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Abstract: The past two decades have been marked by an increased interest in the synthesis and the
properties of geoinspired hydrosilicate nanoscrolls and nanotubes. The present review considers three
main representatives of this group: halloysite, imogolite and chrysotile. These hydrosilicates have
the ability of spontaneous curling (scrolling) due to a number of crystal structure features, including
the size and chemical composition differences between the sheets, (or the void in the gibbsite sheet
and SiO; tetrahedron, in the case of imogolite). Mineral nanoscrolls and nanotubes consist of the
most abundant elements, like magnesium, aluminium and silicon, accompanied by uncontrollable
amounts of impurities (other elements and phases), which hinder their high technology applications.
The development of a synthetic approach makes it possible to not only to overcome the purity
issues, but also to enhance the chemical composition of the nanotubular particles by controllable
cation doping. The first part of the review covers some principles of the cation doping approach
and proposes joint criteria for the semiquantitative prediction of morphological changes that occur.
The second part focuses on some doping-related properties and applications, such as morphological
control, uptake and release, magnetic and mechanical properties, and catalysis.

Keywords: chrysotile; halloysite; imogolite; nanotubes; nanoscrolls; modelling; hydrothermal
synthesis; composite materials; catalysis

1. Introduction

The year 2020 can be considered as the 90th anniversary of inorganic nanotubes. In 1930,
L. Pauling [1] assumed the ability of certain hydrosilicate layers to curve because of size differences
between alternating sheets. Following the development of electron microscopes, the tubular
morphology of halloysite and chrysotile minerals was successfully visualised in 1949-1950 [2—4].
In the next decades, the geoinspired synthetic experiments, X-ray diffraction and microscopic studies of
R. Roy and D.M. Roy [5], ].C.-S. Yang [6], H. Saito and I. Yamai [7,8], K. Yada and K. lishi [9], and E.J.W.
Whittaker [10-13] contributed greatly to hydrosilicate nanotubes’ classification and the understanding
of their growth mechanism. The third nanotubular mineral that will be considered in this review was
discovered and synthesised a little later [14-16]. Revealing imogolite’s tubular morphology was more
challenging than with chrysotile and halloysite because of the substantially smaller size of the former.
Despite such a long history of the study of tubular hydrosilicate particles, the famous term ‘nanotube’
only appeared after the carbon nanotubes’ observations made by S. Iijima [17], and this was related,
perhaps, to the remarkable progress that had been made in electronic component miniaturisation.

The aim of the present review was, first, to look at chrysotile, halloysite and imogolite as
related hydrosilicates, whose formation process, growth, and specific morphology obey similar rules.
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For example, the hydrothermal synthesis of halloysite nanotubes is still very complicated and most
published papers have used halloysite mineral for a variety of applications. It might be argued that the
mineral is available in large amounts, but this does not excuse the lack of synthetic results. We believe
that a comparative study of the related hydrosilicates will help to reveal, and probably overcome,
that hindrance.

Second, pristine chrysotile, halloysite and imogolite nanotubes contain Mg, Al and Si cations,
which can be substituted by other elements during a synthetic experiment. We hope that the joint
consideration of the three hydrosilicates will promote an exchange of ideas and approaches to their
synthesis. Moreover, since the cation type and content are among the key factors of morphology control,
it is important to reveal regularities and possible limitations of cation doping of the hydrosilicate layer.

Third, a general aim of cation doping is to confer a new property on the hydrosilicate nanotube,
so this should be discussed as well.

In accordance with these aims, the present review consists of three sections, in addition to the
Introduction and Conclusion. Section 2 is devoted to an overview of hydrosilicates’ structural modelling
and the contemporary principles of the cation doping approach. Section 3 considers synthesis and some
cation doping-related morphological effects. Section 4 reviews a number of properties and applications
of cation doped hydrosilicate nanotubes and nanoscrolls. We will use both the term ‘nanotube” and
‘nanoscroll’, because both forms of cross-section can be observed for hydrosilicates. “Nanoscroll” is
more appropriate when a is model based on a spiral form, or when a formation mechanism via scrolling,
is considered.

2. Principles of Curvature Control

2.1. Crystal Structure and the Origin of Strain

The crystal structures of chrysotile, halloysite and imogolite are wrapped around the very similar
idea of the joining of two different polyhedral motives or sheets. In the case of chrysotile, these
sheets are brucite-like octahedrons and a pseudohexagonal network of silica tetrahedrons (Figure 1).
A gibbsite-like octahedral sheet constitutes halloysite (Figure 2) and imogolite (Figure 3) layers.
The latter has silica tetrahedrons separated from one another. At first glance, it would seem that
structural variations in those hydrosilicates are insignificant, but they suddenly lead to striking
differences in morphology. First, it is the direction of the layer’s bending: chrysotile and imogolite
curve in such a manner that the octahedral sheet becomes the outer one, while in the case of halloysite,
this sheet becomes the inner one. Moreover, only imogolite tends to form single-walled nanotubes,
whereas chrysotile and halloysite are multi-walled, and sometimes this wall consists of tens of layers.
Adjacent layers are directly joined together by hydrogen bonding, but sometimes, in halloysite there
is an additional buffer layer of water molecules situated in between (Figure 2) that increases the
interlayer period. This structural modification is called 10 A-halloysite, whereas its dehydrated
version (with a period similar to chrysotile) is called 7 A-halloysite [18]. It is intriguing that reports
on a possibly hydrated version of chrysotile are absent. The morphological diversity of those three
hydrosilicates goes beyond tubular morphology. To date, platy lizardite [19] and kaolinite [20] are
known to be platy analogues of chrysotile and halloysite. Spherical allophane [21,22] and polyhedral
endellite [23,24] could form instead from tubular imogolite and halloysite, whereas chrysotile has its
polygonal variation [25-27].
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Figure 1. The schematic crystalline structure of chrysotile. From [28]. Copyright ©2011 Elsevier Ltd.,
Amsterdam, The Netherlands.
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Figure 2. Schematic diagram of (a) the crystalline structure of 10 A-halloysite, (b) the structure of a
halloysite particle, and (c,d) the transmission electron microscope and atomic force microscope (AFM)
images of halloysite. From [18]. Copyright ©2015 Elsevier Ltd., Amsterdam, The Netherlands.
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Figure 3. Structural illustration of imogolite, synthesised in [29]. Reproduced with permission from the
Centre National de la Recherche Scientifique (CNRS), Paris, France, and The Royal Society of Chemistry,
Cambridge, United Kingdom.

According to recent structural studies, chrysotile is a monoclinic Cc space group with lattice
constants @ = 0.5340(1) nm, b = 0.9241(1) nm and ¢ = 1.4689(2) nm, B = 93.66(3)° [30]. Its cell
consists of two layers in the ¢ direction. Zhang et al. [31] assigned triclinic P1 group to 7 A-halloysite
with lattice constants 2 = 0.51616(6) nm, b = 0.88304(10) nm and ¢ = 0.75032(8) nm (one layer in
the cell), @ = 93.992(12)°, B = 104.526(12)° and y = 89.661(10)°. All of these values were obtained
by crystal structure refinement using wide-angle X-ray scattering. Demichelis et al. [32] proposed
to use the gibbsite (2 = 0.511 nm, b = 0.876 nm, y = 88.8°) cell as an initial approximation for
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imogolite for ab initio calculations. An interpretation of X-ray patterns in the case of imogolite involved
the supercells of nanotube aggregates [33,34]. Alvarez-Ramirez [34] also attempted to optimise a
hypothetical flat imogolite unit cell using the Density Functional Theory (DFT) approach and revealed
that the parameters 4 = 0.49 nm and b = 0.846 nm were less than that of gibbsite.

In order to reveal the origin of strain and curvature in those hydrosilicates, the initial structures of
the sheets should be compared prior their chemical bonding. Figure 4 shows principal hydrosilicate
building blocks. An estimation of the average cavity size in the AI(OH)3 layer [35] as the distance
between oxygen ions that would be shared between octahedra and tetrahedra yielded a value of
0.322 nm. The same procedure carried out for SiO, cristobalite tetrahedra [36] resulted in a value
of 0.262 nm. The pseudohexagonal network of SiO; tetrahedra constructed on that basis would
have a specific size of 0.907 nm. A comparison of these values with the specific sizes of Mg(OH),
(0.944 nm [37]) and AI(OH)3 (0.864 nm) would lead to the conclusion that there is a substantial size
difference between the structural elements which has to be overcome somehow. Moreover, this basic
comparison enables the prediction of the main direction of scrolling, assuming that it is a means of size
difference compensation.

The main principle of curvature control by cation doping relies on the idea that substitution will
change the specific size of polyhedrons (sheets) and in turn, the preferred curvature of the layer.

Figure 4. (a) Crystal structure of AI(OH); gibbsite according to the data of Saalfeld and Wedde [35].
An averaged size of the cavity is shown. (b) Crystal structure of the SiO, cristobalite according to
the data in [36]. An averaged size of the tetrahedra’s side is shown. (c) Crystal structure and specific
size of Mg(OH), brucite reported in [37]. (d) An ‘ideal’ silica sheet adopted from the structural data
in [38]. Specific size was calculated on the basis of the (b) value. VESTA software was used for
visualisation [39].

