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ABSTRACT: Misfit layered compounds (MLC) with the composition (LaS); 15TaS, (for simplicity denoted as LaS-TaS,) and LaS-
NbS, were prepared and studied in the past. Nanotubes of LaS-TaS, could be easily synthesized, while tubular structure of the LaS-
NbS, were found to be rather rare in the product. In order to understand this riddle, quaternary alloys of LaS-Nb,Ta;.4S, with
ascending Nb concentration were prepared herein in the form of nanotubes (and platelets). Not surprisingly, the concentration of
these quaternary nanotubes shrinked (and the relative density of platelets increased) with increasing Nb content in the precursor. The
structure and chemical composition of such nanotubes was elucidated by electron microscopy. Conceivably, the TaS, in the MLC
compounds LnS-TaS, (Ln=lanthanide atom) crystallizes in the 2H polytype. High resolution transmission electron microscopy
showed however that, invariably MLC nanotubes prepared from 80 at% Nb content in the precursor belonged to the 1T polytype.
Raman spectroscopy of individual tubes revealed that up to 60 at% Nb, they obey the standard model of MLC, while higher Nb lead
to large deviations which are discussed in brief. The analysis indicated also that such nanotubes do not exhibit the pattern assigned
to charge density wave transition so typical for binary 1T-TaS,. The prospect for revealing interesting quasi-1D behavior of such

guaternary nanotubes is also briefly discussed.

INTRODUCTION

Chrysotile (Mgs(Si,0s)(OH),) and kaolinite (hallyosite-
Al,Si,O5(0OH),) are well-studied layered clay minerals which
are found in nature sometime in the form of nanotubes or
nanoscrolls. Each chrysotile TO layer consists of a sheet of
magnesia octahedra (O), which is linked to a sheet of silica
tetrahedra (T) by sharing one (apical) oxygen atom. The
equilibrium lattice parameters of the T and O sheets are 5.317
and 5.432 A, respectively.! This asymmetry leads to a strain in
the (so-called lizardite) TO slab. Pauling argued that layered
compounds with asymmetric structure along the c-axis, like
chrysotile would tend to relax the strain through folding.? This
hypothesis was confirmed twenty years afterwards by direct
observation of the chrysotile nanotubes.®* A complementary
impetus for the formation of hollow closed structures from 2D
materials was proposed by Kroto,®> who argued that graphene
layers would not be stable towards folding, due to the
preeminence of the chemical energy stored in the dangling
bonds of the rim atoms. This hypothesis, initially aimed at
explaining the stability of Cg. It was later-on expanded to
include carbon nanotubes,® inorganic fullerene-like structures
(IF) and nanotubes (INT) from WS,,” and subsequently from

numerous other 2D materials.® Ultimately, the goal would be to
unify these two different driving forces and synthesize
nanotubes from 2D materials that are asymmetric along the c-
axis in a controlled way and consequently in high yields. In this
respect, misfit layered compounds (MLC)*° come into play.
Misfit nanotubes hold promise for applications in the fields of
optoelectronics and thermoelectrics.112

Chalcogenide-based MLC are materials made of alternating
monolayers of a compound with distorted rocksalt structure
MX, like LaS, and a TX, slab with hexagonal structure, like
TaS,. MLC have the general formula [(MX);4,]m[TX:], with
0.08< y <0.28, denoted for simplicity MX-TX,.%1013-20 Figure
la shows a schematic drawing of an MLC lattice. Generally,
the interlayer spacing (c-axis) in the MLC is common to the two
sublayers. The b-axis of the ortho-pseudohexagonal unit cell of
the TaS, (V3a) lattice (Figure 1b) coincides with the b-axis of
LaS (Figure 1c). The a-axis is incommensurate and the
amx/@rxe ratio is an irrational number close to 5/3. Therefore,
the lattice of MLC does not have a translational symmetry along
the a-axis and a well-defined unit cell. Rather, these compounds
are represented as approximants, having for example three units
of LaS along the a-axis and five units of TaS,. Like many other
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layered compounds, layers in MLC are held together via weak
van der Waals forces. In addition, the different work-function
of the two subunits leads to partial charge transfer between the
subunits. Consequently, polar forces arise between the two
subunits, which add extra stability to the 2D superstructure of
MLC. Thus MLC can be considered as intercalation compounds
in which the guest MX layer donates, commonly, electron
charge to the hexagonal host TX, lattice. It was recently
demonstrated that, under proper conditions, many ternary MLC
compounds can form nanotubes or nanoscrolls in high
yields.12?! Here, the two main mechanisms for the formation of
the MLC nanotubes are the asymmetry along the c-axis
juxtaposed with the large chemical energy stored in the
dangling bonds of the rim atoms.?

Figure 1. a. Schematic rendering of a lattice of the
(MX)14(TX;) misfit layered compound. Green, red and yellow
circles are T, M and X atoms respectively; b. LaS; and c. LaS
lattices viewed from the <001> direction. The hexagonal and
the ortho-pseudohexagonal (purple) lattices of the TaS, are
shown.

In preparing nanotubes from ternary MLC, differences in the
yield of the synthesized nanotubes were noticed between
compounds of a similar composition. For instance, while LaS-
TaS; tubes were obtained in high yields (ca. 50%), the tubes
from HoS-TaS, were produced, under equivalent conditions, in
small yields of about 5% and merely a 1% yield for CeS-TaS,?
and YbS-TaS,?® nanotubes. Furthermore, nanotubes from LaS-
NbS, could be barely observed in the reaction product, although
PbS-NbS, nanotubes were produced in high yields.?® These
observations cannot be easily addressed, since the respective
Ta-and Nb-based MLC are well established in the bulk
form.%24-26 Obviously, these differences could be attributed to
the limited number of experiments which spanned a small
fraction of the possible phase-space of such reactions.
Nevertheless, they could also reflect more fundamental
structural or chemical reactivity differences, which warranted
further investigation. For example, the Ta-S bond is known to
have greater ionic character than the Nb-S bond in the layered
MS, compound.?” Therefore, the intercalation of tin atoms was
found to be easier in NbS, than in TaS,.28 Towards that goal, a
series of quaternary compounds of the composition LaS-
Nb,Ta; S, 0<x<1l were prepared and studied in detail.

