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Abstract

Calcination of phyllosilicate/organics nanocomposites in inert atmosphere leads to in situ formation of graphitic
carbon layers on silicate phases. Electrically conductive material (ceramics) is thus obtained. Despite an
intensive research in this area, attention has not yet been paid to carbon/silicate interfaces in these systems.
This study is focused on structure compatibility of graphitic carbon and the most abundant phases formed by
transformation of aluminum phyllosilicates or magnesium phyllosilicates, i.e. cristobalite, mullite, forsterite, and
protoenstatite. The aim is to find whether the phases can or cannot have a significant influence on the graphitic
structure formation, and if the type of phyllosilicate (aluminum or magnesium) must be taken into account.
Structure compatibility is determined by original method calculating the overlaps of atomic pairs carbon/another
element. Carbon atoms lie in graphite(001) plane, atoms of another element lie in the given phase(hkl) plane.
Different crystallographic planes of phases formed from the original phyllosilicates exhibit various structure
compatibility with the graphite. The average number of overlaps of individual graphite(001)/phase(hkl) systems
revealed the highest structure compatibility for mullite (M) followed by forsterite (F), protoenstatite (P) and
cristobalite (C), namely M(102) > F(001) > P(100) > C(100). This sequence suggests that aluminum
phyllosilicates, from which M is formed, could be a more suitable input component compared to magnesium
phyllosilicates, from which F and P are formed. The lower number of overlaps for C compared to other phases
indicates its small contribution to the overall structure compatibility.
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1. INTRODUCTION

Graphitic carbon can be prepared by pyrolysis of macromolecules/phyllosilicate nanocomposites [1-17]. The
phyllosilicate component is transformed into cristobalite and, depending on the type of phyllosilicate, also into
mullite (Al-rich) or forsterite and/or protoenstatite (Mg-rich) [5,9,15]. While possible applications of these
pyrolyzed nanocomposites have been investigated (electrical conductivity [6,7,12,13], hydrogen storage [9],
wastewater treatment [10] or coatings absorbing solar radiation [11] to name a few), the study of the structure
is usually focused only on the determination of the formed graphitic carbon. Moreover, the carbon is often
liberated from the pyrolyzed nanocomposite by etching [1-5,10,17]. Little is known about the mutual
interactions of the graphite with different crystallographic planes of the inorganic phases in these pyrolyzed
nanocomposites. The question of the interaction remains at the edge of interest in the field of research on
these nanocomposites. Our previous work revealed that the determination of mutual interaction of two phases
from optimized molecular model can be successfully replaced by a simple method quantifying the interaction
by the number of overlapping atoms of two crystallographic planes, each of which belongs to one of the phases
[18]. The higher the number of overlaps, the more the given crystallographic planes are structurally compatible
[18]. In this study, the method was used to determine the structure compatibility of the basal graphite(001)
plane and various crystallographic planes of cristobalite, mullite, protoenstatite, and forsterite. Knowledge of
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the compatibility of in situ prepared graphitic carbon and silicate phases can be useful for the preparation of
electrically conductive ceramics from these pyrolyzed nanocomposites.

2. MATERIALS AND METHODS

2.1 Structure compatibility

Determining the structure compatibility of two phases is based on a purely geometric point of view [18]. Two
crystallographic planes, each from one phase, are placed in the same geometric plane so that one atom of
each plane lies at the origin of the coordinates. In this study, one crystallographic plane was always (001)
plane of graphite (G), the other crystallographic plane was (hkl) plane of cristobalite (C), mullite (M), forsterite
(F) and protoenstatite (P). The calculation is performed using an algorithm that quantifies the amount of
overlaps of carbon atoms from G(001) plane with another elements from C(hkl), M(hkl), F(hkl) or P(hkl) planes.
An overlap is considered a state when the centers of atoms of such a pair are at a mutual distance equal to or
less than 1 A. This value is the average of the covalent radii of considered elements, i.e. 1.21, 1.41, 0.66, 1.11,
0.73 A for Al, Mg, O, Si, C, respectively [19]. As the area of both crystallographic planes increases, the number
of overlaps increases as well, while the number of overlaps relative to the unit area converges. Our earlier
investigations showed the area of 100x100 A to be optimal [18]. The two (hkl) planes are not static during the
process of calculating structure compatibility. The in-plane rotation of one plane with respect to the other has
a fundamental effect on the number of overlaps. Therefore, the structure compatibility is calculated as an
average number of overlaps reflecting the individual values of the humber of overlaps at all mutual in-plane
orientations. Our earlier investigations showed the rotation step of 1° to be optimal [18]. Each input data file
describing the distribution of atoms in a given (hkl) plane consists of at least one line with six Cartesian
coordinates: position of the center of given atom (X, y), direction (dx1, dyl) of copying the atom to create a
row, and direction (dx2, dy2) of copying an entire row to create the plane. In the case of more complex patterns,
the input data may consist of more than one line of coordinates. Due to the periodicity of the atomic
arrangement, these coordinates allow creating a given (hkl) plane of arbitrary dimensions.