2.2. An Overview of Nanotube Modelling

Although tubular particles were visualised by a transmission electron microscope in 1949-1950 [4],
nanotube modelling advanced greatly after the observation of carbon nanotubes [17] and the discovery
of their mechanical, electronic and morphological properties. This section considers two groups
of models, divided by the principle of continuity. The first group includes the DFT and molecular
dynamics (MD) approaches, which rely on precise nanotube crystal structure optimisation. Conversely,
the second group of phenomenological modelling considers the layer as a continuous medium with a
number of parameters and applies the equations obtained for macroscopic processes at the nanoscale
or operates with time-dependent kinetic equations. Both groups have their strengths and weaknesses,
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which will be highlighted below. We also recommend the book section, written by A. Enyashin [40],
that considers recent advances in the modelling of inorganic nanotubes.

2.2.1. DFT and MD ‘Microscopic” Models

We would like to start with an overview of the modelling of imogolite as the smallest nanotube.
Its small size has facilitated computations, there being no need to involve large cells in order to
achieve good agreement with the experiment. Early works that involved DFT and MD approaches
were focused on preferable cross-section geometry. Konduri et al. [41] reported a single-walled
imogolite nanotube diameter of 1.98 nm based on aluminium atoms and an outer diameter of 2.26 nm,
whereas experimental evidence suggested that this should be 2.2 nm. The authors also calculated
the dependence of radial breathing mode frequency, which could be useful for the spectroscopic
characterisation of imogolite. The work [34] considered the band gap X-ray scattering and vibrational
frequency evolution in (OH);Al,O3(SiyGe;—,)OH imogolite nanoscrolls. The author demonstrated
that Si to Ge substitution decreased the band gap value in a number of wave vector points (Figure 5).
X-ray diffraction simulations revealed that the pattern depended more on the model nanotube radius
than on the Si content. Guimaraes et al. [42] adopted the concept of the chirality vector to study
structure optimisation and the electronic and mechanical properties of zigzag- and armchair-type
imogolites. The authors reported a substantial zigzag imogolite strain energy preference. The preferred
curvature radius of 1 nm was in good correlation with results reported in [41]. The estimated Young’s
modulus of zigzag imogolite of different radii varied from 175 to 479 GPa. The calculations yielded a
very high band gap value of 10 eV for imogolite. The work of Demichelis et al. [32] and Lee et al. [43]
was focused on the role of hydroxyl groups in imogolite shaping. The authors showed that the energy
difference between the two chirality types could be explained by the energy preference in the hydrogen
bond network arrangement on imogolite surfaces (Figure 6). The proper orientation of hydrogen bonds
could provide an additional 2.0 k]/mol of preference per formula unit of zigzag imogolite. Moreover,
Lee et al. [43] obtained the preferable imogolite diameter of 1.7 nm (zigzag nanotubes), which was a bit
smaller than those reported in [32,41,42]. Perhaps, the hydrogen bond network can not only favour
zigzag-imogolite formation, but bend the layer in addition to the action of size difference between
the sheets.
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Figure 5. Band gap evolution for (a) I, (b) Ky, (¢) Ky, and (d) K3 points used in the calculation as a
function of the radial dimension of the imogolite tubes. At the I'(0,0,0) point, the band gaps have their
minimum value, increasing with the content of silicon. The same behaviour with silicon content is
observed at the other k points. From [34]. Copyright ©2007 American Physical Society, College Park,
Maryland, United States.
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Figure 6. (a) Calculated strain energies as a function of the outer diameter for zigzag (red circles)
and armchair imogolite (blue squares). (b) Structural relaxation of a hydrogen terminated curved
gibbsite-like imogolite patch. From [43]. Copyright ©2011 American Chemical Society, Washington,
United States.

Some papers have been devoted to the study of substituted variations of imogolite.
Alvarez-Ramirez [44] carried out a study of a general (OH);N,O3MOH imogolite-like nanotube
where M = C, Si, Ge, Sn and N = Al, Ga, In. The author demonstrated a change in the preferable
cross-section geometry from a circular one to an elliptical and squared one with a more or less equal
preferable radius expressed as a number of gibbsite-like units. In addition, the paper reported on
a decrease in the direct band gap from around 4.7 eV to 2.5 eV with an0 increase in the M and N
atomic numbers. The study [45] considered phosphorus and arsenic as potential substitutes for silicon.
The authors demonstrated that changing Si increased the nanotube’s preferable radius of curvature,
but at the same time it decreased the energy effect of bending (Figure 7).
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Figure 7. Strain energy per atom as a function of the tube radius of the (9,0)-(19,0) zigzag nanotubes
aluminoarsenate (closed triangle), aluminophosphate (closed square), aluminophosphite (open square),
aluminoarsenate (open triangle) and aluminosilicate imogolite (closed circle). From [45] with permission
from the PCCP Owner Societies.

Another group of models has focused on the dynamics of imogolite layer scrolling. Using the MD
approach, Gonzalez et al. [46] revealed a high level of diversity in the manner of scrolling (Figure 8),
including single, double and highly disordered spirals. An important result was that, in some cases,
one complex spiral could be energy comparable to a system of two separate imogolite nanotubes.
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Perhaps this was caused by the interaction between adjacent layers, which is interpreted as adhesion
by some phenomenological models of scrolling. A generalised model of graphite, MoS, and imogolite
layer bending was proposed in [47]. According to that research, a short imogolite layer, whose length
was not enough to form a tube, gained almost the same curvature as the optimised tubes from previous
studies (Figure 9). Thill et al. [22] extended the case of small imogolite layer bending in two possible
directions in order to study the formation of spherical allophane. The authors demonstrated that the
growing layer curved in both directions, forming the sphere’s segment below a certain size threshold
(Figure 10). Above this threshold, a sudden drop in curvature occurred, indicating the transition to a
tubular growth regime. A probable allophane formation mechanism could be the self-organisation of
a number of the sphere’s segments by a kind of oriented attachment. According to [21], individual
allophane particles usually were 4-5 nm in diameter, which might be formed of 6-9 sphere segments,
3nm in size. Perhaps the resulting morphology (sphere or tube) could be a matter of kinetic competition
between oriented attachment and recrystallisation, or between different modes of oriented attachment
(attachment to edge or side surfaces of proto-imogolites).
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Figure 8. Families of imogolite’s cross-sections” conformations and their energies, obtained using
planar initial conditions; (a) at 150 K; (b) at 300 K. N is a number of circular sectors, or unit cells.
The red dashed line indicates the lowest energies for the various structures. From [46]. Copyright
©2014 American Chemical Society, Washington, United States.
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Figure 9. Energy vs. curvature of an imogolite sheet. The imogolite structure inset corresponds to
N = 5 angular repetitions. The dashed vertical lines, and the numbers that label them, correspond
to the curvature radius of a completely closed nanotube with that N value. Green Al; red O; yellow
Si and light grey H. From [47] with permission from The Royal Society of Chemistry, Cambridge,
United Kingdom.
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Figure 10. Average curvature and average stretching energy for planar initial conditions of increasing
size from 5 to 100 A. From [22]. Copyright ©2017 Elsevier B.V., Amsterdam, The Netherlands.

Finally, there are a number of theoretical papers with an accent on the mechanical and optical [48,49]
properties of imogolite. The series of papers by D.Y. Kang et al. [50,51] relate to the classification
of proposed models, because they combine DFT structure optimisation with Nanoscale Continuum
Mechanics (NCM) for simulated mechanical tests. The authors revealed a dependence of the Young’s
and the share moduli on the single-walled imogolite nanotube’s length during tensile, bending
(Figure 11) and torsion loads. On the other hand, the presence of defects decreased both the Young’s
(340 GPa) and the shear (160 GPa) moduli of the tube. Liu and Kang [52] considered the mechanics
of double-walled Ge-imogolite, highlighting the important role of the hydrogen bonds’ interaction
between the adjacent layers. Unfortunately, single- and double-layered cases were not compared, and
this would have been of great value for the interpretation of diameter (number of layers) dependence of
the Young’s modulus observed in some nanomechanical experiments [53,54]. The pure MD simulation
of imogolite nanotube compression was carried out in [55]. During the model experiment, the nanotube
exhibited linear deformation with the Young’s modulus around 200 GPa, then it lost stability and
kinked in several places after reaching a critical curvature radius of around 100 nm.
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Figure 11. The Young’s modulus of imogolite nanotubes of 11-16 unit cells, and single-walled (14,14)
carbon nanotube as a function of nanotube length deduced from the simulated bending tests. From [50]
with permission from The Royal Society of Chemistry, Cambridge, United Kingdom.
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The number of theoretical papers that consider halloysite and chrysotile is relatively small.
The structural, electronic and mechanical properties of single-walled halloysite and chrysotile were
considered in [56,57]. The first issue identified for both hydrosilicates was that the cell size typical for
imogolite was not enough to reach the energy minimum. The authors of [56,57] fitted the calculations
with an empirical equation (Figure 12):
a b

+ = @

Estr = E R

taking into account the strain and surface energy differences in the form of the parameters a and
b. Solving that equation relative to the energy minimum with specified parameters for halloysite
and chrysotile returned radii of 3.3 nm and 11.2 nm (absolute values), respectively. The latter was
overestimated in comparison to the work of Whittaker [13], who obtained the stress-free radius of
8.8 nm on the basis of X-ray pattern analysis. As for Young’s modulus, the calculations yielded a
value of around 300 GPa, which was comparable with imogolite. A recent large-scale DFT simulation
of single-walled chrysotile [58] and other serpentine layers obtained the preferred radius of 8.8 nm
(Figure 13), and this was in perfect agreement with [13].