Nanotubes were found to become a scarcity with increasing Nb
content of the reaction mixture. Electron microscopy and
Raman analyses help shedding some light on the structure and
reactivity of such nanotubes with increasing Nb and decreasing
Ta content. Noticeably, very few works were dedicated to the
alloyed 2D materials Nb,Ta;,S, and selenides thereof. For
example, the charge density wave structure of 1T alloys with
x<0.1 were studied with scanning tunneling microscopy
(STM).® In a more recent work, the non-linear optical
properties of NbysTaysS, nanotubes and Haeckelites were
calculated.®® To the best of our knowledge, quaternary MLC of
the type LaS-Nb,Ta; S, were not described in the literature in
the bulk form or as nanotubes prior to this work.

EXPERIMENTAL
Synthesis of LaS-Nb,Ta.S, nanotubes

The nanotubes were prepared following a synthetic protocol
similar to the method reported before for the preparation of
LnS-TaS, nanotubes,® however with an improved temperature
control. The synthesis of LaS-Nb,Ta;.S, (0.0<x<0.9)
nanotubes was performed by means of chemical vapour
transport reaction starting from a mixture of La (Strem
Chemicals 99.9%), Ta (Alfa Aesar 99.9%), Nb (Sigma Aldrich
99.8%) and S (Sigma Aldrich 99.98%), in the presence of a
small amount (2 mg, 5 umol) of TaCls (Sigma aldrich 99.99%)
as catalyst. While the niobium content was increased gradually
from 10 at% to 90 at% that of tantalum was reduced (from 90
at% to 10 at%), correspondingly. The powders were mixed in a
mortar in the proportion 1:1:3 (25 mg, 0.13 mmol Ta: 19.2 mg,
0.13 mmol La; 13.2 mg, 0.41 mmol S) and placed in a quartz
ampoule in a glove box under nitrogen atmosphere in order to
prevent the oxidation of the reactants. For the Nb-containing
samples, a certain percentage of Ta (10 at%, 20 at%, 40 at%, 60
at%, 80 at% and 90 at%) was replaced by the corresponding
molar amount of Nb at% (= 100- at% of Ta). The quartz
ampoules were sealed under vacuum at a pressure on the order
of 1x10° Torr using a vacuum setup consisting of a rotary pump
and diffusion pump equipped with liquid N, trap. The high-
temperature annealing was carried-out in a vertical furnace in
two steps using two opposite gradients of temperatures. First,
the ampoules were submitted to a thermal gradient 350 °C at the
bottom edge and 800 °C at the upper edge. After 1 h the
ampoules were moved inside the bore of the furnace and
exposed to an opposite temperature gradient between 857 °C at
the bottom part and 400 °C at the upper part. After 6 h the
ampoules were removed from the furnace and were allowed to
cool down to room temperature overnight. The products were
accumulated in the lower edge of the ampoule. Under these
experimental conditions the mass transport to the upper edge of
the ampoule was negligible as previously reported.?

Characterization

Electron microscopy analysis

Scanning electron microscopy (SEM) was done by LEO
model Supra 55VP SEM. Transmission electron microscopy
(TEM) including selected area electron diffraction (SAED)
analyses and energy dispersive x-ray spectroscopy analysis
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(EDS/TEM), was performed using a JEOL JEM2100 (operating
at 200 kV) equipped with Thermo Fisher retractable EDS
detector. A FEI Tecnai F20 microscope (200 kV) was used for
high-resolution TEM (HRTEM), scanning TEM (STEM)
imaging and electron diffraction (ED). Nanobeam ED images
were recorded in STEM microprobe mode on a Gatan Orius 600
A CCD camera.

It is important to note that, while the SEM study was carried-
out on native samples, the TEM analyses were performed on
samples which were dispersed in solution by sonication.
Therefore, the samples analyzed by the two techniques cannot
be considered identical. For example, while many nanotubes
with diameter below 100 nm were observed by SEM almost in
each sample, this was not the case for the TEM analysis, where
only nanotubes with diameter exceeding 150 nm could be
analyzed.

High-resolution transmission electron microscopy

High-resolution scanning TEM (HRSTEM) imaging and
spatially-resolved electron energy-loss spectroscopy (SR-
EELS) were performed using a FEI Titan Low-Base and a FEI
Titan Themis microscope which were operated at 200 kV. The
Low-Base is equipped with a Cs probe corrector, a
monochromator, an ultra-bright X-FEG electron source, an
energy dispersive x-ray spectrometry (EDS) detector and a
Gatan Tridiem ESR 865 EELS spectrometer. The Themis is
equipped with a double Cs aberration-corrector, a
monochromator, a X-FEG gun, an Ultra High Resolution
Energy Filter (Gatan Quantum ERS) which allows working in
Dual-EELS mode and a Super X EDS detector, which consists
of a 4-windowless detector that can be used independently.
Quantitative spatially-resolved (SR) EDS analyses were
performed on the Themis microscope by using the Super X
detector and the VELOX software. EDS quantification of the
samples was performed by using the S-K, Nb-K, Ta-L and La-
L lines. Due to the proximity of the Ta-L and Cu-L lines, the
Cu signal (which can arise from the TEM column and sample
holder) was deconvoluted before quantification. Absorption
correction was performed in thick areas of the nanotubes by
taking into account the thickness of the NTs at the analyzed
position. EDS quantification was achieved by using the Brown-
Powell model for the ionization cross-sections. This set-up
allows to capture in a quantitative manner the ratios of La, Ta
and Nb although the precise quantification of light elements
such as sulfur is not certain. Most of the SR-EELS spectra were
acquired with an energy dispersion of 1.0 eV/pixel and the
acquisition time was about 0.2 second/pixel. The convergence
and collection angles were 21 and 16 mrad, respectively. The
EELS spectra were acquired in Dual EELS mode allowing the
simultaneous acquisition of the La-M,s, Ta-Mgys and Nb-L,3
edges situated at 830, 1750 and 2370 eV, respectively. The low-
energy range of the CCD was used to acquire the La-M,s and
Ta-M, s edges while the high-energy range was used to acquire
the Ta-Mys and Nb-L,3; edges. The two spectra were then
spliced after acquisition to perform the simultaneous
quantification of the three edges of interest. EELS datasets were
processed by using the Digital Micrograph and Hyperspy
softwares.3! The most representative spectra were submitted to
the open-access EELS Database as references.®? HRSTEM
imaging was performed by using high-angle annular dark-field
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(HAADF), annular dark-field (ADF) and annular bright field
(ABF) detectors. The inner and outer angles for HAADF, ADF
and ABF imaging were 100 and 200 mrad, 24 and 134 mrad, 13
and 133 mrad respectively. Integrated differential phase
contrast (iDPC) imaging was performed by using a four
quadrants detector with inner and outer angles of 12 and 68
mrad, respectively.3?

