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ABSTRACT The aluminosilicate mineral imogolite is composed of single-walled nanotubes with stoichiometry
of (H0),AI,0,SiOH and occurs naturally in soils of volcanic origin. In the present work we study the stability and
the electronic and mechanical properties of zigzag and armchair imogolite nanotubes using the density-functional
tight-binding method. The (12,0) imogolite tube has the highest stability of all tubes studied here. Uniquely for
nanotubes, imogolite has a minimum in the strain energy for the optimum structure. This is in agreement with
experimental data, as shown by comparison with the simulated X-ray diffraction spectrum. An analysis of the
electronic densities of states shows that all imogolite tubes, independent on their chirality and size, are insulators.

KEYWORDS: inorganic nanotubes - strain energy - DFTB - aluminosilicate - XRD

anotubes (NTs) have been in-

creasingly investigated in the past

decade and have become a sym-
bol of the new and fast developing area of
nanotechnology.' The widespread atten-

tion can be traced not only to their interest-

ing structure but also to their wide range
of electrical, chemical, and mechanical

properties. Since the discovery of inorganic

nanotubes? (WS,) in 1992,
many other inorganic nano-
tubes have been reported,
based on transition metal
chalcogenides,®* boron nitride-
and silicon oxide-based NTs,*®
transition metal oxides,®” and
others.

The aluminosilicate mineral

(HO);Al,0,SiOH,® which is the sequence of
atoms encountered on passing from the
outer to the inner surface of the tube (Fig-
ure 1a).

Imogolite NTs have specific characteris-
tics as well as defined tube length and di-
ameter that make them unique in compari-
son to other NTs. In general, it remains a
challenge in the synthesis of nanoparticles
to control the dimensions and produce
monodisperse NTs. Moreover, various theo-
retical studies on several nanotubes, such
as C>"°BN,”"° BC,N,° GaS,"" MoS,,'? and
TiO,," have shown that the strain energy
necessary to roll a monolayer into a tube
decreases monotonically with increasing
tube radius. Therefore, there is no suitable
energy minimum that could be employed
to produce nanotubes with a desired diam-
eter.” However, the imogolite type is an
apparent exception.”>™'” As shown in Fig-
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imogolite occurs naturally in
soils of volcanic origin and is
composed of single-walled
nanotubes. The tube walls con-
sist of a curved gibbsite-like
sheet (AI(OH);), where the in-
ner hydroxyl surface of the
gibbsite is substituted by
(SiO3)OH groups. This structure
possesses a composition of
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Figure 1. (a) Cross section view of imogolite showing com-
position. (b) Optimized structure of hypothetical 2D imog-
olite layer with lattice vectors a, and a,; views from the top
and from the side are shown. White atoms, H; red, O; gray,
Al; yellow, Si.
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ure 1a, the external tube diameter is around 2.3 nm,
while the internal diameter is around 1.0 nm. The aver-
age length of imogolite nanotubes is ~100 nm,'® and
the length of the unit cell along the tube axis is 0.85 nm.

There are several experimental studies on imogolite
available in the literature, and various applications, e.g.,
as catalyst support,'®'® molecular sieving material for
membranes, adsorbents, and materials for gas storage
(methane, CO,, and N,),'®?°2" have been suggested.
Imogolite has a refractive index similar to those of com-
mon polymers, a necessary precondition for applica-
tions as transparent polymer additives.?> The hydroxyl
groups offer interesting applications as proton conduc-
tors and ion retention and channel devices.?®

However, only a few theoretical studies of imog-
olite nanotubes have been carried out. Due to the size
of the unit cell, with several hundreds of atoms, these
studies have been restricted to classical molecular dy-
namics simulations using empirical potentials and are
therefore restricted to investigations of the mechanical
properties of imogolite nanotubes.'**

Two molecular mechanics simulations, one using a
many-body potential®* with specific parameters for
imogolite and one employing the CLAYFF force field,"*
reported the existence of a minimum of the strain en-
ergy per atom depending on the tube radius for imog-
olite, which makes them unique among NTs. According
to experiments,'® the circumference of imogolite is
composed of 12 gibbsite units. The results obtained
with the CLAYFF force field'* reproduce this experimen-
tal result, whereas Tamura et al.?* reported, on the ba-
sis of simulations using their many-body potential, 16
gibbsite units in the tube circumference for the optimal
imogolite tube.

In this work we study the geometry and the elec-
tronic structure of imogolite on the basis of a quantum-
mechanical approach. We scan the properties for vari-
ous chiralities and sizes of the tubes. Our results will
extend the theoretical understanding of this material,
in particular in the perspective of potential technologi-
cal applications.