The optimisation of 7 A- and 10 A-halloysite spirals, which accounted for no more than two layers
(wraps), was carried out in [59]. One of the important results of this paper was a small distortion
of the layer polyhedrons that was distributed across the entire supercell. Comparing two directions
of scrolling, the authors revealed an energy preference of bending around the b axis due to the
configuration of the hydrogen bond network. The scrolling of a flat halloysite layer was studied
by means of the MD approach [60]. The authors revealed that scrolling occurred in both a and b
crystallographic directions, but at a different speed. Intriguingly, the final inner radius of 5-15 nm
significantly exceeded the value of 3.3 nm obtained by fitting the calculations of Guimaraes et al. [56].
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Figure 12. (a) Strain energy as a function of the tube radius of (n,0) (closed circles) and (n,n) (open circles)
single-walled halloysite nanotubes. Results are shown for the (7,0)-(20,0) and (6,6)—(15,15) nanotubes,
from [56]. Copyright ©2010 American Chemical Society, Washington, United States. (b) Strain energy
per atom as a function of the tube radius of the (17,0)—(45,0) zigzag (open circles) and the (9,9)—(29,29)
armchair chrysotile nanotubes (closed circles), from [57]. Copyright ©2012 American Chemical Society,
Washington, United States.
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Figure 13. Energy difference per formula unit of (n; —n) single-walled chrysotile nanotubes with respect
to the flat lizardite slab (kJ/mol), as a function of (a) the nanotube radius (A) and index 1, and (b)
inverse nanotube radius (A~!) and index 1. The superimposed curve was obtained using a quadratic
best-fit over a set of 16 points around the energy minimum. From [58] with permission from The Royal
Society of Chemistry, Cambridge, United Kingdom.

Very few papers have focused on the substituted versions of halloysite and chrysotile.
Alvarez-Ramirez et al. [61] carried out a DFT structure optimisation of Ni3Si;O5(OH)4 nanoscrolls and
demonstrated that the lattice constants were close to the MgzSi,O5(OH)y4, except they operated with a
P31m space group. Fu and Yang [62] considered the cation doping of kaolinite layers with Cr, Mn, Fe
and Co, regardless of its scrolling ability. Cation doping initiated the cell volume expansion (except the
Co substitution) and tuned the band gap of the layer. In addition, different cations preferred an anti- or
ferromagnetic state.

2.2.2. Phenomenological ‘Macroscopic’ Models

In contrast to the group considered above, ‘macroscopic’ models consider the layer as, generally,
a continuous medium, and attempt to describe scrolling using the analytical equations of mechanics
and both thermo- and hydrodynamics. Some early papers considered probable ways of size difference
compensation in a 1:1 hydrosilicate layer. Singh [63] compared the mechanism of tetrahedra rotation
with whole layer rolling. The author came to the conclusion that the rotation mechanism might be less
energy efficient due to the increasing Coulomb repulsion of the nearest Si atoms. In support of this
conclusion, it seems that while the tetrahedral sheet distortion would decrease the size difference in
one direction, it would simultaneously increase the difference in the other direction. However, the
tetrahedral rotation mechanism could encourage nanotube form stabilisation after the scrolling, as the
hydrogen bonds arrangement did.

One of the first studies of the energy aspects of substitutions was reported in [64]. The authors
described the morphological transition of Ni3(5i1_yGey),Os5(OH)4 from tubes to plates in terms of the
elastic theory of thin plates. A notable outcome of this research was the estimation of the preferred
radius of curvature of NizSi;O5(OH), to be 9.13 nm, as well as the 1.068 J/m? surface stress difference
between the opposite sides of the layer. In addition, using the concept of the size difference between
the two sheets driven by an ionic radius of the cations, the authors estimated the molar fraction of
Ge needed to eliminate the size difference to be x = 0.3. This value was well correlated with the
synthetic experiment, which yielded x = 0.25. An energy model explaining the nanotubes’ curvature
was further developed in [65,66]. The authors considered the case of Si to Ge substitutions in imogolite,
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accompanied by the formation of double-walled nanotubes and multi-walled nanoscrolls. The authors
enhanced Equation (1) with the adhesion term in order to describe the multi-walled morphology:

"‘<
%(»

i amt CText)h_’_z_P;lu ?)
i=1

where Y is Young’s modulus,  is a half of the layer’s thickness, R is the mean radius of the ensemble,
p is the number of layers, R; is the curvature radius of the i layer, it and oext are the surface
tension of the internal and external imogolite surfaces, ¥ = ojnt + Oext is total surface tension and
U is the adhesion energy. Numerical calculation on the basis of this formula demonstrated the
increased energy preference of multi-walled nanotubes and nanoscrolls with an increase in Ge content
(Figure 14). In addition, an analytical approximation of this equation allowed authors to draw a sort
of phase diagram (Figure 15) that described the competition between adhesion-associated (1p) and
strain/surface-associated («) parameters for a wide range of nanotubular materials.
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Figure 14. Energies of the (OH)3Al,03SixGej_(OH) shapes for x = 0, 0.25, 0.5, 0.75 and 1. The lowest-
energy shape changes from double walled up to x = 0.25 to single walled. The energies are given
considering ¥ = 0. From [65]. Copyright ©2012 American Chemical Society, Washington, United States.

A =¥
f VOX SC Ry =3
Halloysites 3 \
\ p=co
! R,.=R/A
10 | Titanate TW \
9
8
7y
6
nO 5 sw
4
3 :
1 p=1 e
102 10 0.5 i
(0.4

Figure 15. Minimum-energy diagram of multi-walled nanotubes and nanoscrolls as a function of
dimensionless parameters. The positions of Si-imogolite, Ge-imogolite, titanate nanotubes and VO,
nanotubes are shown as examples, from [65]. Copyright ©2012 American Chemical Society, Washington,
United States.
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A group of phenomenological models used different time-dependent expressions in order to
describe the scrolling process or nanotube growth. Chivilikhin et al. [67] studied the exfoliation and
scrolling process of a chrysotile layer using a hybrid MD and continuous model. This approach made it
possible to demonstrate the dynamics of the scrolling process once a part of the layer has been detached
from the adjacent flat layer, and this is typical of a number of exfoliation processes. Depending on
the allowances for spiral slip during the scrolling, the inner radius of the scroll remained constant or
decreased continuously during the scrolling (Figure 16a) in order to compensate for the stress gain in
the outer layers. According to the model, scrolling in a viscous liquid was quite a fast process that
took tens of milliseconds. Later, the model was expanded to the case of nanoscrolls” ensemble [68]
in order to track down the evolution of radius distribution (Figure 16b). The authors showed that,
during recrystallisation, the nanoscrolls tried to reach some model equilibrium radius Ry.

2

F¢,nm™
30
R, R,,nm
vt = 2000
20
10 -
Ri=2
l . . . vi =200
0 S 10 15
1, ms vi=20
05 10 15
R, nm
(a) (b)

Figure 16. (a) Dependences of the inner (R1) and outer (R; ) radii of the nanoscroll on twisting time
(1) without regard for the mutual slip of the coils, and with the inclusion of the mutual slip of the coils
equal to (2) 0 and (3) 0.5, from [67]. Copyright ©2007 Pleiades Publishing, Ltd. (b) Evolution of the
density distribution of the nanotube radius for the dimensionless time values vt, from [68]. Copyright
©2009 Pleiades Publishing Ltd., New York, United States.

While nanoscrolls” growth in diameter (‘radial’ growth) required additional model amendments in
order to account for strain, it seems that the growth in length (“axial’ growth) obeyed some conventional
kinetics. Maillet et al. [69] compared the influence of dissolution (recrystallisation) and tip—tip collision,
(it might also be called ‘oriented attachment’), on the Ge-imogolite nanotubes’ length distribution.
Both hypotheses yielded theoretical length distribution curves that described experimental results
fairly well (Figure 17) for long tubes. However, the model based on recrystallisation drastically lowered
the short tubes’ content, which led the authors to conclude that tip—tip collisions had a prime role in the
growth process of Ge-imogolites. Using an analogical approach, Yucelen et al. [70] described the growth
kinetics of Si- and Ge-imogolites. The authors shifted from a dissolution—precipitation mechanism
to precursor addition growth, which probably had a stronger correlation with the precursor’s initial
concentration. However, this might be valid only during the initial growth stages, when this
concentration is high. The combination of this mechanism with oriented attachment enabled the
description of both the length distribution and average length value evolution for the range of initial
precursor concentration Py (Figure 18).
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Figure 17. Final single-walled length distribution considering a dissolution mechanism for four
different sets of kinetic parameters. Dotted lines are used for calculations using the tip-tip collisions

hypothesis and straight lines are used for the dissolution hypothesis. From [69] with permission from
the PCCP Owner Societies.
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Figure 18. Comparison between the experimental (symbols) and model predictions (curves) of the
mean length of (a) the aluminosilicate nanotubes, and (b) the aluminogermanate nanotubes, as a

function of the synthesis time and the initial precursor concentration, from [70]. Copyright ©2012
Elsevier Ltd., Amsterdam, The Netherlands.