X-ray diffraction

The crystallographic structure of the MLCs was investigated
by XRD (Rigaku, model TTRAX IIl) theta-theta diffractometer
equipped with a rotating copper anode (A=1.5406 A) operating
at 50 kV and 200 mA and with a scintillation detector. An
asymmetric 26 scan with a fixed incident angle at 2 degree was
performed using nearly parallel x-ray beam focused by a cross
beam optical (CBO, Rigaku) attachment. Qualitative phase
analysis was performed using the Jade 2010 software (Materials
Data, Inc) and PDF-4+ 2017 database (ICDD). Unfortunately,
the powders analyzed by the XRD study were heavily oxidized,
due either to beam induced oxidation or improper handling of
the material. Nevertheless several important conclusions were
drawn from this analysis, which are discussed below.

Raman spectroscopy

Raman measurements from 100 to 500 cm were recorded on
individual nanotubes using the back-reflection mode. The
LabRAM HR Evolution (HORIBA, France) set-up with a 633
nm laser and 2 mW maximum power on the sample was used.
The instrument is equipped with an 800 mm spectrograph
allowing for a very high spectral resolution and low stray light.
The pixel resolution is ~1.8 cm™* when working with a 600
gr/mm grating and a 532 nm laser. The sample was illuminated
using several microscope objectives, such as x100 objective
(MPlanFL NA=0.9, Olympus, Japan). The Raman spectra were
measured using a 1024 x 256 pixel open electrode front-
illuminated CCD camera cooled to -60 °C (Syncerity,
HORIBA, USA). The system utilizes an open confocal
microscope (Olympus BXFM) with a spatial resolution better
than 1 um. The measurements were obtained with the laser
beam focused on individual nanotubes.

RESULTS AND DISCUSSION

Figure 2 shows a series of typical SEM pictures of the
synthesized nanotubular material for different Nb
concentrations. It can be observed that with ascending Nb
content (and proportionally descending Ta concentrations) in
the reaction mixture, the number of nanotubes goes down.
While for 10 at% Nb, the abundance of the nanotubes is as high
as 20%, the concentration of nanotubes descends with
increasing Nb content in the reaction mixture, but not in a linear
way, as displayed in Figure 3a (red curve). Semi-quantitative
chemical analysis was carried-out using EDS/TEM to
determine the niobium content in the nanotubes, which is also
displayed in Figure 3a (black curve). This analysis shows that
the Nb content in the tube-lattice increased very slowly up to 40
at% of Nb in the reaction mixture, and subsequently was sharply
increased. Consequently, the yield of the nanotubes in the
reaction mixtures decreased with increasing niobium content in
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the reaction mixture with concomitant increasing Nb content in
the nanotubes.

Figure 2. SEM micrographs of tubes from (LaS);1sNb,Ta-
x With &) 10 at%,; b) 60 at% and c) 80 at% of Nb, i.e. 90 at%, 40
at% and 20 at%, of tantalum, respectively, added to the reaction
mixture.

Figure 3b reports the ratio between lanthanum and tantalum
+ niobium in the nanotubes, obtained via semi-quantitative
EDS/TEM analysis of the tubes. Formally, the ratio between the
two sulfides is determined by the relation 2(arasy/ains).
Therefore, the composition of (bulk) MLCs are: (LaS);15TaS,?
and (LaS);14NbS,,2434 respectively. The reported La/(Nb+Ta)
ratio in the (LaS),1sNbsTa. nanotubes increased with
increasing Nb concentration. Up to 60% at% Nb in the
precursor mixture, this ratio did not exceed the expected 1.15
ratio. However, from 60 at% and onwards this ratio increased
substantially and reaches the unphysical value of 2 at 90 at%
Nb. As it will be shown later, the sample with 80% Nb in the
precursor shows three distinct groups of nanotubes with
different values of La/(Nb+Ta) ratios. Furthermore, as also
discussed below the composition of the nanotubes with high
Nb-content (above 60 at% Nb in the precursor) is not constant
in the radial and axial direction, which makes the EDS/TEM

analysis presented in Figure 3b inaccurate at high (> 60 at%)
Nb content of the precursor. This complex picture cannot be
described by averaged values, as explained below.
Nevertheless, the overall trend of increasing Nb content and
La/(Ta+Nb) ratio in the nanotubes with higher Nb content in the
precursor, is correct.

Figure 3. a) The Nb/Ta content ratio (black curve) (analyzed
by TEM/EDS) and the relative abundance of nanotubes in LaS-
Nb,Tag.x (red curve-measured by analyzing the SEM data) as
a function of Nb at% in the precursor mixture. b) The ratio
between the at% of La/Nb+Ta in the mixed LaS-Nb,Ta(;.x) tubes
as a function of the formal at% of Nb in the precursor. c) The
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interlayer spacing (c/2) of the LaS-Nb,Ta. nanotubes as a
function of the Nb content (at%) in the precursor’s mixture.

Figure 3c shows the interlayer spacing in the
(LaS)1.15Nb,Ta.«) nanotubes as a function of the formal Nb at%
concentration in the precursor. The interlayer spacing was
determined from the intensity profile obtained with the TEM
(see Figure 4). The precision of the determination of lattice
spacing by HRTEM is about 10 pm. The two main sources of
error are the lens hysteresis, which affects the reproducibility of
the magnification, and the magnification anisotropy, which
affects lattice spacing measured in different directions. Both
errors are in the order of 0.5-1%. The interlayer spacing drops
first from 1.144 nm for pure LaS-TaS, tubes to 1.138 (10 at%
Nb) and then to 1.133 nm for 90 at% Nb. These values are
somewhat smaller than the values reported for bulk LaS-TaS,
(1.152 nm)?¢ and LaS-NbS, (1.151 nm).?* The ionic radius of
Ta* (82 pm) is the same as that of Nb** ions.3® It is well known
that Ln-based MLC gain some extra stability through charge
transfer from the Ln?* to the Ta**.?? Therefore, the size of Ta%*
(86 pm) and Nb3* (86 pm)® were considered as well. Thus, the
ionic radii do not seem to play a role in the interlayer spacing.
Clearly though, the sulfides of Ta and Nb are not purely ionic.
In fact, the Nb-S bond in the NbS; lattice is 82% covalent,? i.e.
somewhat larger than that of the Ta-S bond (78%). The
interlayer (c/2) distance of 2H-TaS, (6.05 A) and 2H-NbS,
(5.94 A), represents a 1.8% contraction in the interlayer lattice
spacing.®® Therefore, the 1% contraction of the interlayer
spacing (c/2) with increasing Nb content in the LaS-Nb,Ta;.4S;
nanotubes is comparable with the variation of the interlayer
spacing of the binary TaS, and NbS, compounds.

