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Abstract: Bending strains and bonding structures of GaS multiwalled submicrotubes have been examined
by transmission electron microscopy. Experimental observations reveal that the strain involved in building
the Gas tubes is more complicated than the theoretical prediction and appears anisotropic and dependent
on the tubular configurations. The armchair tube bears a larger lattice compression than the zigzag tube.
The hexagonal GaS semiconducting compound degrades its crystal symmetry upon bending, leading to
the anisotropy of the bonding structures. Curving of GaS sheets to form tubes is found to be dominated by
the structures and electrostatic fields on the sheet surface, which eventually gives a well-controlled tubular
structure showing preferred zigzag and close-to-zigzag configurations. Finally, interlayer packing structures
of multiwalled tubes are examined.

Introduction structure, is proportional to the square of curvatlrg(?).11.12
. . . Generally, the driving force to bend a filament is provided by
Following the pioneering work on carbon nanotubesd the catalytic particles whose size, structure, and shape determine

applying the chemical analogy between graphite and two- he configuration and diameter of the nanotubes growing on
dimensional (2-D) layered inorganic compounds, a growing {hem1314However, some tubes can be generated in the absence
number of tubular materials has been synthesized, which ot catalysts and were considered to initiate from topological
provides the opportunity to study the chemistry and physics of §efects such as five-membered rings at thé%iRecently, the
systems with reduced dimensionality. Besides the BN nandtube, development of soft chemistry made some layered oxides form
the critical isostructural derivative of the carbon nanotube, the ,trathin 2-D sheet&17 The high surface-to-volume ratio of
first inorganic nanotubes were obtained by Tenne and Co- nanosheets raises the system energy and makes them unstable.
workers, who successfully prepared metdisulfide nanotubes  Therefore, nanosheets curve and roll to form tuiS@geverthe-

X—=$ (X = Mo, W).3* To date, the observed inorganic |ess, the tubes formed by rolling the filaments usually have large
compounds that curve include BNNICl,,> and a variety of  djameters due to the weak driving force for curving.
metal-chalcogenides (e.g., WP WS,,* M0oS,# InS,” GaS§*° Sulfides and selenides of Ill-group metals exhibit 2-D layered
and GaSg etc). Bending a planar filament to form a tube structures, bounded by van der Waals attractions. Recently,
requires more energy to overcome the high strain arising from hexagonal InS, GaSe, and GaS tubes have been synthesized,
the bond distortion. It has been derived that the strain energy,which evidenced the theoretical prediction of stable tubular
the energy difference between a tube and its parent planarstructures of these compourid$°By adopting the conventional
nomenclature for the description of carbon nanotibdsex-

T Shanghai Institute of Ceramics. agonal GaS nanotubes, for example, can form both zigzay (

+ICYS, National Institute for Materials Science. - - - . . .
§ Advanced Materials Laboratory, National Institute of Materials Science. and armchairr(,n) configurations. The density-functional tight
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(30,10)

(18,18)

Figure 1. Structural models of (32,0) zigzag, (18,18) armchair, and (30,10) helical GaS nanotubes. Both normal (left) and parallel (right) views to the
nanotube axis are presented for the zigzag and armchair configurations.

binding calculations suggest a stable hexagonal double-layeredof Ga0s, ZnS, and activated carbon powders. Decomposition of source
curved structure composed of-&a—Ga—S bonding chains materials was followed by thermal reactions between gallium and sulfur
arranged in six-membered €8 rings2° as shown in Figure 1. or gallium oxide and carbon sulfide at a high temperature and in a
Therefore, it is considered that the diameter of the GaS nanotubetaying flow of pure Ar. The obtained products include GaS sheets

cannot be smaller than 3.6 nm. otherwise it becomes unstableand submicrotubes. Details of synthesis will be reported elsewihbere.
' ' Structural Analysis. Structures of GaS submicrotubes were exam-

due to strong distortions of G&é bonds at inner and outer . P : . ;
" The Gas sinal lled tubes h icond ined by transmission electron microscopy. Electron diffraction patterns
surtaces. The bas single-walled nanotubes have a semicon ucrénd high-resolution electron microscopy images were obtained on a