2.3. Direct Introduction of Sheet Size Difference into the Energy Equations

Very few theoretical papers have been devoted to the study of the cation substitution effect on the
morphological features of hydrosilicate nanoscrolls. This was one of the reasons for the modification
of the energy Equations (1) and (2) made in [71]. The modification introduced the radius of the
mechanically unstressed layer ry into the strain energy component:

Y2 (1 1\
Es_z4<1—u2>(?‘%) ®

where Y is the Young’s modulus, & is the full thickness of the layer, u is the Poisson ratio and r is the
current radius of curvature. The proportionality 1/R? in Equations (1) and (2) originated from the
analytical modelling of carbon nanotubes’ strain energy. In such a case, the flat carbon layer would
indeed be stress-free, but it seems not to be so in the case of the hydrosilicate layer. The introduction of
a surface tension difference term does not eliminate the issue completely, because there is a risk of
overestimation of the surface tension (specific surface energy) value. The proposed correction effected a
kind of role reassignment between strain and surface energy terms and a separation of the two scrolling
drivers. For example, there are artificial structures that scroll only due to the lattice misfit between
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sheets [72,73]. Conversely, there are layers that grow and scroll—with a micron scale diameter—at the
gas/liquid interface, merely due to a large surface energy difference [74].

The rg value could be expressed in terms of the sheet size, in the following approximation,
assuming an equal thickness of the outer and inner sheets:

Wi+l hk+1
I L T 4k-1 @

where I; and I, are the specific sizes of the two sheets, I; > l,. The choice of /; and I}, depends on the
particular case. Their values could be equal to the hydroxide lattice constant, or proportional to the
number of polyhedrons. Some of the specific sizes are shown in Figure 4. In the case of imogolite,
these sizes are the distance between two oxygens in the gibbsite sheet and the size of the side of the
silica tetrahedron.

Figure 19 presents rg as a function of the k = [, /1, ratio. The correct ry value calculation would
be the first step for the prediction and design of hydrosilicate nanoscrolls” morphology. The direct
implementation of the sizes taken from Figure 4 yielded ry = 0.96 nm (k = 1.23) for imogolite (compared
with 0.99 nm [29,32,41,42]), ro = 4.58 nm (k = 1.04) for halloysite (compared with 3.3 nm [56]) and
ro = 4.91 nm (k = 1.04) for chrysotile (compared with 8.8 nm [58]). Obviously, the use of hydroxide
lattice constants generates an error that become crucial in the estimation of large rg values, due to the
form of the function. For example, if the lattice constant 2 = 0.3085 nm for partially dehydroxylated
Mg(OH); (dehydroxylation would indeed be needed to attach the silica network) were to be used [75],
the value would be 7y = 9.76 nm (k = 1.02), which is much closer to the DFT-obtained value.

10t Chrysotile Mg; Si> O5(OH)4
5[ . :
£ t _~Halloysite Al>Si; Os(OH)4
c
o
i Imogolite Al,SiO3(0OH)4
05f
1.0 1.1 1.2 1.3 1.4 1.5
k

Figure 19. Dependence of the radius of the mechanically unstressed layer on the relative sheet size
difference (h = 0.4 nm). The square symbol indicates that the octahedral sheet is the outer one.
The triangle symbol indicates that the tetrahedral sheet is the outer one.

Another way to overcome this issue is to use DFT-obtained values, which are more precise
as reference points for continuous modelling. Then, the rj value of a new nanotubular compound
obtained by cation substitution could be expressed through the rj of a starting reference compound,
assuming the constant size of one of the sheets. For example, in the case of Ni3Si;O5(OH), the r, value
would be [76]:

(s Ry 4) + pMe(rhr — /)

O A (s ny4) - ME(rEr — h/4)

)
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where rghr = 8.8 nm and b* and bM8 are specific sizes of Ni(OH), and Mg(OH),, respectively. The
equation yielded a figure of 15 nm in this case. If the direction of scrolling is opposite with respect to
the reference structure [77]:
o OMB(rh =/ 4) + b (v /4)
To = Z ng(rchr + h/4> + b*(T’Chr _ ]’1/4)
0 0

(6)

This equation yielded r; = 3.25 nm for halloysite (chrysotile as reference), which is in good
agreement with the previously published results [56]. The same equations could be obtained in the
case of tetrahedral substitution, assuming the constant size of the octahedral sheet. An intermediate
compound could be calculated using Vegard’s law approximation.

To conclude, the estimation of the 1y value on the basis of the crystal structure is rather simple but
great care must be exercised. The Equations (4)—(6) should be used as a valid initial approximation,
followed by DFT refinement, if possible.

By using Equation (3) together with the surface energy equation (which was almost equal to
the second term of Equation (2)), Krasilin and Gusarov [71] revealed two general cases of scrolling
(Figure 20). The action of strain attempted to bend the layer in such a way that the larger sheet
became the outer one. In addition, it stabilised the radius of curvature around ry in order to minimise
strain. On the other hand, the forces caused by surface energy difference attempted to bend the
layer in such a way that the sheet with the higher ¢ became the inner one in order to minimise its
surface area. With respect to the flat layer, the surface energy difference could amplify bending
and scrolling (curves 4 and 5 in Figure 20a) or compete with the action of strain (curves 1 and 2).
It is noteworthy that, according to a number of papers devoted to Mg(OH),, Al(OH)s and SiO,
specific surface energy calculations [78-81], hydroxides have ¢ ~ 0.1 — 0.2 J/m? whereas corresponding
oxides have o ~ 1.5 J/m?2. Therefore, all of the layers that would prefer halloysite-type scrolling would
experience some difficulties because of strain/surface energy competition [77].
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Figure 20. (a) Dependence of the nanotube radius at the total energy minimum on the Young’s modulus
at Ao (1) 0.6, (2) 0.3, (3) 0, (4) —0.3 and (5) —0.6 J/mZ2. (b) Bilayer bending model. Both images are
from [71]. Copyright ©2014 Pleiades Publishing, Ltd., New York, United States.

Krasilin and Gusarov [82] expanded the single-walled case to multi-walled chrysotile scrolling,
assuming an Archimedean spiral form of the cross-section, a cylindrical form of the nanoscroll and
the free slipping of adjacent layers. The former assumption made it possible to consider the scroll to
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be of an unlimited (in terms calculation) number of layers, as mentioned in [65], in order to find its
energy minimum (Figure 21). A kink in the curve, shown in Figure 21, corresponded to the beginning
of multi-walled scrolling with a large energy effect due to adhesion.

AE, kJ/mol
L

0 5 10 15 20

n

Figure 21. Change in the energy effect of scrolling as a function of the number of layers of the nanoscroll,
from [82]. Copyright ©2015 Pleiades Publishing, Ltd., New York, United States.

Finally, by increasing the cell size (the length of the Archimedean spiral or the length of the
cylinder), the energy model could simulate the equilibrium nanoscroll growth process. The study [83]
demonstrated a correlation between the outer and inner diameters of ‘growing’ nanoscrolls that
depended on the structural parameters of the model (Figure 22). A simultaneous increase in the
outer and inner diameters was caused by the same conflict between the strain and surface energy
(Figure 20). An important result was the observation of a general energy minimum of ‘growing’ single-
or multi-walled nanoscrolls, which can now be compared with the sizes of multi-walled nanoscrolls
obtained in the experiment.
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Figure 22. (A) Influence of Young’s modulus, curvature radius, specific surface energy difference and
the specific adhesion energy on the relationship between the optimum internal and external diameters
of a scroll during its radial growth. (B) The energy effect of the radial growth of nanoscrolls with
various values of Young’s modulus, curvature radius, specific surface energy difference and specific
adhesion energy. Both images are from [83]. Copyright ©2016 Pleiades Publishing, Ltd., New York,
United States.



Crystals 2020, 10, 654 17 of 41

Summarising this part of the review, we would like to underline the need of the adequate
parametrisation of the energy model. For example, the model [83], discussed above, includes three
energy components: strain, surface, and adhesion energy.

Young’s modulus and the r( are key parameters for the estimation of the strain energy. The latter
can be determined by either using specific sizes [, and [, through the Equation (4), or by using the
reference structure and the Equations (5)—(6). Metal oxides, metal hydroxides lattice constants, and
the sizes of single metal-oxygen polyhedrons can be used as the specific sizes. Young’s modulus has
to be chosen on the basis of experiment or theoretical calculations. The DFT calculations [42,56,57]
predicted Y in the range of 200-400 GPa for the hydrosilicate nanotubes. This range can be a reasonable
approximation for the energy model.