TEM analysis of the LaS-Nb,Ta.S, tubes was undertaken.
The outer layers of a few such nanotubes with various Nb
content are shown in Figure 4. Since the tubes had diameter of
200 nm, the study was limited to the outer surface layers of
these tubes. Nevertheless, these images demonstrate that the
structure of these MLC tubes is relatively well preserved.
However, the outer surface of the tube (Figures 4a and 4b) has
degraded. The outermost crystalline layer of the tube is Nb,Ta,;.
xSz and the MS-TS; superstructure is also clearly visible. The
ED pattern of LaS-TaS, tubes indicate much disorder in the
stacking of the layers?? and their reduced crystalline quality
compared to the bulk materials. Indeed, the diffraction spots are
quite streaked and faint, which attest to the relatively poor
crystallinity of the tube. Figures S1a and b show the nanobeam
ED pattern in STEM mode of the nanotubes with 20 at% and 40
at% Nb content in the precursor. The ED was taken with the
STEM probe of 3 nm diameter focused on the central part of the
tubes and hence the diffraction from the c-axis is absent. The
absence of 6-fold and 4-fold periodicity for the hexagonal and
rocksalt sublattices in Figure Sla is attesting to the poor
crystallinity of the specific 20 at% tube, which is quite
surprising given the good yield and apparently good
crystallinity reflected from the SEM images (not shown). On
the other hand, Figure S1b displays two sets of hexagonal
patterns of the Nb,Ta;.,S, sublattice which shows that it
accommodates two orientations in the tube. The splintering of
the diffraction spots into pairs is reminiscent of the small chiral
angle of the tube (~3°). The nanobeam ED pattern of a nanotube
prepared from 80 at% niobium in the precursor is shown in
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Figure Slc. The ED reveals that in contrast to many MLC
tubular structures, the growth axis of the tube does not coincide
with the b-axis of the Nb,Ta;.,S, (10.0) and that of the LaS
(020). Similar ED patterns are described in Figure S1 of the Sl
of Ref. 37. The schematic model describing the relative
orientation of the different layers with respect to the growth axis
is shown in Figure S3b of this work.3” The ED displayed in
Figure 4c is further discussed below.

Figure 4. TEM micrograph of typical LaS-Nb,Ta(1.,4S, tubes
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with different Nb content in the precursor: a. 10 at%; b. 40
at%, c. 80%.
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Figure 5. a) STEM HAADF micrograph of the NTs synthetized with 40 at% of Nb content in the precursor. b) HRSTEM HAADF
micrograph of one of the NT shown in Figure 5a. The inset shows a magnified view. ¢) STEM ADF micrograph. The green arrow

highlights the area used to perform the EELS analysis. d) Corresponding EELS spectra showing the Ta-M and S-K edges. €)

Atomic concentration of La and Ta superposed with the intensity profile of the dark field image. The dotted lines highlight two

areas with low and high intensity in the dark field image.

Given the heavy oxidation of the tested phases, only few
conclusions could be drawn from the XRD analysis. It should
be recalled that even for 10 at% Nb, the nanotubes phase makes
a very small fraction (ca. 30%) of the total material and less so
in the higher Nb-content phases analyzed here. The interlayer
c/2-distance of 2H-TaS, (6.05 A) is appreciably larger than that
of 2H-NbS, (5.94 A).% On the other hand as stated above, the
interlayer spacing of bulk MLC LaS-TaS, (1.153 nm)% is only
slightly larger than that of LaS-NbS, (1.152 nm).?* Therefore,
the 7.767° peak in the XRD analysis represents the (0002) or
c/2 of the respective bulk MLC material. In agreement with the
interlayer spacing of the two pure compounds, this peak (and its
higher harmonics) shows little shift only upon increasing the Nb
content (and reducing the Ta content).

HRSTEM analyses were also performed on nanotubes
synthetized with 40 at% Nb content in the precursor (Figure 5).
This sample presents few nanotubes with a high crystalline

quality. All the observed nanotubes show a normal periodicity
(Figure 5b). Depending on the probed nanotube, the interlayer
spacing was found to vary between 1.07 and 1.20 nm. It should
be noted that the Nb-L; edge cannot be highlighted in the EELS
spectrum suggesting that the concentration of Nb in these
nanotubes is below a few percent (Figure 5d). As a
consequence, the interpretation of the contrast in the HRSTEM
HAADF images is more straightforward than for the nanotubes
synthetized with higher concentration of Nb as discussed
below: the highest and lowest intensity features corresponding
to the Ta (Nb) and La sub-system, respectively (Figure 5e).
Note that, as expected, the Ta and La are in antiphase with
respect to each other, which is a manifestation of the
superlattice of LaS and Nb,Ta.S, layers in the tube. The top
surface of the nanotube is coated with a poorly crystalline
(amorphous) film. This film has an ill-defined chemical
composition, consisting of La and Ta oxides as revealed by
EELS analyses (not shown here). Beneath the amorphous film,
a well resolved crystalline superstructure (inset of Figure 5b)
with Nb,Ta.xS; as the outermost layer of the tube, is resolved.
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To understand the variation of the La/(Nb+Ta) ratio for the
nanotubes synthetized with 80% of Nb in the precursor, a
detailed STEM analysis was performed for these nanotubes. It
was found that the nanotubes synthetized with 80% of Nb in the
precursor can be divided into three groups: NTs with a normal
periodicity; nanotubes showing a juxtaposition of the normal
and double periodicity and nanotubes displaying purely a
double periodicity.

Figure 6. a) Low-magnification STEM-ADF micrograph of
one LaS-Nb,Tau..S; tube synthetized with 80 at% of Nb
content in the precursor. b) HRSTEM-ADF micrograph of the
surface of the NT. The inset shows a magnified image of the
filtered image. c) (from top to bottom) : HRSTEM image, La,
S, Nb and Ta chemical maps (in at%) extracted from EDS
spectrum image. d) Intensity profile extracted from the area

highlighted by the green arrow shown in b).