RESULTS AND DISCUSSION

The topologies of all investigated imogolite tubes
have been maintained during full optimization of the
geometries starting from the initial structures. This indi-
cates that the cylindrical modification is a stable local
minimum for this stoichiometry. Figure 2 illustrates the
minimum energy structures found for the (12,0) zigzag
and (8,8) armchair imogolite nanotubes. In addition, we
performed molecular dynamics simulations at 300 K,
which confirm the stability of the tubular structure.

The average Al-0, Si—0, and Al—Al bond lengths
are 1.89, 1.68, and 2.92 A, respectively, for the (12,0)
nanotube and differ only by +0.01 A for the other stud-
ied chiralities. The calculated bond distances are in
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Figure 2. Optimized structures of zigzag (12,0) (a) and arm-
chair (8,8) (b) imogolite nanotubes. White atoms, H; red, O;
blue, Al; yellow, Si.

close agreement with reported X-ray data (1.86 and

1.63 A for Al—

0 and Si—O distances, respectively).®

X-ray and electron diffraction structure analyses for

imogolite were

first reported in 1972 by Cradwick et

al,® who pointed out that the circumference of natural
imogolite is composed by 10 gibbsite units. In contrast,

the first imogol

ite tubes synthesized by Farmer and

Fraser in 1977"7 contained 12 gibbsite units around
the circumference, as shown by X-ray analysis.'”"?> Most
strikingly, the synthetic tubes are of (12,0) topology,
and no tubes of different chiralities have been

observed.

We have simulated the X-ray diffraction (XRD) spec-

tra for different

tubes using the optimized density-

functional tight-binding (DFTB) geometries and com-
pared them with experimental data. The XRD
simulations were carried out assuming that the mate-
rial is composed of randomly oriented nanotubes of

same structure

and size. The average scattering power

I, in electron units, is given by the Debye formula (eq 1),
where r; is the distance between the ith and jth atoms,
and f; and f; are the atomic scattering factors of the ith
and jth atoms. s is the X-ray scattering vector, and s =
4t sin 0/X, with the diffraction angle 26 and the X-ray
wavelength \ (in this work, A = 1.542 A, like for nickel-
filtered Cu Ka radiation). The values of the atomic scat-
tering factors were taken from International Tables for
Crystallography.2®

sin(sr;
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Figure 3. Experimental and simulated XRD spectra imog-
olite nanotubes: (1) experimental,'® (2) (12,0) zigzag nano-
tube, (3) (10,0) zigzag nanotube, (4) (16,0) zigzag nanotube,
(5) (8,8) armchair nanotube, and (6) hypothetical 2D imog-
olite layer.

The XRD spectrum of the synthesized imogolite nan-
otube'® has been compared with the simulated spec-
tra for the (10,0), (12,0), (16,0), (8,8), and 2D imogolite
layers, as depicted in Figure 3. The (12,0) and (8,8) struc-
tures have been chosen for their high stability, the
(10,0) tube due to the early study of Cradwick et al.,®
presenting this structure as naturally occurring imog-
olite, and the (16,0) configuration to analyze the most
stable tube pointed out by Tamura et al.?* The results
obtained for the (16,0) and (8,8) tubes give a slightly dif-
ferent profile, compared to the experimental spec-
trum, while the profile of the 2D imogolite layer is
clearly different. For the (16,0) and (8,8) tubes, more
peaks in the very low angle range are observed, sug-
gesting a dependence of these peaks on the chirality
of the tubes.

v
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Figure 4. Calculated strain energies E,, as a function of the
radius R for zigzag (®) and armchair (O) imogolite
nanotubes.

For the (12,0) configuration, the positions of the cal-
culated peaks at 26 = 5°, 10°, and 15° match well with
the experimental spectrum. A similar pattern is ob-
served for the (10,0) tube, with small differences for 26
= 15°and 26 ~ 30°.

The XRD simulations support the presence of (12,0)
imogolite NT in experiments, but we cannot exclude
the (10,0) configuration on this basis. However, the ex-
istence of one stable chirality of imogolite NT can be
confirmed by the calculated energies of the nanotubes,
as shown in the next section.

