D)
were calculated from the slope of the linear fit using
Einstein’s relation:

r?(t)=6Dt + B, (3)
where the coefficient B accounts for thermal vibrations
of particles around their equilibrium positions.

SYSTEM SIMULATION AND RESULTS

Structural characteristics. Figs. 2 and 3 schematically
show the structures of the obtained Agl|Si;O,@SWCNT
(12,12) composites. It is evident that introducing Si;Oq
silicon oxide nanoparticles of different shapes into the
nanotube leads to different realizations of the complex
nanocomposite state inside the CNT.

(b)

Fig. 1. Bond lengths and charge states of the linear (a) and planar (b) forms of Si;O, nanoparticles.
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Fig. 2. Longitudinal (initial (a) and final (b) states) and cross-sections (c—e) of SWCNT filled with silver iodide and linear Si;O,
nanoparticles. Calculations at 900 K; cross-sections represent a layer 12—15 A thick; numbers in Fig. b indicate cross-sections in Fig. c—e.

As seen in Figs. 2a, 2b, 3a, and 3b, the calculations
show slight deformation of the nanotubes and
significant redistribution of Ag and I atoms, while
the silicon oxide nanoclusters undergo only minor
distortions and displacements. Furthermore, despite
the initial random spatial distribution of Si;Oq particles
inside the nanotubes, “empty” and “densely packed”
regions with nanoparticle agglomerates are observed.
Analyzing the distribution of silicon oxide particles
in cross-sections of different regions (Figs. 2, 3c—3e)
suggests that even in the densely packed areas, there
remains sufficient free space for the possible transport
of Ag and I ions.

Fig. 4 presents the RDF of different ion pairs at
900 K as an example. The RDF analysis for Agl inside
the nanotube showed that the shape of the silicon oxide

CRYSTALLOGRAPHY REPORTS Vol.70 No.1 2025

nanoclusters does not significantly affect the distribution
of silver and iodide ions within the nanotube. The only
notable change is in g(r) for silver—silver pairs, with peak
broadening indicating the high mobility of the cationic
subsystem.

Notably, as the temperature increases, the general
shape of the RDF remains unchanged, with only
peak broadening and a slight rightward shift of peak
maxima due to thermal expansion. This suggests that
at low temperatures, silver iodide forms chain-like
structures in a disordered silver phase, followed by the
“amorphization” of Agl, where both ion types exhibit
relatively high mobility, although silver cations are more
mobile. To confirm this hypothesis, we analyzed the
dynamic characteristics of the Agl|Si;O, nanocomposite
components.
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Fig. 3. Longitudinal (initial (a) and final (b) states) and cross-sections (c—e) of SWCNT filled with silver iodide and planar Si;O,
nanoparticles. Calculations at 900 K; cross-sections represent a layer with a thickness of 12—15 A; numbers in Fig. b indicate sections

in Fig. c—e.

Dynamic characteristics. To evaluate the mobility of
silver and iodide ions, we examined the time dependence
of MSD, shown in Fig. 5 for 900 K as an example.

The MSD slopes indicate that silver cations exhibit
the highest mobility in nanotubes containing planar
Si,0, particles. The calculated diffusion coefficients of
silver and iodide ions for structures with different Si,Oq
cluster types are presented in Fig. 6. For comparison, the
diffusion coefficients of Ag* and I in a SWCNT without
silicon oxide nanoparticles are also shown [31]. The data
in Fig. 6 suggest that silver iodide melts at approximately
800—900 K, whereas in a “pure” nanotube, no melting
of Agl is observed. However, the presence of Si;Oq
nanoparticles reduces the diffusion coefficients of silver
and iodide by about an order of magnitude.

The MSD analysis, along with the results in Figs. 2
and 3, indicates that Si;O, nanoclusters primarily undergo
“rotational-translational” motion as a whole, with little
evidence of significant translational movement.

Thus, by varying the concentration and type of
Si,04 nanoclusters, it is possible to significantly control
the mobility of silver ions in the Agl|Si;O,@SWCNT
heterostructure.

CONCLUSION

The conducted computer modeling indicates
that for a 40 A long SWCNT (12,12) with silver
iodide inclusions, stable nanostructured “internal
nanocomposites” are formed, incorporating Si;O,
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Fig. 4. RDFs of Ag—I (1), I-I (2) and Ag—Ag (3) pairs in tubes
with linear (a) and planar (b) nanoclusters at 900 K.

t, ps

Fig. 5. Time dependences of the MSD of ions in tubes filled with
Si,0¢ nanoparticles of planar (/ — Ag, 3 — I, 4 — Si) and linear
(2—Ag, 5—1, 6 — Si) forms (at 900 K).
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Fig. 6. Diffusion of silver and iodine ions in tubes: m — Ag in
SWCNT with a linear Si;O; cluster, o — [ in SWCNT with a linear
Si,O, cluster, « — Agin SWCNT with a planar Si;O, cluster, o — 1
in SWCNT with a linear Si;O, cluster, ¥ — Agin SWCNT (11,11)
[31], % — Iin SWCNT (11,11) [31].

silicon oxide clusters of various configurations — linear
and planar. These complexly organized composites can
transition into a state with quasi-molten (amorphous)
“chains” of silver iodide. The obtained results confirm
the possibility of controlling high ionic conductivity in
complex Agl|Si;0,@SWCNT heteronanostructures by
selecting both the shape and concentration of silicon
oxide nanoclusters.
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