About 4/10 of the nanotubes observed by HRSTEM
presented a normal periodicity. Figure 6 displays the STEM
analysis performed on the nanotubes synthetized with 80 at%
Nb and showing a simple periodicity. This nanotube has a
length of 1.7 um and external and internal diameters of 325 and
65 nm, respectively. This nanotube presents a high crystalline
quality as it can be seen in the HRSTEM ADF micrograph
(Figures 6b and 6c¢). The periodicity of this NT is about 1.18
nm and the alternating system of bright and dark layers,
corresponding to the NbcTa;S, and the LaS sub-systems,
respectively, is clearly highlighted in the HRSTEM micrograph
and in the corresponding intensity profile (Figure 6d). The
values of the c-axis periodicity determined with the HRSTEM
were systematically higher than those observed with the TEM
(Figure 3c). This discrepancy could be a manifestation of the
variability among the batches of the synthesized material, or
could emanate from a systematic calibration error in the
microscopes. The first layers of the NbyTa;S, sub-system

seems to follow the 1T crystallographic structure (Figure S2),38
which is quite unusual in view of the state of the art.3” It should
be noted that the same behavior has been observed for nearly
all the NTs synthetized with 80% of Nb, independently of their
periodicity. The results of the EDS quantification are shown in
Table S1. At the center of the nanotube, there is an equal
proportion of Nb and Ta and the La/(Nb+Ta) ratio is also close
to unity. While approaching the surface, a slight increase of the
at% of Ta and a slight decrease of the at% of Nb takes place
which results in a Nb/Ta ratio close to 0.7). The value of the
La/(Nb+Ta) ratio close to the surface is about 0.9. At the
outermost layers of the nanotube near the surface, a strong
increase of the at% of La and O as well as a strong decrease of
the at% of S and Nb can be observed in the corresponding EDS
chemical maps (Figure 6c¢). The detailed quantification of this
area is reported in Figure S3. The at% of La reaches nearly 60%
and, as a consequence, the La/(Nb+Ta) ratio increases up to
about 2.7. These chemical inhomogeneities at the outermost
layers near the nanotube surface could explain the unphysical
value of the La/(Nb+Ta) ratio reported in Figure 3b for
nanotubes synthetized with 80% of Nb, or more, in the
precursor. It also reflects the strong oxidation of the nanotube
surface, which is visible also in Figures 6b and 6c.

Figure 7. a) Low-magnification STEM-ADF micrograph of
LaS-NbyTa(1.S, tube with 80 at% of Nb content in the
precursor exhibiting both normal (1.12) and double (2.25 nm)
LaS-TaS, periodicity. b) EDS spectrum acquired on the NT.
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C) EDS chemical maps at% of S, La. Nb and Ta (from left to
right).

Figure 7a shows a low-magnification STEM ADF
micrograph of another kind of LaS-Nb,Ta(;.,S, tube present in
the sample synthetized with 80 at% of Nb content in the
precursor. As it will be discussed below, this nanotube showed
a juxtaposition of normal (1.12 nm) and double (2.25 nm)
periodicity. About 2/10 of the nanotubes observed by HRSTEM
showed the juxtaposition of the normal and double periodicity.
This nanotube has a length of 1.9 um and external and internal
diameters of 335 and 70 nm, respectively. Note however that
the outer diameter of the nanotube at the top is smaller
somewhat from that in the bottom: 330 and 340 nm at the top
and at the bottom, respectively. A typical EDS spectrum
acquired at the center of this NT is shown in Figure 7b. From
the EDS spectrum image, the at% chemical maps of S, La, Nb
and Ta were extracted and are shown in Figure 7c. Note that,
whereas La and S are homogeneously distributed inside the NT,
the Nb and Ta maps show clearly a chemical gradient along the
long axis of the NT. The Nb and Ta maps are anti-correlated:;
the Nb content is higher at the top part of the image whereas the
Ta content is higher in the bottom of the image. The same trend
has been confirmed when using the 4-windowless EDS
detectors separately, which rules out the influence of
geometrical effects on these chemical maps.®® Since the vapor
pressure of TaCls is higher than that of NbCls,% it is suggested
that the lower side of the imaged nanotube is indeed the root,
while its upper side presents the top of the grown nanotube. The
details of the growth mechanism of LaS-TaS, nanotubes has not
been resolved as yet. However, by following the time
dependence of the growth (to be published), it was observed that
after formation of the short tubes in the root in the early stage
of the growth, they continue to grow for a few hours to their
final length. Therefore, the volatility of the metal halides is a
prime parameter determining the composition of the nanotube
as shown in the above analysis. Since the interlayer spacing of
LaS-TaS,?” is somewhat larger than that of LaS-NbS,?* it
would be expected that the Nb-rich top of the nanotube is
smaller than the Ta-rich bottom part, as is indeed is the case.
Also, in conformity with the analysis of the nanotube with
simple periodicity (Figure 6) some enrichment of the surface
with respect to La is clearly noticed.

Figure S4 gives the detailed results of the EDS quantification
performed in various areas of this NT (shown also in Figure 7).
Along the long axis, the Nb/Ta ratio shows large variations,
decreasing from 3.40 (position 1 top-center) to 0.73 (position 5
bottom-center). Again, the lower vapor pressure of NbCls
compared to that of TaCls,*° suggests that the root of the tube is
in the lower part of the image (5), whereas point 1 represents
the termination of the nanotube growth. The La/(Nb+Ta) ratio
decreases from 0.92 in the bottom (5) to 0.70 in the top
reflecting the enrichment of Nb in the NT lattice with the
nanotube growth. In the center of the NT, the Nb content is
nearly equal to the Ta content. However, an increase of the
atomic concentrations of Nb and La can be observed towards
the surface of the NT.

Figure 8 shows a HRSTEM ADF micrograph acquired at the
surface of the NT analyzed in Figure 7. This NT presents a
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good crystalline quality. The alternation of bright layers and
dark layers spaced by 1.12 nm, corresponding to the Ta/Nb and
La sub-systems respectively, can be clearly highlighted. The
inset of Figure 8a shows the HRSTEM ADF filtered image
superposed with the atomic model of the LaS-Nb,Ta;.,S, tube
which confirms the 1T crystallographic structure of the Nb,Ta,.
x sub-system. Surprisingly, a superstructure with a periodicity
of about 2.25 nm can also be highlighted in the image and in the
corresponding intensity profile (blue arrows in Figures 8a and
8b). This superstructure corresponds to an increase in the
intensity of half of the Ta/Nb layers and thus reflects an
organized spatial modulation of the Ta/Nb ratio.