Energetic Properties. The calculated strain energies as
a function of the tube diameter are depicted in Figure
4.The strain energies per atom are defined as the differ-
ence of the total energies between the tube and the
planar layer. Generally, they reflect the energy penalty
required for the rolling of the planar sheet onto a cylin-
der. For all NTs, this function decreases monotonically
with the tube diameter as it approaches the value of the
planar sheet. From Figure 4, it is evident that imogolite
is an exception: it has a minimum for the (12,0) nano-
tube. The same result has been reported by Konduri et
al.™ on the basis of classical molecular dynamic simula-
tions. The experimentally measured outer diameter of
the imogolite nanotube was estimated to be about 2.3
nm, based directly on transmission electron microscopy
imaging and indirectly on center-to-center distances in-
ferred from XRD patterns.®'>' We have calculated
the outer diameter of (12,0) tube as 2.26 nm, taking
into account the oxygen atoms on the outer surface.
The same result has been reported in the literature on
the basis of classical molecular dynamic simulations.’®
Moreover, Konduri et al."* developed a simplified model
where the AlI—0 and Si—0 bonds are described with
harmonic bond-stretching potentials. This model ex-
plains both the strain energy minimum of imogolite
and the subsequent increase of strain as a function of
the tube radius.

www.acsnano.org



This phenomenon, however, can also be explained
in the framework of a continuum model. For several
nanotubes, including C,>'° BN,>'° BC,N,° Gas,"’
MoS.,,'? and TiO,,"? the tube stability E.,, (strain en-
ergy per atom) can be related to the elastic modulus Y,
the thickness h of the monolayer, and the tube radius R:

Yh?

? )]

E,= % 0

The general trend that E,,, ~ a/R* holds for all known
nanotubes except for imogolite. For nanotubes of dif-
ferent compounds but with the same radius, an in-
crease in the number of atomic planes within their walls
results in larger E,, values; for instance, E,, grows in
the series C — MoS, — GaS — AIO(OH).

Equation 2 holds for symmetric layers. In the case
of imogolite—composed of a nonsymmetrical alumino-
silicate layer—a difference in the surface tensions, Aa,
between the outer and inner tube surfaces (internal and
external surface energies) must be taken into account.
This result is an additional contribution to E,:

The derivation of eq 3 is shown in the Supporting In-
formation. The surface energy Ao supports a negative
curvature, which decreases the strain energy and intro-
duces a minimum into the E,(R) curve. Our DFTB calcu-
lations confirm the size dependence as given by eq 3
for zigzag and armchair imogolite nanotubes (Figure 4).

The fit of the obtained E, and R values for imog-
olite nanotubes using eq 3 describes the change of
the strain energy in the wide range of radii quite well.
Zigzag nanotubes are more stable than armchair ones
for R < 12 A, which agrees with experiment, where no
armchair nanotubes were observed. At higher radii, the
stability of zigzag and armchair tubes is comparable.
This energetic behavior is different for most of nano-
tubes, which usually have one and the same depen-
dence of E,, on R, independent on their chirality.

Following Konduri et al.,'* we derived an expres-
sion for the radial breathing mode (RBM) frequency by
applying the harmonic approximation to eq 3:

_ 2sin(u/N) n(n/ N)_[14N
' —rlea+t @

sm(n/N)

In eq 4, a and b are the same parameters as in eq 3,
N is the number of Al atoms in the circumference, x is
Al—Al distance within a tube perimeter, and M is the
mass of unit cell. a and b are obtained by a least square
fit of the calculated strain energies to eq 3. The RBM fre-
quency of the nanotube as a function of the radius is
depicted in Figure 5. For the (12,0) nanotube, the RBM
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Figure 5. Radial breathing mode frequency (in cm™") for im-
ogolite nanotubes as function of the tube radius (in A).

frequency is 54 cm ™', in good agreement with Kon-
duri et al.'s* force field derived value of 45 cm™'. The
inverse dependence of the RBM frequency on the nano-
tube radius is also in agreement with Konduri et al.’s'*
observations. However, our model suggests that imo-
golite tubes with more than 17 gibbsite units in the cir-
cumference are instable, as eq 4 would predict imagi-
nary frequencies of the RBM.

Electronic Properties. The electronic, optical, and me-
chanical properties of nanotubes may depend crucially
on their chirality and diameter. For instance, the band
gap value for semiconducting MoS, NTs'? is deter-
mined by the tube geometry, armchair or zigzag, and
tends to vanish for very small NT diameters.