Specific surface energies of all surfaces have to be determined for the surface energy calculation.
It is reasonable to assume that, due to hydroxylation, the specific surface energies of metal hydroxide
and silica sheets would be around 0.1 J/m?2 [79,80] and 1.5 J/m? [78], respectively. These values can be
obtained firstly by the DFT calculations. Second, assuming the crystal structure is known, the specific
surface energy can be calculated as an energy of broken bonds along some plane (ki), as it was carried
out in [78]. Third, the specific surface energy can be determined in a calorimetric experiment. It can be
assumed that the specific surface energies of the edge surfaces are at least two times higher than the
specific surface energies of outer or inner surfaces. However, the precise estimation of these values
is still questionable. Another issue, that should be discussed here, is related to the size (curvature)
dependence of the specific surface energy. A decrease in the particle size below 3-5 nm causes a
decrease in the specific surface energy down to 0 [84,85]. In the case of multi-walled chrysotile and
halloysite nanotubes, this feature can be negligible, but it might have an effect on imogolite morphology.
In other words, the imogolite layer can, probably, scroll primarily due to the strain, because specific
surface energy difference on the opposite sides of the layer will be eliminated by the high curvature.

In analogy with the surface energy, the specific adhesion energy can be determined as a number of
hydrogen bonds per surface area. The energy of a single hydrogen bond can be estimated as a function
of interlayer spacing by an empirical equation, proposed, for example, in [86]. Assuming a 0.3 nm
interlayer spacing in hydrosilicates, the specific adhesion energy is around 0.1 J/m?. Some particular
parametrization cases can be found elsewhere [65,76,77].

3. Morphological Features Related to Cation Doping

Figure 23 shows rg values for a number of 3:2 chrysotile-, 2:1 imogolite- and 2:2 halloysite-like
(Me:Si ratio) structural derivatives, calculated using Equations (4)—(6). It is important to note that the
left branch (k < 1) is shown for the illustrative purpose to underline the opposite direction of scrolling
of certain structural derivatives. Formally, all the symbols belong to the right branch (see Figure 19).
The synthesis of some of these compounds will be discussed below, in the light of the ry value change.
The specific sizes I; were adopted from the following papers: Ni(OH); [87], Co(OH); [88], Fe(OH), [89],
GeO, [90], TiO, [91] and CoOOH [92].

Other useful information can be obtained with the help of the energy theory of isomorphous
substitutions. The following equation for an enthalpy of mixing was proposed by Urusov [93]:

AR \?

A = x(1=x)eqxC + (1-2)G]( =) @)
where x is the mole fraction, c = 104.6 kJ/mol is a material-dependent parameter, g is the coordination
number of the substituted position and (g and (;, indicate the number of atoms and their valency
in the two compounds based on guest and host atoms as C = mzyza, where m is the number of
atoms and zy; and zx are the valency of the cation and anion. In the case of a complex oxide, the C
value can be obtained by decomposition: C(Mg3SizO5(OH)4) = 3C(MgO) + 2L(Si0y) + 2L(H0) =
3(2:2:2) +2(3-42) +2(3-1-2) = 84. AR is the difference between the cation-anion (metal-oxygen)
distances (that are calculated on the basis of effective ionic radii) of the guest and the host cation, and
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Rpax is the maximal distance. These values were calculated on the basis of the effective ionic radii
system proposed by Shannon and Prewitt [94]. Figure 24 shows the calculation results, which will
be compared with the phase composition of hydrothermal treatment products. Generally, the high
enthalpy of mixing speaks in favour of immiscibility and by-product formation.
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Figure 23. Two branches of ry(k) and the estimated ry values for a number of hydrosilicate derivates
(h = 0.4 nm). Square brackets reduce the standard anionic part, for example: Mg3Si,[O5(OH)4],
AlySi[O5(0H)4], Al Si[O3(OHy], etc. The square symbol means that the octahedral sheet is the outer
one and the triangle symbol means that the tetrahedral sheet is the outer one.
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Figure 24. The calculated enthalpies of mixing in chrysotile, halloysite and imogolite vs. the mole
fraction of a guest cation x. ‘l.s.” means low spin configuration, ‘h.s.” means high spin configuration.

3.1. Change in Size Parameters, Platy Morphology and Formation of By-Products

Changes in the nanotube diameter and length, the formation of plates instead of tubes and the
formation of by-products (usually metal oxides) are among the most common effects of cation doping.
First, it is interesting to compare Si*t to Ge?t substitutions, because these were made for all three of
the hydrosilicates. In the case of imogolite, the substitution led to the formation of double-walled
nanotubes with an increased outer diameter [65,95]. The estimated ry value for Al,GeO3(OH), was
1.6 nm (Figure 23), in comparison with 0.96 nm for Al,SiO3(OH)4, which favoured the formation
of poly-walled structures. The substitution of Si** by Ge** in (Mg/Ni)3Si;O5(OH), resulted in the
formation of platy particles [5,64,96]. In fact, the size difference between the two sheets, here, became
even stronger, but the direction of potential scrolling changed to the halloysite-type (Figure 23).
We believe that (Mg/Ni);Ge,O5(OH)4 encounters the same hindrance as synthetic halloysite scrolling,
which is, generally, the conflict between strain and surface energy [77]. In the case of Al,Si;O5(OH)4
halloysite (Figure 25), Ge** favoured scrolling [97] and decreased the ry value of the layer down to
1.4 nm. Unfortunately, little attention has been paid to the phase composition of systems with partial
Si** to Ge** substitutions, and this could be important in the context of high AH,;« values (Figure 24).
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White et al. [97] claimed that they obtained Ge-doped imogolites with a high Ge content (Figure 25d);
the work [65] assumed unlimited miscibility, and X-ray diffraction was not involved [64]. The probable
increase in Si-Ge miscibility in imogolite could be related to a decrease in dimension, from a 2D SiO,
network in halloysite and chrysotile to 1D or even 0D [98,99].

(© 100nm (@) 20 nm

Figure 25. Electron microscope and electron diffraction images of the nanostructures obtained after
7 days of hydrothermal reaction between Al(OH); and SiO; in the presence of GeO,, at pH 2 and a
temperature of 220 °C. The molar fraction of added GeO, was (a) 0, (b) 0.05, () 0.1 and (d) 0.5. The inset
in (b) shows a spheroidal kaolinite particle, from [97]. Copyright ©2012 American Chemical Society,
Washington, United States.

The next case is cation substitution by Ti**. Although this cation prefers octahedral sites,
the difference between Mg?* and Ti** charges would not allow large miscibility. Moreover, the effective
ionic radii of Ti** in VI and IV coordination did not fit with those of Mg?* and Si**, making the
AH i value the highest among the other cases shown in Figure 24. Nevertheless, several attempts
at Ti-doped chrysotile synthesis were carried out. Bloise et al. [100] synthesised Ti-doped chrysotile
by the hydrothermal alteration of Ti-doped forsterite with a TiO, content in the 0.3-1 wt.% range
(X-ray spectroscopy analysis). The authors estimated the mean outer diameter of 200 nanotubes to
be 70 nm. The highly crystalline forsterite required an increased hydrothermal treatment time up to
384 h. The role of pressure was also studied: an increase in the pressure shortened the nanotubes’
length from a maximum of 30 um at 1 kbar to 3 um at 2 kbar. At the end of the treatment, the system
contained several phases together with nanotubes. Maslennikova and Gatina [101] performed the
synthesis (Figure 26) using Ni(OH),, NiSiO3 and TiF, as starting components. At the minimum TiFy
content of 10 wt.%, the system already contained montmorillonite and nickel titanate as by-products.

2+/3+ could occur in both the octahedral and tetrahedral sites of the structure.

Doping by Fe
The calculated AHyix value strongly depended on the type of cation configuration (low spin or high
spin). With Fe?", the main problem was that the oxidation process was intensified by high pressure
hydrothermal conditions. Korytkova et al. [102] studied (Mg,Fe)3Si,Os5(OH), formation, choosing
(Mg, Fe)SiO3 and (Mg, Fe)O as starting components. The authors mentioned an increase in Fe3* content

with an increase in the total Fe content in the system. It was nevertheless possible to obtain single-phase



Crystals 2020, 10, 654 20 of 41

(Mg,Fe)35i,05(OH),4 tubes or plates if the initial FeO content was below 15-20 wt.%. The average
outer diameter of the tubes increased from 30 to 60 nm with an increase in Fe content, whereas the
ro for (Mg,Fe2+)3Si205(OH)4 was lower than that for pure chrysotile (Figure 23). This means that
a sufficient amount of Fe?* was oxidised, (or another effect, discussed in Section 3.2, below, took
place): this affected at least half of the total iron content, according to the author’s estimation. Another
attempt at Fe?* stabilisation was reported in [103]. The authors used several types of starting mixture
containing FeO and FeCl,-4H,O, sealed in Pt ampules by an arc welding technique. Most probably,
the presence of a shielding gas inhibited (but did not exclude) the subsequent oxidation of iron during
hydrothermal treatment. The authors reported on Fe35i,Os(OH)4 nanotube formation with diameters
in the 8-70 nm range. Others [104,105] have considered the effect of Fe>* doping on chrysotile structure
and morphology. The authors estimated the molar content of Fe**, normalised to the sum of Mg
and 1.5Fe (including one vacancy per two iron cations), at which the stabilisation of plates occurred,
tobe 7 at.%. A further increase in Fe>* up to 22 at.% led to the formation of Fe;O3. Mossbauer
spectroscopy determined the maximum Fe®* content in hydrosilicate at 12 at.%. Unfortunately, the
spectra did not allow a distinction to be made between the octahedral and the possible tetrahedral
positions of iron. The authors assumed that the increased width of the Mossbauer peaks originated from
Fe?* distributed along a number of slightly different positions, due to at least four possible substitution
schemes, and possible distortion because of the curvature effect. The spectroscopic experiments of
Borghi et al. [106] and Shafia et al. [107] demonstrated that Fe>* preferred a high spin configuration in
both Fe-doped chrysotile and imogolite. This can explain the Fe;O3 formation along with Fe-doped
imogolite after reaching around 3 at.% of iron content [107], because otherwise (in the case of a low-spin
configuration) the components should have been easily miscible (Figure 24). In another research
study [108], the average diameter of 450 Fe-doped imogolite nanotubes was estimated as 4.4 nm, and
this value was at least two times larger than that of pure imogolite. This fact is in good agreement with
the rg value calculation (Figure 23) in the case of imogolite doping by Fe3+.