2.2 Input data

Unitcellsof G (a=b=2.456 A, c=6.696 A, a=p=90°, y=120°), C(a=b=4.978A,c=6.948A a=B=
y=90°),M(@a=7.663A,b=5767A c=7.492A a=B=y=90°),F (a=4.754 A,b=10.197 A, c=5.981 A,
a=B=y=90°,and P (a=9.250 A, b=8.780 A, ¢ =5.320 A, a = B =y = 90°) [20,21] were cut along (hkl)
planes selected according to the flathess and density of occupation of atoms [18]. These (hkl) planes served
as a source of input data used for the structure compatibility calculation. Input data of the same (hkl) plane but
with different atoms at the origin of coordinates are distinguished by | and Il (see an example in Figure 1a).

Many (hkl) planes are not completely planar and contain atoms slightly deviated from the central plane. Strict
requirement of selecting only atoms lying in a geometrically perfect plane would mean the creation of input
data with an unrealistically low density of atoms. Therefore, atoms distant in the perpendicular direction from
the central plane by no more than the covalent atomic radius (1.21, 1.41, 0.66, 1.11 A for Al, Mg, O, Si,
respectively [19]) were included in the input data. The (hkl) planes gradually filled with such atoms are marked
with letters a,b,c (see an example in Figure 1b). In a case of the (hkl) planes without perfect planarity,
deviations from the planarity were calculated as the perpendicular distances of atoms from the central
geometric plane defined by three other atoms of a given (hkl) plane. Different arrangements of atoms in parallel
(hkl) planes of the same phase, whose mutual distance (perpendicular to the plane) is greater than the covalent
radius of the atoms, are marked with numbers 1-3 (see an example in Figure 1c). For completeness, the
elements present are also listed in the designation of each (hkl) plane. Unit cells and input data are provided
in Supplementary material [22].
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Figure 1 a) Top view of the same (hkl) plane with different atoms at the origin of coordinates (initial atoms);
b) Top view of the (hkl) plane gradually filled with atoms deviated from the planarity; ¢) Side view of two
parallel (hkl) planes and top view of each of these (hkl) planes.

3. RESULTS AND DISCUSSION

The descending order of 43 average numbers of overlaps for G(001) plane on M(hkl), F(hkl), P(hkl), and C(hkl)
planes show generally the highest values, i.e. the best structure compatibility, for M(hkl) planes (Figure 2). The
highest and the second highest value is achieved for M(102)SiAIO1 (2482.006 + 25.048) and M(010)SiAIO
(2087.061 £ 32.127) planes, respectively. All numerical data are provided in Supplementary material [22]. In
the group of phases formed from magnesium phyllosilicates, F(001)MgSiO (1984.681 + 21.764) and P(100)O
(1545.942 + 19.360) planes on the 3 and 8" position, respectively, exhibit the highest average number of
overlaps (Figure 2). These values represent ~80% a ~62%, respectively, of the 1t value achieved for the
M(102)SiAIO1 plane. The C(hkl) planes generally show the lowest average numbers of overlaps and from two-
thirds are only found in the second half of all 43 values (Figure 2). The highest value (1428.375 + 43.963) at
the 14" position achieved for the C(100)SiO plane represents ~58% of the first value achieved for the
M(102)SIAIO1 plane. Based on the average number of overlaps, the degree of structure compatibility of the
studied phases with the G(001) plane can be expressed as follows: M > F > P > C.
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Plane phase(hkl) in the overlay with plane G(001)