ing direct gap irrespective of the helicity. The strain energy is  3epm.2100F field-emission transmission electron microscope. Tubular
a function of the mean diameter of the nanotube. Such configurations were derived from the mutual arrangement of reflections
anticipation of physical properties is based on a fully relaxed from both the hollow and the sidewall regions of the tubes. Structural
single-walled nanotubular structuii®However, it will be seen strain was measured using the DigitalMicrograph (Gatan) software
that the experimentally obtained GasS tubes in this work have package by comparing diffraction patterns from both the sheets and
multiwalled structures and show structural features far from the the tubes, which were acquired with exactly the same TEM technical
ideal ones that the theoretical calculation predicted. More Parameters and within an individual machine time.
complicated strains are involved in building the tubular mor-
phology. In this paper, we describe a thorough investigation of
structural strains in the GaS multiwalled submicrotubes by  Electron microscopy shows that the GaS tubes have lengths
transmission electron microscopy (TEM). The experimental UP to tens of micrometers. The diameters range in—2iD
observation revealed that reduction in dimensionality for an NM with the wall thickness around one-third of the diameter
inorganic layered compound resulted in degradation of crystal (Se€ Figure 2a). Electron diffractions show typical patterns of a
symmetry and anisotropy of bonding structures, which dependsPending geometry, which consists of reflections from both the
on the bending directions. side walls (cross-sections of filaments) and the inner regions
(plane view of filaments). Because the GaS tubes have a very
large size and thick walls, in-pladék0} reflections become
Materials Preparation. GaS submicrotubes were synthesized viaa dots rather than arches as generally observed in fine carbon
simple high-temperature thermal reaction with the starting materials nanotubeg? Thus, this excludes the possible measurement errors

Results and Discussion

Experimental Procedures
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angle exhibits 2.5 and°7for the two tubular compartments,
respectively. Low helical multiplicity implies high crystallinity
along the radial direction of the GasS tubes. It seems that, at
least, the helical GaS tube is more like a rolled tube rather than
a seamless cylinder because the rolling of a sheet belt can
guarantee the monohelicity.

Since the growth unit of a stable GaS tubular structure
involves four atomic layers, large atomic displacement is
expected at surface sulfur layers upon bendfhlthough the
present GaS tubes have diameters in submicrometer scales,
larger lattice strains than expected were observed as evidenced
by the measurement of lattice parameters on electron diffraction
patterns. Under the same TEM technical conditions with the
optimum objective lens current and within an individual machine
time, we obtained diffraction patterns from both the GaS sheets
and the GaS tubes, which coexisted in the present product.
Anisotropic lattice strain was then observed in the GaS tubes.
Meanwhile, the magnitude of strain depends on the tubular
configuration. Figure 3 shows the profiles of reflections arrayed
normal or parallel to the armchair and the zigzag tube axes along
with those from the GaS sheets for comparison. The armchair
tube exhibits the largest in-plane lattice compression by 4.3%
(Figure 3a) in the direction perpendicular to the tube axis, while
the lattice along the tube axis appears slightly expanded by 0.7%
(Figure 3b). In contrast to the high anisotropy of lattice strain
in the armchair tube, the zigzag tube (see Figure 3c,d) shows
somewhat isotropic strains with the lattice compression by 1.8%
across the tube axis and by 2.1% along the tube axis. The

) ) . measurement of lattice parameters indicates that the magnitude
Figure 2. TEM micrograph of the GaS submicrotube (a) and electron . Lo .
diffraction patterns of the tubes showing (b) zigzag, (c) armchair, (d) large- of lattice compression is around 2% for all zigzag and close-
angle monohelical, (e) small-angle monohelical, and (f) small-angle double- t0-zigzag tubes but that the strain differs slightly in the two
hel_ical configurations. Panels e and f refer to the close-to-zigzag configu- directions. However, the large-angle helicah(§ GasS tube
rations. did not show any changes in the lattice parameters. Although
the strain is absolutely dependent on the curvature of tubes (i.e.,
the diameters), the experimental observation of the present GaS
submicrotubes does not show apparent dependence of strains
on the diameters in the range of 20046800 nm. The diameters
might be too large to be sensitive to the strain difference. It

patterns from over 20 Gas tubes, which were not so thick as to seems that the observed strain property is intrinsic to the layered