200 nm

Figure 26. (a—d) Transmission electron microscopy of the Ti-doped chrysotile nanotubes, from [101].
Copyright ©2018 Pleiades Publishing Ltd., New York, United States.
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Only a few papers have been devoted to Co?*/3* substitutions in chrysotile [109,110]. Korytkova

et al. [109] reported a continuous decrease in the outer (from 25 to 10 nm) and inner diameters (from 5
to 2 nm) with an increase in Co content in the system, and this was in accordance with the ry value
change (Figure 23). Most synthesis products contained additional phases, such as cobalt silicate, oxides
and platy particles. The latter were formed, probably, due to partial cobalt oxidation in hydrothermal
conditions, which is analogous to the case of iron. It is interesting to note an idea related to Fe?*/3* and
Co?*/3* transition. The oxidation process leads to a stepwise change in the effective ionic radii of these
cations and in turn, to a change in the size difference between the sheets. Could the morphology of
Co?*- or Fe?*-doped nanoscrolls be further tuned—transformed into a plate or scrolled even more,
depending on the case—by oxidation?

Nickel is a frequently used dopant in chrysotile synthesis. The ionic radius, which is close to Mg?*,
and low AHp,;x make two cations miscible in any ratio. The reported data on its nanotube diameter
are fairly controversial. Korytkova et al. [111] observed a decrease in the outer diameter from 30 to
15 nm, and a decrease in the inner diameter from 5 to 3 nm as the Ni content in the system increased.
McDonald et al. [112] obtained NizSi,O5(OH)4 nanotubes with an outer diameter of 25-30 nm and an
inner diameter of about 10 nm (Figure 27). White et al. [113] reported on the following Ni3Si,O5(OH)4
sizes: 20-35 nm outer diameter and 7-25 nm inner diameter.

Figure 27. TEM micrographs of nickel 1:1 phyllosilicate: (A) the general view, (B) the side view of a
tubular particle, (C) the higher magnification view showing the hollow multiwall tubular structure and
(D) the end-on view of one of the tubes (Inset: electron diffraction pattern). From [112]. Copyright
©2008 Elsevier Inc., Amsterdam, The Netherlands.

Finally, Krasilin et al. [114] synthesised tubes with mean outer and inner diameters of 40 nm and
10 nm, respectively. The estimation of the ry value (Figure 23) predicted a diameter increase during
the Mg?* to Ni?* substitution in the chrysotile structure. Most probably, the opposite tendency was
caused by the choice of starting components and the hydrothermal synthesis conditions. The influence
of the presence of NaOH during the synthesis of Mg35i,O5(OH)4 and Ni3SipO5(OH)4 nanotubes was
demonstrated in [76]. Figure 28 combines electron microscopy statistics with the energy modelling
of finite mass layers scrolling [76]. The preferable number of layers np, was 12-13 in the case of the
Mg- and 25-26 in the case of the Ni-based layer, independent of mass. The size parameters of all the
nanoscrolls of a certain mass were situated within an energy equal area close to the energy minimum.
In this area, short nanoscrolls with n > 7, and long nanoscrolls n < 1, were equal in terms of the
energy effect of scrolling. According to the model, the area grew continuously with an increase in mass.
Scatter plots showed the differing response of Mg- and Ni-containing systems to the presence of NaOH.
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Apart from the difference in Mg(OH), and Ni(OH); solubilities, the distance between the ‘starting
point” of nanoscroll growth (approximately 3—4 layers, 20-50 nm length) and the energy minimum #,,
could matter. Synthesis in the water allowed the nanoscrolls of both compositions to grow up to 30
layers thick, and the mean diameter of the Ni3Si;O5(OH)4 nanoscrolls was indeed smaller than that of
Mg3SipO5(OH)y. In the case of Mg35i,O5(OH)y, growing up to 30 layers was enough to occupy both
the energy equal states with n < np and n > np. Conversely, most of the Ni3Si;O5(OH), nanoscrolls
still had n < np. The addition of NaOH intensified recrystallisation, but because Mg3Si;O5(OH)4
nanoscrolls had already occupied both types of equal states, only an increase in length was observed.
In turn, Ni3Si;O5(OH)4 nanoscrolls demonstrated an increase in both the diameter and length in order
to occupy both types of energy states. The resulting average diameter of Ni3Si,Os(OH), was larger,
in that case.
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Figure 28. Growth of Mg-chrysotile and Ni-pecoraite. The points are nanoscrolls, measured using
an electron microscope, and the solid curves are modelling results. The coloured areas are 500 J/mol
regions around the energy minimum modelled for nanoscrolls of different mass, from [76]. Copyright
©2017 American Chemical Society, Washington, United States.

3.2. Tubes-in-Tubes, Cones and Cation Distribution

Often, the simultaneous presence of several isomorphous cations gives rise to several additional
morphological features. One of these features is the increased diameter of the mixed composition
nanotubes in comparison with single cation-based nanoscrolls. This effect was observed in the case of
substitutions by Ge in imogolite [65], and Fe?*/** and Ni?* in chrysotile [102,115]. In addition, partial
substitution resulted in the appearance of nanoscrolls with a complex tube-in-tube (Figure 29) and
conical (Figure 30) morphology. Krasilin et al. [116] revealed that partial Mg?* to Ni** substitution
in chrysotile increased conical scroll content from 10% to 40%. We believe that this growth in



Crystals 2020, 10, 654 23 of 41

morphological diversity was supported by some kind of spatial distribution of isomorphous cations
along the layer. In the view of the energy model based on the rg value, the strain energy of a multi-walled
spiral cross-section could be further minimised, assuming angular dependence o (@) [117,118]:

2nn

Yi3 1 1 2
ST a2 Of(r(q)) ) ro(fp)) fi+rig)de ®

where f is the Archimedean spiral constant, and r(¢) is the current radius of curvature. Thus, the
cation, which would cause a larger ry value, would concentrate in the outer layers of the scroll,
and vice versa. This assumption was confirmed [118,119] by the X-ray spectroscopy of several
(Mgo5Nig 5)351,05(OH)4 nanoscrolls. Figure 31 demonstrates the linear fit of the spectroscopy data
with the maximum possible concentration gradient predicted by Equation (8). The spatial distribution
along the layer could also cause nonuniform bending momentum and scrolling with an angle, resulting
in the formation of cones. Nanotubes and nanoscrolls that have already been formed could serve as
seeds for the precipitation of substances enriched with another cation (Figure 29). Korytkova et al. [120]
demonstrated that the presence of nanotubular seeds systematically increased the average diameter of
Mg3Si; O5(OH)4 nanotubes.