Figure 9a shows a HRSTEM ADF micrograph
corresponding to the third type of LaS-Nb,Ta;.S, tube
observed in the sample synthetized with 80 at% of Nb content
and which presents a double periodicity in the precursor. This
nanotube has a length of 3.3 um and an external diameter of 330
nm (inset of Figure 9a). Surprisingly this nanotube shows an
apparent periodicity of 2.35 nm. This periodicity has been
observed for about 4/10 of the nanotubes synthetized with 80%
of Nb in the precursor. It should be noted that misfit nanotubes
with a periodicity of about twice the normal periodicity were
already reported for CeS-TaS, NTs, but their structure was not
elucidated (see Figure S7b there).?
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Figure 8. a) HRSTEM-ADF micrograph of the surface of the
NT shown in Figure 7. The inset shows a filtered image
superposed with the atomic model of the LaS-Nb,Ta1.,S:
tube. The green arrow highlight the area used to extract the
image intensity profile shown in b. The blue arrows highlight

the superstructure.

Figures 9b and 9c shows a HRSTEM HAADF image of the
same nanotube and the corresponding intensity profile,
respectively. Four layers can be distinguished between the two
layers labeled X and spaced by 2.35 nm: two layers labelled z
and two other layers labelled y and y’. y’ layers are defined as
being closer to the surface of the NT than y layers. The z layers
present the lowest intensity in the HAADF image intensity
profile highlighting thus a lower atomic number. On the other
hand, the X, y and y’ layers present similar intensities, even if
the thickness variation at the surface of the nanotube hinders a
detailed analysis of the intensity profile.
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Figure 9. a) HRSTEM-ADF micrograph of the surface of the NT shown in the inset. b) HRSTEM-HAADF micrograph taken on
the other side of the NT. The green arrow highlight the area used to extract the c) image intensity profile. d) iDPC image

acquired simultaneously with the HAADF image shown in b) and superposed with the atomic model of the LaS sub-system.

To get deeper insight, iDPC micrographs acquired
simultaneously with the HAADF micrographs were also
analyzed. iDPC is a powerful technique to locate, in the same
image, light and heavy columns with high precision.®*4* The
direct imaging of sulfur atoms in a misfit nanotube is delicate
due to the intrinsic tubular structure,? and despite the many
TEM studies undertaken on these compounds, it has never been
reported before. Figure 9d shows the iDPC micrograph taken
at the surface of the NT. The S atoms are clearly imaged for the
X layers and the distorted rock-salt structure of the LaS sub-
system can be easily identified. However, no more structural
information is highlighted for the remaining layers.

To get more insight on the chemical nature of these layers,
SR-EELS studies have been performed at the surface of the NT
(Figure 10). The La-M,s, Ta-M,s and Nb-L; edges can be
clearly identified at 830, 1750 and 2370 eV (Figure 10b),
respectively. It should be noted that the broad peak situated at
2450 eV corresponds to an overlap of the Nb-L,, S-K and Ta-
M, edges. From the EELS spectrum image, the La, Ta and Nb
chemical maps have been extracted and are shown in Figure
10c. The correlation of the Ta and Nb chemical maps are clearly

highlighted as well as the anti-correlation with the La chemical
map. This is a direct confirmation that the Nb atoms incorporate
into the Ta (hexagonal) sub-system. Surprisingly, these
chemical maps show a periodicity of about 1.3 nm showing
therefore that the 2.35 periodicity nm observed in the HRSTEM
images is only apparent. To get more insight on this point, the
intensity profiles of the atomic concentrations have been
calculated and are superposed on the ADF image acquired
simultaneously with the EELS spectrum image (Figure 10d). It
should be noted that proper quantification by EELS
spectroscopy is not straightforward.*? Another approach, which
has already been successfully applied to the study of misfit
nanotubes, is to combine chemical and spatial variations in
order to determine the chemical structure at the local scale.*3-46
From Figure 10d, it can be seen that the X layers are rich in La,
confirming thus that they can be ascribed to the LaS rock-salt
sub-system as shown by the iDPC images. Surprisingly, the z
layers are also La rich, which is in good agreement with the
decrease of intensity observed in the intensity profile of the
HRSTEM HAADF image with respect to the intensity of the y
and y’ layers. The distinct contrasts and features shown in the
HRSTEM micrographs for the z and X layer can be explained
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by the fact that the two LaS layers in z and X are positioned in
different orientations.
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Figure 10. a) HRSTEM-ADF micrograph of the NT shown in Figure 8. The green square highlights the area used for the

acquisition of the EELS spectrum image. ¢) Corresponding spliced EELS spectra showing the La-M, 5, Ta-M,4 s and Nb-L; edges.

¢) (from top to bottom); dark field image acquired simultaneously with the EELS spectrum image. La, Ta and Nb chemical maps

extracted from the integrated intensity of the corresponding edges. d) Intensity profiles of the atomic concentrations superposed

on the dark field image.

This is supported by the electron diffraction shown in Figure
Slc, where two orientations of the LaS-Nb,Ta;,S, layers are
clearly revealed. Here, the two subunits LaS and Nb,Ta;S, of
the misfit layer are azimuthally rotated with respect to the other
misfit layer by 30° (in fact 30° is equivalent to an azimuthal
rotation of 60° in the ortho pseudohexagonal unit cell (90°-
60°=30°).%" Similar rotations have been reported before for
nanotubes of misfit compounds.?-?239 However, this is the first
time that such azimuthally rotated alternating superstructure are
clearly resolved and correctly interpreted. Therefore, this
nanotube presents a complex superstructure with respect to the
LaS and Nb,Ta;,S, layers and also a superstructure of the misfit
layers orientation corresponding to periodical 30° azimuthal
rotation. Unfortunately though, the resolution with respect to
the hexagonal Nb,Ta;.,S, lattice is not sufficient to determine if
it follows the same alternating azimuthal rotation. It should be
noted that the electron diffraction shown in Figure Sic
corresponds to the tube shown in Figure 4c. This tube has been
synthetized with 80 at% Nb in the precursor and has a normal

periodicity of 1.144 nm even if two orientations of the LaS-
Nb,Ta; S, layers are revealed in the electron diffraction. This
means that while the LaS (and possibly also the TaS,) have two
orientations in some nanotubes, this tilt is ordered giving rise to
double periodicity (as shown in Figs. 9 and 10) and in other
cases (like the one shown in Figure 4c and in Figure 6) the
tilted layers are not ordered in a superstructure, giving rise to a
normal periodicity.