. structure of GaS. It is reasonable to consider that the in-plane
allow the electron beams to transmit through the samples. The, _ . . . .
. lattice compression should undergo a simultaneous lattice

%xpansion normal to the sheet plane. However, the measurement
on the diffraction pattern does not show any detectable changes
of the c-dimension in the GaS tubes. This implies an in-plane
%ompressed unit cell in the GaS tubes with, anisotropically,

the zigzag configuration, indicative of the tubulaxrf) con- decreases in G&S bond lengths along with the changes in bond

figurations with then/m ratio larger than 7. The diffraction ang!es, henge the degradation of crysta! symmetry. .
pattern shown in Figure 2d represents the maximum rotation Different distorted structures observed in armghalr gnd zigzag
angle ever for a helical configuration (i.e<14° to the armchair ~ {Ubes suggest a structure-dependent strain in this bending
and~16° to the zigzag orientation). This configuration refers COmpound. We then investigated the bonding structures of
to the (3,n) helical structure. The structural model of the armchair and zigzag tubes bearing a certain identical strain. A
(30,10) GaS nanotube is shown in Figure 1 as an examp|e_compressive stress is applied normal to the zigzag (marked by
Unlike multiwalled carbon nanotubes that usually show multiple filled arrows) and armchair (marked by blank arrows) tube axis
helicity, the GasS tubes display monohelicity. Only two sets of as previewed in Figure 5. The stress was supposed to make the
a [001]-projected diffraction pattern (i.¢hko} reflections), each  lattice shrink by 5% only along the stress direction while keeping
from the upper and bottom shells of a lying tube normal to the the lattice parameters in the directions normal to it constant in
electron beam, are observed for the helical tubes. Double helicity@ Similar accordance to the experimental observation for the

was detected only in one tube as shown in Figure 2f. The helical @mchair tube. Curved GaS sheets in a tube no longer display
a hexagonal symmetry but 1-D periodicity along the tube axis.

(22) Dresselhaus, M. S.; Dresselhaus, G.; SaitcC&bon 1995 33, 883. Nevertheless, the zigzag and armchair tube shells can be

arising from the contribution of reflections from otherwise
oblique thin tubular shells, which may cause about2%
smaller lattice parameters than the real ones. The helicity of
the tubes can be identified by the mutual arrangement of
reflections from inner and wall regions. We acquired diffraction

(Figure 2b) or close-to-zigzag configuration (Figure 2e,f), while
armchair (Figure 2c) and large-angle helical (Figure 2d)
structures were observed each in one tube. The close-to-zigza
structure has a rotation (helical) angle of no more thafratn

16862 J. AM. CHEM. SOC. = VOL. 127, NO. 48, 2005



Configurations and Strains in GaS Submicrotubes ARTICLES

(a) (b)
Py = 110
A 200 S
o) 2
2 g
5 | 02 8
k| L -
2100 | 050 | 000 | 050 100 100 | 050 000 | 050 | 1.00
Reciprocal Vector (1/A) Reciprocal Vector (1/A)
(c) (d)
- ~ |
=
3 110 2
S S
2] %‘ 200
o
S 002 I8
R=| k=
200 050 000 050  1.00 2100 050 ' 000 | 050 | 1.00
Reciprocal Vector (1/4) Reciprocal Vector (1/A)

Figure 3. Anisotropic lattice strain in GaS tubes as revealed via measuring and comparing the lattice parameters of the GasS tubes (red lines) and GaS sheets
(blue lines) obtained on the diffraction patterns. Both reflection profiles across an armchair tube (a) and a zigzag tube (c) and along the lijlber axis ((
armchair and (d) for zigzag tube) were presented. All the diffraction patterns were acquired using the same TEM technical parameters and withiralan ind
machine time.