Imogolite is an aluminosilicate, a class of materials
well-known as insulators. Indeed, a large band gap has
been reported for related a-Al,05(8.75 eV in experi-
ment and 7.77 eV calculated using GGA-DFT?’). In the
gibbsite structure, the band gap is even about 2 eV
higher.?”-?® Bursill et al.’> pointed out that one may ex-
pect intuitively a relatively wide band gap for imogolite.
Our DFTB calculations confirm this proposition. All imo-
golite nanostructures considered in this study are insu-
lators with a wide band gap. Independent of the spe-
cific chirality of the optimized zigzag and armchair NTs,
their band gaps are around 10 eV (Table 1), and a simi-
lar value is found for the 2D imogolite layer (~10 eV).
From our experience, DFTB overestimates band gaps of
insulators, depending on the employed basis set and
the composition of the lowest unoccupied states. On
the other hand, DFT is known to underestimate insula-
tor band gaps. On the basis of a recently reported value
of 4.7 eV based on GGA-DFT calculations,?® we esti-
mate the correct band gap between these two values.

The total densities of states (DOS) for the most stable
zigzag and armchair configurations, (12,0) and (8,8), are
shown in Figure 6 (for partial DOS, see Figure S1 in the
Supporting Information). The main features of the DOS
plots are quite similar for all tubes and also similar to
those of the hypothetical 2D imogolite layer. The va-
lence bands of both nanotubes are composed mainly
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TABLE 1. Structural, Electronic, and Elastic Properties of
Imogolite Nanotubes

index cell size/atoms Req /R BG/eV Y/GPa
Imogolite (n,0)
(8,0) 224 6.79 10.3 365
(9,0) 252 7.55 10.3 277
(10,0) 280 8.31 10.3 196
(11,0) 308 9.10 10.3 366
(12,0) 336 9.86 10.3 242
(13,0) 364 10.66 10.3 255
(14,0) 392 11.46 10.3 290
(15,0) 420 12.23 10.2 319
(16,0) 448 12.98 10.2 175
(17,0) 476 13.72 10.2 314
(18,0) 504 14.48 10.2 202
(19,0) 532 15.23 10.1 479
Imogolite (n,n)

(5,5) 140 7.27 10.6 287
(6,6) 168 8.62 10.6 387
(7,7) 196 9.95 10.6 368
(8,8) 224 1.35 10.6 329
9,9) 252 12.62 10.6 416
(10,10) 280 13.98 10.6 287
(1,11) 308 15.28 10.6 280
(12,12) 336 16.59 10.6 296
(13,13) 364 17.98 10.6 292
(14,14) 392 19.45 10.5 291
2D layer 10.7

of 2p O states, and the lower part of the conduction
band is formed by 3p and 3d Si states and 3d Al states.
The charge transfer from aluminium (Q ~ +0.6e) to
oxygen (Q =~ —0.45e) and from silicon (Q = +0.8e) to
oxygen (Q =~ —0.54e) is almost the same for all nano-
tubes, independent of the configuration and the tube
radii. For more details, see Table S1 in the Supporting
Information. The charge transfer from aluminium to
oxygen is in the same order as in single-walled hydroxy-
alumina nanotubes.®® The absolute charge values of hy-
drogen atoms on the inner surface are ~6% bigger

DOS, arb. units
| S B T ) B B B B

1- i

0 | I I VO R R [

-12 .10 -8 -6 -4 -2 0 2 4 6 E,eV
Figure 6. Total densities of states for (a) (12,0) and (b) (8,8)
imogolite nanotubes after geometry optimization. All ener-
gies are given relative to the Fermi level. (See partial DOS in
the Supporting Information.)

)\ VOL.1 = NO.4 = GUIMARAES ET AL.

Figure 7. Electrostatic field of (12,0) imogolite nanotube:
views along and diagonal to the tube axis. Different colors
show equipotential surfaces: —3.0, —2.0, —1.0, +1.0, +2.0,
and +3.0 e/A.

than on the outer surface. This means that OH(Si) bonds
are more ionic than OH(AI), and their acidity could be
higher.

Using the optimized geometry of the (12,0) imog-
olite nanotube and the calculated atomic Mulliken
charges, we have estimated the electrostatic field (Fig-
ure 7). This picture clearly expresses the charge distribu-
tion within the tube: mainly negative charges are
present on the inner region, while positive charges are
located on the outer surface.

Our DFTB results corroborate the experimental re-
sults of Gustafsson,®' even though he did not use a
(12,0) imogolite nanotube for his model approach. Ac-
cording to him, a weak positive charge exists on the
outer wall surface of imogolite, whereas a negative
charge appears in the inner surface of walls. The lack
of a more precise structure of imogolite prevented
Gustafsson®' from testing his hypothesis in more de-
tail. Our results confirm his proposition of the charge
distribution. However, it is important to note that our
calculations are performed in a vacuum, whereas the
surface charge distribution can depend on pH, temper-
ature, and other factors. Nevertheless, our result may
be valid for the neutral form of imogolite, which is
present in water solutions with a pH up to ~8.

