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The influence of edge specific surface energy on the direction of hydrosilicate layers scrolling
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The present study reports on energy modeling of morphological features of hydrosilicate nanoscrolls with chrysotile structure. It considers a
possibility of scrolling direction change driven by difference in specific surface energies on the hydrosilicate layer edges. Specific surface energy
estimation together with energy modeling of the scrolling process reveal several directions, which are preferable in comparison to the [010] or [100]
directions of scrolling. The results obtained may help to better understand correlation between morphology, structural features, and mechanical

behavior of hydrosilicate nanoscrolls.

Keywords: inorganic nanotube, modeling, phyllosilicate, morphology.
Received: 11 August 2021

Revised: 25 September 2021

1. Introduction

Hydrosilicate layers like imogolite, halloysite, chrysotile, and their structural analogs may scroll due to size mis-
match between octahedral and tetrahedral sheets and surface structure difference on the opposite sides of a layer [1].
The scrolling process yields nanoparticles of high specific surface area [2-5] having good mechanical properties [6—11]
and oppositely charged inner and outer surfaces [5, 12]. These remarkable features have promoted hydrosilicate nano-
scrolls and nanotubes applications as catalysts [13—16], nanoreactors [17,18] and containers [19-21], polymer [22,23]
and other functional materials [24] fillers.

Despite large variety of applications, formation mechanism, hydrosilicate nanoscrolls structure description, and
understanding of related properties remain challenging. One particular problem relates to the form of cross-section
(concentric rings, spiral or more complex forms [25]) and the direction of scrolling. A number of X-ray diffraction
studies of chrysotile [26,27] and halloysite [28] came to the conclusion that the scrolling occurred along b or seldom
along a axes (of monoclinic or triclinic unit cells). While this method gave integral information about nanotubes
and nanoscrolls powders, electron diffraction patterns obtained on individual hydrosilicate and chalcogenide nano-
scrolls [29-31] demonstrated deviations of scrolling direction from a or b axes. Concurrently, those particles were
recognized as of cylindrical form. Strong deviations of scrolling direction or inequality of the scrolling driving force
along the layer frequently leaded to formation of conical nanoscrolls [32-36]. An arbitrariness of scrolling direction
may affect quality of hydrogen bonding between the adjacent layers [26], which, in turn, can play an important role in
the mechanical behavior of hydrosilicate nanotubes and nanoscrolls [8, 10, 11].

The present study has attempted to investigate the issue with scrolling direction of hydrosilicate layers from an en-
ergy modeling [37-42] perspective. Recent developments in the field of phenomenological modeling of scrolling [42]
have revealed a crucial role for the specific surface energy o of the hydrosilicate layer edges in the choice between
platy and scrolled particle shape. That study, however, operated with arbitrary range of edge o values. Here, edge o
values have been estimated relative to certain (hk0) planes intersecting chrysotile unit cell. Thus, an assumption has
been tested, that the direction of scrolling may deviate from directions of a or b axes because of energy preference of
edges formed by (hk0) planes in comparison to the edges formed by (100) and (010) planes.

2. Calculation concept
2.1. Energy model of scrolling

An energy model of finite mass rectangular plate scrolling [41] was adopted for the calculation of energy effect
value and preferable size parameters (number of layers and length) for cylindrical nanoscrolls with different o values
on the edges. The model relied on three energy components, namely strain energy F, surface energy >, and adhesion
energy Uy:
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where M is molar mass of the layer, m is mass of the layer, @ sign denotes scrolled state, and / sign denotes flat state
of the layer. The layer mass was held constant during the calculation and was determined as follows:

m=L1 Lohgp=const, ()

where L is the length, along which the scrolling process occurred (equals to spiral length measured at hy/2), Lo is
the length of cylinder, h; is the layer thickness, and p is density of the layer.
The strain energy of the scrolled state was determined within the continuous mechanics approach [43]:
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where Y is the Young’s modulus, p is the Poisson’s ratio, n is the number of layers (wraps), r;,, is the inner radius of
the nanoscroll, measured at h; /2, rq is the radius, at which size difference between octahedral and tetrahedral sheets is
fully compensated by curvature (in the direction of scrolling), and f=(hs+t)/2 is the Archimedean spiral constant
(t is the gap between adjacent layers). Square layer of side length L,..; was chosen as the reference flat state with the
following strain energy:
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The surface energy was determined as sum of all surface areas multiplied by specific surface energy values:
SO=00ut L9 Ly+0in LY Ly+201 L1 hy+202 Lo, )

where g,.¢, 0in, 01, 02 are specific surface energies of outer, inner, and two different edge surfaces, respectively, Lj’”t
and L{" are lengths of the spiral beginning at r=r;,,+h /2, respectively. The surface energy of the reference flat layer
was written assuming o1=09=0,.:
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The adhesion energy at n> 1 was estimated as follows:
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where u, is the specific adhesion energy.