Furthermore, one LaS-Nb,Ta;,S; is enriched with respect to
Nb, while the other is enriched with Ta. The y and y’ layers
show the highest concentration of Nb and Ta, and can thus be
ascribed to Nb,Ta(.x sub-system. The higher incorporation of
Nb in the Ta sub-system for this NT explain why the y and y’
layers present intensities similar to that of the X layers.
Interestingly the y’ layers present a higher atomic concentration
of Nb than the y layers showing thus that this NT presents a
spatial modulation of the Ta/Nb ratio.
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Finally, EDS quantification was performed on several
nanotubes showing an apparent periodicity of about 2.35 nm
(Table S2). These nanotubes present values of Nb/Ta falling in
the 1.5 - 2.9 range, which is clearly above the Nb/Ta ratio of the
nanotubes showing a normal periodicity (~ 0.7-0.9),
highlighting thus the higher content of Nb in the Ta sub-system
for these nanotubes. Interestingly, all the probed nanotubes
show consistent values of La/(Ta+Nb) ratios close to 0.85. This
is significantly lower than for the NTs showing a normal
periodicity (~1.0). The nanostructure of the nanotubes showing
a double periodicity might thus be a consequence of the La sub-
system which must adapt itself to the higher Nb+Ta
concentration.

Raman analyses

Raman analyses of different MLC compounds and in
particular nanotubes thereof were reported before.22234748 |n
general, the Raman spectrum of LnS-TaS, MLC was divided
between the range of 100-150 cm* which was assigned to the
MS lattice and the range 250-400 cm* which is assigned to the
TS, lattice.**8 Raman analysis of 2H and 3R NbS, as well as
NbS, intercalated with organic amine molecules were also
reported.?84950 Raman analysis of 1T-NbS, is rather scarce.>!
Here, Raman analysis of the MLC tubes with different Nb
content was carried-out. Figure 11 summarizes the results of
this analysis.

Figure 11. Raman spectra of five different LaS-Nb,Ta.xS,
MLC tubes with different Nb content.

Figs. S5-S8 provide a more extensive study of the Raman
spectra of LaS-Nb,Ta;.S, MLC tubes with different Nb
content. Generally speaking the Raman spectra of the MLC
tubes with less than 60 at% Nb content (and 40 at% Ta in the
precursor), are rather uniform and reproducible. The peaks
comply well with those of pure LaS-TaS, tubes with some
minor shifts.822 Above this Nb content (in the precursor
mixture), the spectra (see Figs. S7 and S8) exhibit a more
complex behavior. First, in both 60 and 80 at% Nb, there are
noticeable differences between two groups of nanotubes.
Unfortunately, it was not possible to confirm the structure of the
specific nanotubes by Raman using HRTEM. In particular, the
distribution of Nb atoms in the Ta sites of the TaS, and perhaps
elsewhere in the nanotube lattice, could not be resolved.

Therefore, precise correlation between the Raman spectra of a
given nanotube and its lattice structure is lacking.

It must be recognized, that the present MLC tubes are air-
sensitive and are therefore coated by an oxide film, which is
visible in the TEM analysis. These native oxides are enriched
by lanthanum oxide (or oxisulfide) and are rather amorphous,
and consequently their Raman peaks are likely to be rather
broad and wide. The most prominent oxide modes are usually
at energies above 500 cm, which range is not relevant to the
present study.

As stated above, the Raman spectra of LnS-TaS, misfit
layered compounds was divided into two main spectral
ranges.*”*® The low energy range around 100-150 cm (named
RS) was associated with intralayer vibrations of the LnS lattice,
while the features in the range of 250-350 cm* were assigned
to the intralayer vibrations of the hexagonal TaS; lattice. The
peaks associated with the two-phonon bands of TaS; layer® in
253 cm, are clearly revealed.

In the present case, the Raman spectra of all the nanotubes
can be also divided into the low energy modes assigned to the
LaS lattice and the high frequency modes belonging to the
Nb,Ta;.,S, lattice. The modes in the low energy range of the
nanotubes produced from a precursor containing 10, 20 and 40
at% Nb can be divided into the low-energy out-of-phase
vibration (RSI) of the LaS lattice at 125 cm and the higher
energy (in-phase) phonon (RSII) in 150 cm™.4” The Raman
spectra of nanotubes prepared from precursors with 60 and 80
at% Nb can be also divided into the low frequency modes
belonging to the LaS lattice and the high frequency modes
associated with the Nb,Ta;.,S; lattice. However, the LaS (low
energy modes) of the nanotubes prepared from 60 at% Nb
exhibit an extra peak at 170 cm™. The Raman spectra of the
nanotubes prepared from 80 at% Nb (low energy range) show a
broad peak at 200 cm. Since the HRTEM did not give any
indication for inclusion of Nb atoms in the LaS lattice, these
higher energy peaks could be assigned to the in-phase vibration
of the LaS. However, the origin of the blueshift of this peak in
nanotubes with higher Nb content is not clear.

The 400 cm! transition was assigned to the A4 vibration of
the 2H-TaS,.#” This transition is characterized by symmetric
vibrations of the sulfur atoms along the c-axis, and the metal
atom remains static. The A;y mode of 2H-NDbS, appears at a
lower energy (380 cm1)2” compared to 2H-TaS, (400 cm™).
This is a manifestation of the weaker spring constant for the S-
metal bond for the lighter Nb compared with the heavier Ta
atom. In contrast to other transitions, this mode did not show
any shift with variation of the Ln atom.?*3* Here too, the
position of this peak remains unchanged with increasing Nb
(and reducing Ta) content. However, in nanotubes prepared
from the 60 and especially the 80 at% enriched Nb, the 400 cm-!
(Aqg) transition is convoluted with a second peak appearing at
an energy close to 385 cm-i, which is consistent with the Eyg
transition in 2H-NbS,.28 Furthermore, a detailed Raman study
of 2H-NbS,* concluded that the A4 peak is at 363 cm. Indeed
the MLC tubes prepared with 60 and 80 at% niobium exhibit a
similar peak (see Figure 11). The fact that both the 363 and 400
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cmt (A,q) peaks appear in the spectra of a single tube entails
that, most likely, the Nb distribution is not uniform within the
nanotubes, some regions (layers) are enriched with Nb while
others with Ta. This confirms the HRSTEM (EDS) findings
showed and discussed above.