approximately regarded as different orthorhombic structures as
framed by the dotted lines and dashed lines, respectively, in
Figure 5. Under a sole compressive stress normal to the tube
axis, the lattice shrinks while maintaining the orthorhombic
symmetry to avoid an increase of the system energy arising from
lowering the crystal symmetry. The orthorhombic lattice dimen-
sions change only in the stress direction. Therefore, in the zigzag
tube, the original bonds normal to the stress direction remain
unchanged during the compression. Meanwhile, structural
relaxation was performed via adjusting the atomic positions so
as to retain as much as possible the symmetrical operations in
the orthorhombic lattice (e.g., trying to show as uniform a bond
length and angles as possible). This was carried out manually
using the CrystalMaker software. The bond length and bond
angles in the deformed structures can then be derived as listed
in Table 1. Behind the same magnitude of lattice strain, bigger
changes in bond length and bond angles were found in zigzag
tubes along with a more severe degradation of crystal symmetry
as evidenced by the variety of bond data. Therefore, the bonding
structures tend to be more anisotropic in the zigzag configuration
under such deformation processes. Actually, the observed strain
mode in zigzag tubes applied a more isotropic fashion, trying
to maintain the hexagonal symmetry to depress the increase of
system energy arising from an otherwise inhomogeneous bond
distortion. It seems that the armchair tube can withstand a larger
lattice strain (not bond distortion) than the zigzag tube under
Ide.mlcal stress, hence the bigger mOdIflc.:athn.m the .Observe.d Figure 4. Metastable rhombohedral GaS phase as observed by high-
lattice parameters. The present observation is inconsistent Withyessjution electron microscopy. (a) The lattice image from the wall region
the theoretical prediction, which shows that the strain energy of a close-to-zigzag tube showing periodic layered structures. (b) The inverse

is solely dependent on the mean diameter of the tube irrespectivéft;st-':oléfi?f tfanSfOfflned rFicrogﬁ'ﬂph r<]3‘cllcul<’>ltetlﬂ Witf(l:{tﬁlel}kreflections
: : : _ obtained from panel a, illustrating the typical ABC packing structures
of the tubular conflguratloné). Anisotropy and structure de (circled regions) characteristic of the rhombohedral symmetry. (c) In-layer

pendence of strains observed in the present GaS multiwalledang packing structures of hexagonal Gas and rhombohedral InSe and InS
submicrotubes indicate different structural relaxation kinetics structures.

InS, metastable

J. AM. CHEM. SOC. = VOL. 127, NO. 48, 2005 16863
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Table 1. Bond Data of the GaS Crystal, Deformed Zigzag, and Deformed Armchair Structures

Ga-S hond length (A) S—Ga—S bond angle (deg) Ga-S—Ga bond angle (deg) Ga—Ga-S bond angle (deg)
GasS crystal 2.353 99.326 99.326 118.337
deformed zigzag 2.353 99.605%0.28%) 99.6050.28%) 119.2550.78%)

2.285 (-2.89%) 96.4152.93%) 96.415<2.93%) 118.337
deformed armchair 2.3171.53%) 101.397+2.09%) 97.3432.00%) 118.8070.40%)

(Figure 4c). The InSe-type structure seems more reasonable for
the GaS system because the double-layer packing unit shows
the same configuration. But here, no inversion takes place for
the neighboring layers, but only a lattice displacement is
involved. Partial dislocations can be observed at the boundaries
of different phases in Figure 4b. The GaS rhombohedral phase
seems to be a metastable structure and involves only very fewer
layers.

Gas tubes have been proven to form by natural curving of
the GaS sheets rather than onto the catalytic partiélashin
sheet is an unstable structure because of its high surface-to-
volume ratio and high system energy. Curving of sheets can
reduce the number of unsaturated dangling bonds on the surface
Figure 5. Structures of the surface sulfur layer in the hexagonal Gas layered and thus lower its system energy. The driving force to curve a
compound. The strong electrostatic force between the nearest S atoms othgnosheet arises from the electrostatic forces on the sufface.
the surface eventually leads to the formation of zigzag tubes upon rolling. . . "

The diameter of the formed tubes relies on the competition
between the driving force and the strain energy in a curved

from conventional suggestions. Even bigger and more compli- iruct Althouah th . vsis indicates that it i
cated structural distortion could be expected for GaS tubes with S;:iz :’:g' ben do:%sas ghzr;\';%lézrzi?]a ﬁ'sth'g z;fr?lfr?air ?or:fi 'Su
reduced diameters (e.g., nanotubes). It is noted that changes i 9 9

lattice parameters and crystal symmetry in the GaS tubes surel;{) z?tlo_n, t;e S)Lpee;'n}igtﬂfg?:ewzt!ﬁnézgngtaegr;]\;al't? gg??;i“;: d
affect their electronic structures. A reevaluation of physical zigzag tubes. , We Investig vctu