Figure 29. (a,b) Secondary electron micrographs of Fe-doped chrysotile, from [103]. Copyright ©2009
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

Figure 30. Secondary electron SEM image of the Ti-doped cone-in-cone chrysotile nanotube, from [100].
Copyright ©2009 E. Schweizerbart’sche Verlagsbuchhandlung, Stuttgart, Germany.
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Figure 31. (a) Possible mechanism of the Mg2+ and Ni?* cation redistribution as a result of the
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nanoscroll growth process. (b) Results of the linear regression of the data obtained by energy-dispersive
X-ray spectroscopy in comparison with the maximal gradient (dashed line) predicted by Equation (8),
from [118]. Copyright ©2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.
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3.3. P.S.: Polygonal Serpentine

Polygonal serpentine (PS) is an exotic morphology of a nanotube’s cross-section, which was first
observed in natural chrysotile samples [25,27,121,122]. However, there was a report which demonstrated
the possibility of PS synthesis [123]. Usually, the structure consists of a classic nanotubular core and
a polygonal shell of 15-30 sectors (Figure 32). The size of the cross-section can exceed 200 nm. It is
interesting to note that the diameter of the nanotubular part is approximately equal to the energy
preferable part size predicted in [83]. We believe that polygonisation is one of the stress compensation
mechanisms that is activated when the growth in diameter dominates, (for example, in the case of the
high oversaturation of a hydrothermal medium). Dédony and Buseck [27] proposed a scheme of sheet
rotation in the adjacent PS sectors (Figure 33). According to that scheme, the direction of bending would
be opposite in the two adjacent sectors, which would have analogies with antigorite [58]. However,
in contrast to wavy antigorite, PS layers remain flat. Another reason for polygonisation could be the
spatial distribution of cations discussed in Section 3.2. For example, the doping of chrysotile by a small
amount of AI** (which is very common in nature) resulted in the formation of lizardite plates [124].
The cation can efficiently substitute both Mg?* and Si** and neutralise the size difference between the
sheets. Unfortunately, there is a lack of information regarding the tubular and polygonal parts of PS.
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Figure 32. Polygonal serpentine (PS) electron microscope image of a 30-sectored polygonal serpentine
viewed down its fibre axis. The inner part of the fibre consists of chrysotile surrounded by a ring of
sectors with two-layered lizardite polytypes. The outermost zone of the fibre consists of disordered
lizardite. The area in the white box is enlarged in Figure 33, from [27]. Copyright ©2004 by V.H.
Winston & Son, Inc., Palm Beach, United States.

Figure 33. (A) Enlarged area indicated in Figure 32, showing offsets of lizardite layers at sector
boundaries. (B) Schematic sketch of the tetrahedral sheets in a 30-sectored polygonal serpentine.
Inversions occur in the sheets at sector boundaries. The polytypes in the adjacent sectors are indicated
by their b and c axes, from [27]. Copyright ©2004 by V.H. Winston & Son, Inc., Palm Beach, United States.

4. Properties and Applications Related to Cation Doping

Here, we limited the review to four areas in which cation doping has already been used or could
be used in the nearest future. The first area concerns the nanotube porosity design for the adsorption,
uptake and release of functional substances. In the second area, nanotubes are used as reinforcing
fillers of, generally, different polymers. The third area focuses on the magnetic properties of doped
nanotubes. The fourth area is devoted to a number of catalytical applications.
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4.1. Tuning Nanotubes” Diameter for Uptake and Release

Sections 2 and 3 demonstrated the theoretical basis for, and the experimental possibility of, tuning
hydrosilicate nanotubes’ curvature (or even changing the direction of scrolling) by cation doping.
This feature could be used for specific surface area (SSA) and pore size control and hence, the control
over the amount and speed of uptake and/or release of different substances. From the point of view of
the relative impact on morphology and control precision, imogolite seems to be the preferred option: its
diameter can be increased almost double by Ge** doping [65,95,125,126]. Shafia et al. [107] reported on
the diameter increase in Fe-doped imogolite, which was in correlation with DFT pore size distribution
(Figure 34). Intriguingly, specific surface area also increased, (383 m?/g for pure imogolite against
455 m?/g for imogolite doped with 1.4 wt.% Fe), and this might be attributed to the slight change in the
contribution of micro- and mesopores observed by the authors. Fe** doping in chrysotile led to an
increase in diameter and a slight decrease in the SSA value from 64 to 54 m?/g. It is worth noting that
the multi-walled nature of chrysotile and halloysite erodes their surface area remarkably in comparison
to imogolite. In order to increase those values (up to 200-300 m?/g), selective acid leaching is often
applied [127-129]. It is important to note that variation in synthesis conditions—the type of precursors,
the temperature/pressure/time and the hydrothermal medium—can help to tune the diameter and the
SSA value of nanotubes [76,113,130,131].
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Figure 34. (a) N sorption isotherms for the 77 K of pristine imogolite (squares) and imogolite with
0.7 wt.% (stars), and 1.4 wt.% (triangles) Fe3*. Full and hollow symbols refer to the adsorption and
desorption branches, respectively. (b) Pore size distributions of pristine imogpolite (squares) and
imogolite with 0.7 wt.% (stars), and 1.4 wt.% (triangles) Fe>*, as obtained by the Non-local Density
Functional Theory (NL-DFT) approach method. Both images are from [107]. Copyright ©2015 Springer
Science+Business Media Dordrecht, Berlin, Germany.

The nanotubes’ porous structure was found to be attractive for the adsorption, uptake and
release of a large number of substances, despite systematic studies on the role of the dopant’s content
not having been carried out. The first group of adsorbed species are gases. Ackerman et al. [132]
demonstrated that the uptake of CO, and CH, decreased by 1.6 times, while 50% of Si was substituted
by Ge in imogolite, despite a slight increase in the SSA value. One study [133] achieved 50.6 mg/mL
of CH,y storage capacity at 4.05 MPa by using synthetic imogolite. Gas storage capacity could be
further improved by the modification (methylation, for example) of the nanotubes’ surface [126,134].
A thorough review [135] considered Mg-containing systems, including chrysotile, as CO, capture and
recycling materials. In this case, the SSA value remained one of the key parameters.

An additional structural feature of the hydrosilicate nanotubes is their outer and inner surface
charge. Depending on the direction of scrolling, halloysite-type nanotubes demonstrate SiO;-like
negative zeta potential value, while chrysotile-type nanotubes have a metal oxide-like positive
value [136]. This difference could prioritise the charged species” adsorption from the solution on the
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outer or inner nanotube surface. Those species could be surfactants [137-140], metal cations [141-147],
anions [148] or dyes [136,149,150]. Thus, the nanotubes could be successfully used as water remediation
agents. Applications for compounds that can be loaded into nanotubes vary, from corrosion and
the inhibition of unfavourable processes [151-155], to antimicrobial activity [156—158] and medical
treatments [159-163].

4.2. Mechanical Properties of Composite Materials

Although the mechanical properties of chrysotile, imogolite and halloysite have been studied
theoretically [42,56,57], few experimental data are available. Piperno et al. [53] determined the
Young’s modulus of pure and Fe>*-doped chrysotile, using an atomic force microscope (AFM), to be
159 + 125 GPa and 279 + 260 GPa. Assuming 3Mg?* to 2Fe®" substitution with the formation of
vacancies, an increase in the Young’s modulus might appear to contradict some MD calculations [51]
discussed in Section 2.2.1. The mean values appeared to depend upon the presence of Fe**, although
the measurements generated a large error. This type of experiment remains very challenging, because
of a number of methodological and physical hindrances. One of these is the diameter dependence
of the Young’s modulus (Figure 35), which has been frequently observed for a wide range of tubular
(Mg3SipO5(OH)4 and NisSipO5(OH),) and rod-like materials (ZnO, carbon nanotubes) [164-166].
Lecouvet et al. [54] measured the Young’s modulus of halloysite nanotubes situated in a pore of a
track filter membrane by bending. The authors attributed the increase in small halloysite nanotubes’
elastic modulus to the increase in the contribution of surface tension, and a decrease in the elastic
modulus in the case of large tubes—to the shear of adjacent layers. In addition, the deformation of
large tubes would require a considerable applied force, which could disrupt the nanotube’s position by
its displacement.
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Figure 35. Reduced elastic modulus of the halloysite nanotubes deduced from the force curve
measurements as a function of the outer diameter, (error bars indicate one standard deviation). As a
comparison, the range of values predicted for the elastic modulus of single-walled halloysite is bounded
by the dashed lines, from [54]. Copyright ©2013 IOP Publishing Ltd., Bristol, United Kingdom.

A second set of uncertainties originates from the Young’s modulus equation:

kL3
Y=Ppia ©)
where P takes into account boundary conditions, k is bending stiffness, L is the nanotube’s length that
experiences bending and D and d are the outer and inner diameter, respectively. Regardless of any
error in the k value measurement (which could be around 20%), P varies from 1 to 4, depending on
whether the ends are clamped or free, and, in practice, it can take on an intermediate value. The L value
can be substantially different from the geometric length of a nanotube over a pore and might have to
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be determined on the basis of a bending stiffness profile. The error in the outer diameter measurement
becomes crucial in the case of small nanotubes, whereas the inner diameter cannot be measured directly
using the AFM method. Thirdly, the type of nanotube/AFM tip contact can also affect the results [167].
To conclude, cation doping can be used for tuning the Young’s modulus, although great effort must be
devoted to obtaining consistent data.

Despite the issues with determining experimental mechanical properties, hydrosilicate nanotubes
have been intensively used as reinforcing fillers for polymer composites. A review [168] has highlighted
the enhancement of a number of composite functional properties, including mechanics, in comparison
to a pristine polymer. In particular, poly(methyl methacrylate) (PMMA) containing 1 wt.% of imogolite
nanotubes has demonstrated a 37% increase in the Young’s modulus and a 39% increase in tensile
strength. Halloysite nanotubes, when injected into different polymers, can also substantially improve
mechanical properties [169]. The greatest impact, probably, can be made by ethylene propylene diene
monomer (EPDM), a rubber/halloysite composite that can create a tensile strength increase of 874%.
Jiang et al. [170] reported a 20% increase in the Young’s modulus and tensile strength of the PMMA
copolymer/0.5-1 wt.% halloysite nanotubes composite. Synthetic chrysotile nanotubes and natural
halloysite were used as fillers for chitosan fibres [171]. The authors demonstrated that the tensile
strength increase in the chrysotile-containing composite was remarkably higher (67%) than that of the
halloysite-containing composite (5%). Wu et al. [172] reported a 25% Young’s modulus increase in the
case of a polyimide filling with 4 vol.% of synthetic chrysotile.