2.2. Parametrization

To determine energy effect of scrolling, the model must be parameterized. The mass of the layer (eq. (2)) was set
to 10715 g, and the molar mass 277 g/mol was calculated in accordance with the chemical formula Mg3SisO5(OH)4.
The layer thickness h;= 0.4 nm and the gap between adjacent layers ¢{= 0.3 nm were chosen in accordance with
electron microscopy study [10]. Density of the layer was set to 2.5 g/cm® [41]. The Young’s modulus Y= 280 GPa
was calculated as an average of the data represented in theoretical paper [44], and the Poisson’s ratio was set to
0.2 [45]. The stress-free radius o= 8.8 nm was taken from study [46]. Specific surface energies were chosen as
follows: oou¢= 0.05 J/m? for (0001) surface of Mg(OH)s brucite [47], 0;,= 1.51 J/m? for (111) surface of a-SiOy
cristobalite [48]. An approach to calculation of specific surface energies at the edges of the layer is described in the
subsection below. For the reference layer 7,.. ;= 5.5 J/m* was chosen.

2.3. Specific surface energy of the edges

Specific surface energy calculation approach was based on the work of Shchipalov [48]. The o value was esti-
mated as a quantity of broken chemical bonds per surface area. For an arbitrary (hkl) plane specific surface energy
was written as follows:

0.5
= EZ l_)’r’ 8
TN Sk 21: K ©
where N 4 is the Avogadro constant, F; is the energy of a single bond, nfr is the number of chemical bonds, intersected
by the (hkl) plane, and Spy; is the surface area of the (hkl) plane, limited by periodicity condition. It was assumed
that the edges of the layer are formed only by the (hk0) planes parallel to c axis. Fig. 1 demonstrates an example of the
Shiko value determination. Whereas the relative position of chemical bonds and (010) or (110) planes reproduced from
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cell to cell, the (130) plane intersected the cell in 3 unique ways, so 3 cells must be considered. The final equation for
the surface area was written as follows:

Snro=1/ (hb)*+(ka)® - ¢ - sin, )

where a, b, ¢, and 3 are lattice parameters. In the case shown in Fig. 1 a= 0.5340 nm, b= 0.9241 nm, ¢= 1.4689 nm,
and 8= 93.66° (sinf = 1).

F1G. 1. Example of several lattice planes intersecting MgsSioO5(OH)4 unit cell (hydrogen bonds
between the layers are not shown). Structural data was adopted from [27] and visualized by VESTA
software [50]

Only Mg-O and Si—O bonds were taken into account having bond energies Ey_o= 401 £ 13 kJ/mol [49] and
FEsi_o= 444 + 18 kJ/mol [48], respectively. Some of the (hk0) planes may intersect hydrogen bonds, however, their
estimated energy (5.2 kJ/mol [42]) was almost two orders of magnitude less than those of Mg—O and Si—O bonds. In
this regard, hydrogen bonds were omitted during the calculation. Edge surfaces were assumed to be oxide surfaces,
without OH-groups or water molecules adsorbed on them.

An angle between the (100) plane and (hk0) planes was calculated by using the following equations:
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To model a rectangular plate, several 0,0/, pairs were chosen in accordance with a condition:
©100 A k0T P100 A 1/ 0= 90 £ 3% an

where either 4’ or k&~ should be negative. Then oy, substituted oy, and 0/, substituted o5 in the eq. (5).

3. Results and discussion

The choice of different o0/0,, . pairs as specific surface energies of the edges (1 and o9, see eq. (5)) means
that the rotation of the model rectangular plate undergoes in the ab plane relative to the crystal structure. Consequently,
direction of scrolling of the model plate would also change with the respect to the a and b axes. The results presented
below were obtained within two important assumptions. The first one is that the r value (eq. (3)) does not change with
change in direction of scrolling, in other words, that the size difference between octahedral and tetrahedral sheets along
any direction is the same. This assumption leads us to conclude that the hydrosilicate plate could be strained along
any direction within the ab plane. The second assumption is that the scrolling process occurs in only one direction,
whereas strains along other directions either remain uncompensated or find another relaxation routes. One of these
routes could be tetrahedron rotation yielding a tetrahedral sheet size change [37]. An alternative way for the crystal
structure relaxation, strained in multiple directions, would be curving with formation of spherical particles. However,
this case is rarely observed in practice: up to date, only allophane [51-53] demonstrates spherical morphology among
hydrosilicates with the ability of curving. This feature could be related with the fact that allophane has the smallest g
value (~ 1 nm) in comparison with other hydrosilicates [1].
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Figure 2 shows the results of oy calculations. Both positive and negative hk0 branches possessed several
minima, which were relatively deep for the positive branch. The hk0 values in the energy minima were 510, 110,
130, 1100 for the positive branch, and 410, 120, 1100 for the negative branch. Both branches demonstrated similar
trends at 100 A nio being close to 0° or 90°, whereas the trends were approximately opposite beyond that region. It
is interesting to note, that o199 and 019 were among the highest values calculated. In the view of the necessity to
choose op,10/0} )7 o Pairs in accordance with the eq. (11), this feature would make the particle with the edges formed

by (100) and (010) planes comparatively less energetically preferable.
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F1G. 2. Specific surface energies of (hk0) planes vs. angle between the (100) and the (hk0) plane.
The positive branch (both A and k are positive) is marked by blue circles, the negative branch (either
h or k are negative) is marked by orange triangles. Dashed lines join points for guidance.