Figure 2 Descending order of the average number of overlaps for the G(001) plane on all M(hkl), F(hkI),
P(hkl), and C(hkl) planes. Planar (hkl) planes formed by atoms lying in one geometric plane are marked with
an asterisk. The inset compares the average numbers of overlaps for these planes only.
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If only planar planes are considered, this order does not change (see the inset in Figure 2). The M phase still
shows the highest average number of overlaps (2087.061 £ 32.127), although the average number of overlaps

for the F(001)MgSiO plane begin to approach it much closer in this case (1984.681 + 21.764) than when all

(hkl) planes are compared regardless of planarity.

Figure 3 shows that the dependence of average numbers of overlaps is generally not directly proportional to

the deviation from planarity. The reason for the higher values of the average number of overlaps is therefore

not the increased density of atoms in non-planar (hkl) planes after the inclusion of slightly deviated atoms, but

better structural compatibility based on a more similar arrangement of atoms in the G(001) plane and the given
phase(hkl) planes (whether planar or not). All numerical data are provided in Supplementary material [22].
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Figure 3 Dependence of the average numbers of overlaps on deviations from ideal planarity. For perfectly

planar (hkl) planes, the deviation is zero.

In addition to the numerical values of the number of overlaps, the structure compatibility calculation also
provides a visualization of these overlaps for each G(001) in-plane orientation on each phase(hkl) plane.
Visualizations of the orientations leading to the highest nhumber of overlaps for each of the M, F, P and C

phases can be seen in Figure 4. For clarity, only smaller regions (50x50 A) are shown. Full-size visualizations

of the 100x100 A areas are provided in the Supplementary material [22].

Figure 4 Visualization of the G(001) orientations leading to the highest number of overlaps on each of the

phases: (a) M(102)SiAlO1, (b) F(001)MgSIO, (c) P(100)O, (d) C(100)SiO. Color legend: blue — non
overlapping atoms in G(001) plane, black - overlapping atoms in G(001) plane, green — non overlapping

atoms in phase(hkl) plane, red — overlapping atoms in phase(hkl) plane.

Distinct differences in the distribution of G(001) and phase(hkl) overlapping atoms are apparent. In the case
of M(102)SiAIO1, a relatively regular pattern of overlaps can be observed, with the overlaps filling a significant
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part of the area leaving only tiny regions (~ 5x3 A) of incompatibility (Figure 4a). In the case of F(001)MgSiO
and P(100)0, the overlaps form an irregular network of interconnected meshes, denser for F(001)MgSiO and
sparser for P(100)O (compare Figures 4b and 4c). In the case of C(100)SiO, the overlaps form narrow parallel
bands with "empty" regions approximately 5 A wide (Figure 4d). An overview of the visualizations for the other
phase(hkl) planes (see the Supplementary material [22]) shows that the least discontinuous distribution of
overlaps is achieved for G(001) on the M(hkl) and F(hkl) planes.

4, CONCLUSION

The results achieved for the G(001) plane on the (hkl) planes of M, F, P and C phases formed by heat treatment
of Al-rich and Mg-rich phyllosilicates revealed the best structure compatibility for G(001) and M(hkl). This
confirms the empirical experience that nanocomposites containing graphitic carbon can be successfully
prepared in situ by thermal treatment of organics with montmorillonite (Al-rich phyllosilicate), which is most
often used for this purpose [1-5,8,10,11,13-15]. Relatively high numbers of overlaps found for some F(hkl) and
P(hkI) planes suggests that Mg-rich phyllosilicates may also be suitable for this purpose. This is also supported
by visualizations of the G(001) on those M, F, P, and C planes that lead to the maximum number of overlaps
for each of the phases. The distribution of overlaps more or less over the entire area found for M, F, and P
shows these planes as more suitable substrates for continuous growth of G(001) compared to the C plane.
Future research will be focused on the correlation of obtained data with real samples prepared in situ by heat
treatment of organics not only in the presence of phyllosilicates, but also in the presence of pure M, F, P, and
C phases.
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