This interesting property of imogolite nanotubes
may be promising for the design of ion transport de-
vices, as one may expect the ionic transport is guided
along the tube axis.

Mechanical Properties. Knowledge of the mechanical
properties of materials is essential for the develop-
ment of many applications. The central property char-
acterizing the stiffness of nanotubes, which is accessible
in experiments, is the Young’s modulus. The mechani-
cal properties of nanotubes have been also estimated
by theoretical works.®'%3233 The Young’s moduli of im-
ogolite nanotubes have been calculated as described
in the literature,” by performing a series of relaxation
calculations for different values of the cell length in the
direction of the tube axis, and thus imposing either ten-
sile or compressive strain on the nanotube. It is then
possible to calculate the second derivative of the total
energy with respect to the axial strain, which enables us
to calculate the Young's modulus, as given by eq 5:

www.acsnano.org



1 82E)
Y=—— (5)
Vo(862 =0

where V, is the equilibrium volume, € the strain, and
the E the total energy.

The results obtained for zigzag and armchair con-
figurations are listed in Table 1. The imogolite nano-
tubes have Young’s moduli which fall in the range 175-
390 GPa. In comparison to refs 9 and 10, we conclude
that imogolite nanotubes are less stiff than other types
of nanotubes, such as C,"® BN,'® BC,,'° and BC,N,° but
their Young’s moduli are in the same order of magni-
tude as for MoS, (~230 GPa),** GaS (~270 GPa),'" and
chrysotile nanotubes (159 + 125 GPa).>*

CONCLUSIONS

Density-functional-based calculations of imogolite
nanotubes explain the selectivity of a particular chiral-
ity, (12,0), for imogolite, which is different from conven-
tional carbon and inorganic nanotubes. Armchair imog-
olite nanotubes, not detected in experiments, were
also investigated. The (8,8) configuration was found to

COMPUTATIONAL DETAILS

All calculations have been carried out using the self-
consistent charge density-functional-based tight-binding (SCC-
DFTB) method as implemented in deMon.>>~3” This method uses
a minimal set of atomic basis functions and tight-binding-like ap-
proximations to the Hamiltonian and can be applied for peri-
odic and cluster computations. It has recently been shown that
SCC-DFTB gives results in good agreement with GGA-DFT for
structure and electronic properties of Gibbsite and a-aluminum
oxide.?® Frenzel et al.?® showed that the electronic DOS com-
puted with DFTB shows all features of the DOS calculated using
GGA-DFT. Periodic boundary conditions were applied to the cells
along tube axes.

Initial configurations of the nanotubes were constructed by
folding the hypothetical 2D imogolite layer, where hydroxyl
groups surrounding one vacant site of the gibbsite layer are re-
placed by orthosilicate anions (Figure 1b). We adopt the same
convention for labeling these tubes as that used for carbon, BN,
and metal chalcogenide nanotubes.>® Depending on the rolling
direction B in the 2D lattice, where B = na, + ma, (a,, a, are lat-
tice vectors of the hexagonal lattice), three classes of nano-
tubes can be constructed: armchair (n,n), zigzag (n,0), and “chiral”
nanotubes (n,m), with n # m. We have considered zigzag and
armchair NTs with diameters ranging from 13 to 40 A, which cor-
respond to (8,0)...(19,0) and (5,5)...(14,14) configurations. Initial
structures have been fully optimized, including the internal posi-
tions and the tube lengths.
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be the most stable for armchair, but clearly less stable
than the (12,0) zigzag nanotube.

Comparison of experimental and simulated XRD
spectra as well as the energetic results clearly indi-
cated the presence of only (12,0) imogolite nanotubes
in experiments. The appearance of (10,0) nanotubes in
nature, as claimed in earlier work by Cradwick et al.®
should therefore, in our opinion, be re-examined.

All imogolite nanotubes have a wide band gap, ~10
eV, independent on their chirality. We have also shown
that the imogolite nanotubes are less stiff than other
types of nanotubes, including C and BN nanotubes.

Imogolite nanotubes are interesting examples of lay-
ered heterophase nanotubular systems. Our results ex-
tend the theoretical understanding of this material and
also provide a perspective of potential applications. In-
vestigations of their stability can help in the fabrication
of similar systems, for instance, by scrolling into nano-
tubes of a few monolayers of different IllI-V
semiconductors.

The study of growth of imogolite nanotubes is in
progress.
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