. S electrostatic field on the GaS sheet surface in an attempt to
properties of GaS tubes should be performed by taking into xplain the formation mechanism of Gas tubes. The surface of

account the structural features observed herein. It seems tha?sas sheets is composed of unsaturated S atoms as shown in
the 3-D network of GaS bending layers is less strong than the _. . . .
g'ay 9 Figure 5. Each S atom has six nearest neighbors in 0.3587 nm

2-D graphene sheet, hence the ease of lattice distortion upon ) . . .
bending. The lowest strain observed in the large-angle helical and six second nearest neighbors in 0.6213 nm. The electrostatic

tube may imply its rolled nature rather than a seamless Cy|inder,ifs{Cf t(cr:r?iUIgimtb nattrac_:_lrc: n? ]l(srln\;(;rs?y rprotpr?r?or?k?l rtg t['em
where the strain is easily released via interlayer lattice displace- eratomic distances. -1 herefore, the nearest neighobor > atoms

ment. In Table 1, the data listed in parentheses are changes inShOW higher attraction forces and tend 1o be closer, leading to

percentage with respect to the bond data of Gas crystal. a final zigzag tubular configuration (Figure 5). This bending
The bending of GasS sheets distorts the crystal structure, andperformance does not apply to the graphene sheets where all

- bonds are parallel to the lateral plane, hence high stiffness and
structural defects have been found to form in almost every GaS . . S
. . - . bend modulus. However, the counterpart of high distortion in
tube. Electron diffractions in Figure 2 display streaks along the . . L L
; R . - . bending a four-atomic-layered shell unit in GaS system is its
[00I] reciprocal vectors, indicative of a high density of stacking
. . low bend modulus because no bonds are parallel to the sheet
faults formed in the GaS tubes. The reflection streaks on a

. . o - . . .~ plane. The 3-D bonding structure is easy to relax along the
diffraction pattern indicate lattice displacements with certain - . ; . .
. . . . __bending tangential (see Figure 1) via reconstruction of all four
lattice vectors rather than random displacements. High-resolution

. - atomic layers. Therefore, the as-obtained GaS tubes show a
electron microscopy of GaS submicrotubes revealed a rhom-

. . . certain uniform helix dominated by the surface structure.
bohedral GaS phase intergrowing locally with the hexagonal -
. . . . However, the electrostatic forces are weak on the surface so
lattice. Figure 4b shows the inverse fast-Fourier transformed

. . o . that the GaS tubes synthesized by the present method are fairly
micrograph from the original lattice image (Figure 4a) of the . i

. . . : . large. Small Gas tubes shall be formed via another mechanism
sidewall region calculated by usig@kl} reflections. It is noted

in Figure 4c that the GaS hexagon@b¢{/mmq structure shows (e.g.,. with the aid of catalytic particles), but in that case, the

. . . - : helicity of the tube can hardly be controllable.
an inversion operation along with a 1/3[210] displacement
between the two neighboring layers. When viewed along the ~,usion
[100] direction of a close-to-zigzag tube, the packing structure
shows a typical ABAB packing pattern. However, the circled  Anisotropic and structure-dependent strains were observed
regions in Figure 4b illustrate the ABC... packing pattern typical in GaS submicrotubes, showing reduced lattice parameters and
of rhombohedral symmetry. Selenfdé*and sulfidé of indium degradation of crystal symmetry. Analysis of deformed bonding
have been reported to show different rhombohedral structuresstructure suggests that the armchair tubes can withstand higher
structural strains than the zigzag tubes. However, the present
(23) Likforman, A.; CarfeD.; Etienne, J.; Bachet, BActa Crystallogr., Sect. GaS tubes display the preference to zigzag and close-to-zigzag

B 1975 31, 1252. ) - ) :
(24) Rigoult, J.; Rimsky, A.; Kuhn, AActa Crystallogr., Sect. B98Q 36, 916. tubular configurations. This structural feature has been explained
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