Figure 3(a) shows positions of energy minima of scrolled layers with the edges, formed by different pairs of 2k0
planes (110/130 pair as an example), perpendicular to each other (see eq. (11)). The angle ;¢ A hko 18 pointed for
the plane with both h and k being positive (positive branch on Fig. 2). The relatively high value of energy effect
was partially caused by the adhesion energy component (eq. (1)). The case of a multiwalled-nanoscroll is compared
with that of a multilayered plate, for which the energy gap between them would be lower [42]. Depending on the
Ohko/0p o DAL, the energy effect could differ on approximately 400 J/mol, whereas the preferable spiral length
L, almost did not change. Fig. 3(b) confirms miserable change of other energy preferable size parameters. The
biggest change (200 nm) was revealed for cylinder length L,. The results of calculation allow to assume that the

hydrosilicate layers with different edge surfaces — within current approximation, scrolled in different directions —
could be morphologically indistinguishable, especially in the view of inner and outer diameters. On the other hand,
variability of scrolling directions could broaden the nanoscroll length distribution. There is still a chance to determine

scrolling direction by using the electron diffraction technique [30, 54].
Figure 4 shows energy effect of scrolling (eq. (1)) of rectangular plates with edges formed by different (hk0)

planes perpendicular to each other. The calculation revealed several energy minima with the deepest belonging to
scrolling of 230/120 plate. The general trend is almost symmetrical from both sides of this minimum. The 100/010
and 010/100 pairs, which are considered to be the most probable for scrolling of hydrosilicates like chrysotile and
halloysite [28], were energetically unfavorable in the view of specific surface energy. At the same time, the 100/010
pair is slightly preferable than the 010/100 pair. The nearest to 100/010 pair energy minimum was formed by (510)

and complementary (170) planes and was situated at ¢ Ahko = 10°.
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FIG. 3. (a) Change of energy minimum position for different o,x0/0p/ k0 pairs. Color denotes
the angle between the (100) plane and the plane with positive h and k. Complementary angle is
determined by the eq. (11). (b) Energy preferable size parameters (inner diameter d, outer diameter
D, and cylinder length L) of multiwalled nanoscrolls having different edge surfaces. Dashed lines
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FIG. 4. Energy effect of scrolling for model rectangular plates with different edge surfaces. Local
energy minima and 100/010 pairs are marked. Scrolling occurs along direction signed by orange
text, whereas the spiral edge obtained is signed by blue text. Dashed line joins moving average

values for guidance
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4. Concluding remarks

Specific surface energies of a family of (hk0) planes in Mg3SioO5(OH)4 chrysotile were estimated using a phe-
nomenological approach and information on Mg—O and Si—O bond energies. It was shown that the specific surface
energies of the main crystallographic planes (100) and (010) were among the highest among other values. The smallest
values of 0,0 were obtained for the (110), (230), and (130) planes.

The obtained data was used in calculation of energy effect of scrolling for a rectangular hydrosilicate model plate
with the edge surfaces formed by (hk0) plane and complementary (hk0) or (hk0) plane. The calculations, carried
out by the developed energy model, revealed several pairs of planes, at which energy effect of scrolling was maximal.
All these pairs differed from 100/010 pair, although [010] direction is generally accepted as the main direction of
hydrosilicate layer scrolling. The biggest energy effect of scrolling was revealed for 230/120 pair of planes, and the
nearest to 100/010 pair local energy minimum was revealed for 510/170 pair.

Preferable size parameters of nanoscroll models with different edge surfaces almost did not change being a possi-
ble obstacle for experimental distinguishing of nanoscrolls, which are cylindrically shaped but scrolled along different
crystallographic directions, by electron microscopy. Energy modeling was carried out assuming direction of scrolling
was always parallel to crystallographic direction of complementary plane. If this assumption is not correct because,
for example, scrolling occurs along the crystallographic direction with maximal strains, then the formed scroll might
still deviate from its cylindrical form. This deviation can be described as complication of the nanoscroll ends shape
and formation of downward spiral on the side surface of the nanoscroll.

In the view of powder X-ray diffraction experiment, the direction of scrolling could be related with the crystallite
size along certain direction. Crystallite size is expected to be the highest along that direction or in proximity to it.
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