2H-TaS, exhibits incommensurate charge dentistry wave
(CDW) transition at room temperature. Raman spectra of this
compound as a function of temperature was reported before.5253
These measurements showed that the 400 cm? (Ay) peak
disappears below 375 K i.e. at the outset of the incommensurate
CDW phase. Thus, it is surmised that a CDW transition does
not occur at the MLC LaS-Nb,Ta.S, tubes. A Raman study
of pure and (ethylene diamine- EDA) intercalated 2H-TaS,
were reported as well (most likely, the 2H-TaS, was a
metastable phase in this study).>* The authors concluded that
the CDW transitions in 2H-TaS, are greatly suppressed by the
intercalation of electron donors, like amines. One may regard
the MLC of the type MS-TS,, including the LaS-Nb,Ta;-S,,
as an intercalation compound where a layer of LnS is inserted
in between each two layers of the hexagonal TS, lattice
(Nb4Ta.S, in this case). The LnS donates an electron to the
Nb,Ta;5S, leading to a partial filling of the dz? level of the
metal. Presumably, this process suppresses the semimetallic
character of the TS, layer and consequently, its tendency to
undergo a CDW transition, but no direct evidence to this effect
is reported here.

Previously, the shift of the Eq line to higher energies of the
LnS-TS, MLC (compared to the pure TS, compound) was
attributed to a charge transfer from the LnS lattice to the TS,
lattice.?2374748 |n the present study, a clear shift of this peak to
higher energies from 322 cm-! for pure LaS-TaS, nanotubes to
350 cm for the Nb-enriched (60 and 80 at% Nb) is observed.
In the present work four nanotubes from the 60 and 80 at% Nb
enriched phases, were analyzed. Thus, one (out of four) LaS-
Nb,Ta-S,, of the 60 at% Nb and three (out of four) nanotubes
prepared from 80 at% Nb exhibited this shift. This result can be
ascribed to the higher content of the lighter Nb (compared to
Ta) in the MLC nanotube lattice. However, one can not
preclude the possible contribution of a more efficient charge
transfer process from the LaS lattice to the Nb-rich Nb,Ta,S;
lattice (compared with the Ta rich lattice).

Since the concentration of the nanotubes in the product goes
down appreciably beyond 60 at% Nb, it was important to try to
understand the solid byproducts of the reactions synthesis.
Much of the byproduct appeared as platelets, and hence it was
surmised that these microcrystallites are either the bulk form of
LaS-Nb,Ta;S, or perhaps pure TaS, and NbS,, or all.
Furthermore, since the Nb content of the nanotubes was rather
small up to 60 at% Nb in the precursor, it was anticipated that
much of it could be found in the side products of the reaction.
EDS/SEM analysis of the platelets confirmed that they contain
La, Ta, S and Nb. Furthermore, the Nb concentration was found
to increase in the platelets upon increasing the Nb content in the
precursors. To that end, Raman analysis of the platelets in the
product was undertaken. Figure 12 shows the Raman analysis
of platelets from the reaction with 20 at% Nb (80 at% Ta)
content in comparison to that of an MLC tube from this product
(green curve). One notices that in general the platelets exhibit
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similar spectra to that of the nanotubes. However, an extra peak
at 360 cm, which can be assigned to NbS, A4 vibration, is
clearly observed in one of the platelets (black curve). The sharp
peaks of this particular platelet are indicative of a high
crystalline order. In particular, a narrow peak at 140 cm is
resolved from the 150 cm peak in the RSII region of this
platelet. In the other platelets as well as in the respective
nanotube, this peak appears as a left-shoulder to the main 150
cm't peak (symmetric Ay vibration in the RSII zone according
to the nomenclature in Ref. 47).

The Raman spectra of platelets belonging to the 40 at% Nb
product are quite similar to those of 20 at% Nb content (see
Figure S9). The 140 cm™ peak is found to be deconvoluted
from the 150 cm A4 peak for the platelet with the sharpest
peaks (putatively with the highest crystalline order).

Figure 12. Raman spectra of platelets (red, blue and green
curves) from the reaction mixture with 20 at% Nb in
comparison with a nanotube (black curve) from this reaction
mixture.

This analysis indicates that the platelets at this Nb content
consist mostly of LaS-Nb,Ta;.S, MLC, but the precise Nb
content of the platelets is not known. Most likely the niobium
distribution is not the same among the different platelets and is
possibly not even uniform within each platelet. Figure S10 and
Figure S11 display the Raman spectra of the platelets prepared
from a precursor containing 60 at% and 80 at% Nb,
respectively. In analogy to the nanotubes with high Nb content,
the spectra of the high-Nb content platelets, cannot be easily
interpreted. However, some of the peaks and in particular the
one in 400 cm! (A4 of TaS,) is present in all the spectra.

CONCLUSIONS

Misfit layered compounds (MLC) with the quaternary
composition LaS-Nb,Ta.S, and different Nb content were not
studied before. In this work, nanotubes (and platelets) of these
quaternary MLC and ascending Nb content were synthesized
and analyzed via different electron microscopy methods and
Raman spectroscopy. The relative concentration of the
nanotubes went down (and that of the platelets increased) with
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increasing Nb content. The Nb was found to substitute the Ta
atoms, residing on the Nb,Ta(S; lattice of the MLC. As for
other nanotubes from layered (2D) materials, the c-axis was
found to be perpendicular to the growth axis, i.e. in the radial
direction of the nanotube. However, in contrast to many cases
before, the b-axis of the MLC lattice did not coincide with the
axial (growth) direction of the nanotubes. Notwithstanding their
good crystallinity, the analysis verified that the Nb (Ta)
distribution in the nanotubes was not uniform along the length
of the tubes and also the distance from the surface. The 1T
polytype was predominant among the nanotubes prepared from
80 at% Nb. Part of the nanotubes prepared from 80 at% Nb in
the precursor exhibited double periodicity (2.35 nm instead of
1.18 nm), which was attributed to the alternating azimuthal
orientation of the LaS layers. The nanotubes prepared from
precursors containing <60 at% Nb (>40 at% Ta) showed Raman
spectra typical for LnS-TaS, MLC, while those with larger Nb
content exhibited more complex spectra. The Raman spectra of
these MLC tubes did not indicate any charge density wave
transition.® These MLC tubes are expected to reveal interesting
quasi-1D physical behavior.
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