Of course, the evidence of polymer reinforcement with nanotubes is not limited to the papers
reviewed above, but a thorough investigation would be beyond the scope of the current paper. Despite
cation doping’s influence on nanoscrolls” mechanical properties, a systematic study of its role in the
preparation of composite materials is yet to be carried out.

4.3. Magnetic Properties

Being composed of p-elements, chrysotile, imogolite and halloysite are diamagnetic materials.
However, the substitution of Mg?*, Al>* and Si** cations by elements with uncoupled electrons could
enhance the magnetic properties of those nanotubes. The case of Ni3Si,O5(OH)4 nanotubes’” magnetic
response was studied in [114]. The particles demonstrated a ferromagnetic order (Figure 36) with
the Curie point at 23.7 K. Magnetic ordering occurred through a large interlayer distance of 0.73 nm
between the adjacent octahedral sheets. The type of ordering qualitatively correlated with that of
«-Ni(OH), in terms of there being a relatively large interlayer distance. According to [173], the type
of magnetism depended on the crystal modification (x or 3) of the hydroxide. 3-Ni(OH); had a
smaller interlayer distance (4.6 A) than «-Ni(OH), (8.7 A) and demonstrated an antiferromagnetic
order instead. The x-Ni(OH), Curie point of 16 K was lower than that of Ni3Si,O5(OH)4 nanotubes,
which might, again, be associated with the larger interlayer period of the latter, as if the proximity of
Ni-containing octahedral sheets interfered with their magnetic ordering.

Borghi et al. [106] reported on the complex nature of magnetism in the case of Mg?* and Si**
substitution by Fe®*, related to the probable presence of antiferromagnetic and ferromagnetic coupling
(Figure 37). In contrast to Ni?* substitution, Fe>* can occupy both octahedral and tetrahedral sites in
an uncontrollable ratio, complicating magnetic response. Meanwhile, some analogy has been found in
the comparison of the magnetic properties of Fe(OH), and Ni(OH),. Miyamoto [174] demonstrated
antiferromagnetic ordering in Fe(OH), with a lattice constant (distance between adjacent layers) of
4.605 A, which is close to 3-Ni(OH),. Perhaps, Fe>* situated in tetrahedral sites acted like a close-lying
hydroxide layer inducing antiferromagnetic coupling in Fe-doped Mg3Si,O5(OH)y. If Fe?* were to
occupy only the octahedral sites of the structure, there would be a ferromagnetic-type coupling only.
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Figure 36. (a) Magnetisations vs. the applied magnetic field, measured at various temperatures.
Upper inset: zoomed low-field part of the hysteresis loop measured at 5 K. Bottom inset: Arrott plots.
(b) Field-cooled (solid line) and zero field-cooled (dashed line) dc magnetisations vs. the temperature
measured in various magnetic fields. Upper inset: reciprocal susceptibility vs. temperature. Red
symbols: experimental data; black dashed line: Curie-Weiss fitting. Bottom inset: derivative dM/dT
vs. temperature. Both images are from [114]. Copyright ©2016 IOP Publishing Ltd., Bristol,
United Kingdom.
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Figure 37. (a) Representation of the magnetic behaviour of iron-doped synthetic chrysotile in comparison
with the Curie law for the Fe3* high spin ion (S = 5/2, Curie Constant )T = 4.377 emu mol! K):
(a) )(;tl vs. T experimental data and the representation of the Curie law as XK/[l = f(T). (b) xatT vs.
T experimental data and the representation of the Curie law as yyT = f(T). AF-antiferromagnetic
coupling; F—ferromagnetic coupling. From [106] with permission from the PCCP Owner Societies.

Another interesting example of obtaining a magnetic response is structure modification through

the reduction of dopants by hydrogen or another chemical agent. Ni nanoparticles were obtained by the
NaBH, reduction of Ni3Si;Os(OH), nanotubes [175] for application in Li-ion batteries. Obviously, the
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appearance of nickel metal makes the composite sensitive to a magnetic field even at room temperature
(Figure 38). The dopant reduction reveals the additional applications of nanotubes, for example,
as magnetically guided adsorbents, or catalysts.
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Figure 38. (a) Magnetisation curves of the Ni3SiyO5(OH)4 nanotubes after the hydrothermal reduction
treatment: (I) 120 °C, 10 h; (II) 150 °C, 5 h; (IIT) 180 °C, 10 h; the inset images in (I) and (II) show partial
enlargements. (b) Images of the sample of the Ni3Si;O5(OH)4 nanotubes after reduction at 180 °C
for 10 h in water, before and after the attraction by a permanent magnet. Both images are from [175].
Copyright ©2011 Tsinghua University Press and Springer-Verlag Berlin Heidelberg, Berlin, Germany.

4.4. Metal Reduction and Catalysis

Among the three hydrosilicates, the hydrogen reduction of doped chrysotile and the related
phyllosilicates for catalytical applications constitute the most developed field. Early studies determined
the starting temperatures for d-elements reduction in chrysotile—they were 400 °C for Ni [176] or
Co [177] cations, and around 350 °C in the case of Fe [178]—whereas the major reduction occurred at
higher temperatures, around 550-700 °C. The reduction range could be shifted, depending on chemical
composition. For example, the presence of Mg cations shifted the temperature of the Ni reduction peak
(on a temperature-programmed reduction profile) in Ni-doped chrysotile from 580 to 650-700 °C [179].
The reduction process was accompanied by the structural transformations of hydrosilicate, including
dehydroxylation and the formation of metal silicate or crystalline SiO, in the high temperature range.
Figure 39 shows Ni metal nanoparticles embedded in a residual nanotubular matrix [180]. The size of
nanoparticles (NPs) also depended on the initial chemical composition, as well as on the reduction
temperature and time. The typical Ni and Co NP size, that could be obtained with a 500 °C reduction,
was around 5 nm [110,181]. At the same time, the SSA value of a metal/silicate composite could be
preserved at a relatively high level of around 100 m?/g. The metal NPs obtained by reduction are
catalysts with a wide range of applications, including hydrogenation [176,177,182], the Fischer-Tropsch
process [110], the water—gas shift reaction [179,183] and reforming [184-186]. The high stability and
resistivity to the carbon deposition of these materials is considered to be a consequence of the strong
coupling between metal NPs and the silicate matrix.
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Ni,Si,0(OH), Ni,MgSi,0,(OH),

Figure 39. Electron micrographs of the nanoscrolls after annealing: (a—c) NizSi;O5(OH)y,
(d-f) NipMgSi,O5(OH)4. Annealing temperatures: (a—c) 540, 670, 900 °C, respectively; (d—f) 400,
600, 900 °C, respectively, from [180].

Metal extraction from the nanotube structure is less abundant in the case of imogolite and halloysite.
To the best of our knowledge, there have not been any attempts to reduce, for example, iron in Fe-doped
imogolite, in spite of the synthesis of this material having been successful. However, halloysite is
frequently used as a traditional catalyst in conjunction with a metal [187-191], an oxide [192-195] or
another type of NP [196].

Furthermore, hydrosilicate nanotubes can be involved in a number of catalytic processes without
preliminary reduction or decoration by NPs (although additional acid or heat treatment are still
required). Heat-treated chrysotile has been successfully used for reforming benzene [197], biodiesel
synthesis [198], esterification [199] and aldol condensation [200]. Bonelli et al. [201] demonstrated
the acidic character of imogolite nanotubes and their performance in gas-phase phenol methylation.
Ookawa [202] showed the catalytic activity of heat-treated imogolite in cyclohexane oxidation with
H,0,. Halloysite nanotubes can be modified by sulfuric acid in order to strengthen their acidic
properties [203] for use in the oligomerisation process.

5. Conclusions

Let us summarise some key points from this review: The modelling of hydrosilicate nanotubes
enables a study of their morphology and of their mechanical and electronic properties. The preferred
morphological parameters of single- and multi-walled chrysotile, halloysite and imogolite, as well as
their cation doped derivatives, can be predicted as a function of strain, surface and adhesion energy.
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Cation doping affects the size differences between the sheets and can change the direction of the
scrolling. The lack of pure halloysite nanotubes synthesis reports suggests some hindrances; if these
could be overcome, this should open a path for the synthesis of a number of halloysite-type scrolling
hydrosilicates. Nanotubes’ size can demonstrate nonlinear behaviour in relation to increases in guest
cation concentration, because of the possible strain- and curvature-driven distribution of cations among,
and within, single nanotubes. The formation of non-cylindrical morphologies also increases in the
case of partial cation substitution. To date, the most significant impact of cation doped hydrosilicate
nanotubes has occurred in the catalytic field. Other applications considered have generally involved
pristine nanotubes. However, the cation doping approach can be fruitful for tuning the adsorption
properties and mechanical response of hydrosilicate nanotubes.
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