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ABSTRACT

An investigation into the synthesis of TaS; nanostructures was performed through
the comparison of four growth methods. Each method utilized a 3d metal, Mn or Cr, or a
comparable metal sulfide compound as a potential nucleating compound to seed the
growth of these nanostructures, and all samples were produced using similar heating
conditions. Sample imaging of the final products was performed using scanning electron
microscopy (SEM), while the chemical compositions were determined by x-ray
diffraction (XRD) and energy dispersive x-ray spectroscopy (EDS). From these analyses
it was determined that the most effective growth process for these TaS; nanostructures
resulted from the direct seeding of the elemental powders Mn or Cr and the dispersion of
the initial powders across the sample ampoules. This elemental nucleation also resulted
in the successful intercalation of Mn into the crystalline TaS; structure, altering the
natural structure of these materials. Attempts to nucleate nanostructure growth from the
metal sulfide powders were unsuccessful. The rigidity of these nanostructures was also
shown to improve when samples were grown from a nucleated substance, compared to

those synthesized without a seeding material.
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1. INTRODUCTION

1.1. Thesis overview

1.1.1. Research purpose

In early 2010, Dunnill, MacLaren and Gregory' expressed the need for “an
understanding of growth and structure at the nanoscale” for the nano-sized materials
formed by crystalline tantalum disulfide, TaS,. Such knowledge is essential to determine
which of the various structure-related properties existing for bulk dichalcogenide
materials also translate to nano-sized structures and if any new structure-property
relationships arise from nanoscale samples. One method that can assist in the
identification of such structure-property relationships is intercalation, a process in which
additional particles are integrated into a pure crystalline structure. This research sought
to further the understanding of successful growth methods for TaS; nanostructures
through variations in the reactant chemicals and growth parameters. Specifically, these
experiments utilized the concept of intercalation by focusing on the effects of adding 3d
metals manganese, Mn, or chromium, Cr, or their respective metal-sulfide counterparts to
the reactant mixtures of tantalum, Ta, and sulfur, S. This focus allowed investigations
into the extent to which the intercalating elements act as a nucleation material for the
production of TaS, nanostructures.

1.1.2. Hypothesis tested

The information gathered from recent literature sources provided some basic
insight into the growth of these materials. First, the synthesis of actual TaS,
nanostructures is temperature dependent; annealing samples at temperatures too high or

too low will yield other TaS, compounds. Similarly, the TaS, polytype will also be



partially determined by heating and cooling rates, particularly the formation of 3R-TaS;
from cooling more slowly. Finally, the specific microscale structure and structural
consistency of these TaS; nanomaterials (nanorod, -tube, -tape, etc.) is likely a direct
response to the material used for nucleation in the reaction. As a target temperature was
already identified for these intercalated materials, this study investigated the validity of
the following statements:
o Both pure Mn or Cr powders and commercial MnS or Cr,S; powders will produce
nucleation material for the formation of TaS; nanostructures.
o Introducing the commercial powders into the initial reaction in place of the pure
metal powders will override the need for a metal-sulfide side product to form,
causing the TaS; nanostructure growth to become more consistent.
o The uniform nature of the commercial powders will provide a consistent base
from which the nanostructures will grow, thereby producing a more ordered
arrangement for structure growth compared to those formed from the clusters of
reaction side products.
It was believed that questions revolving around the synthesis of these nucleated nano-
structures would be answered by concentrating on these specific concepts.
1.2. Literary overview

1.2.1. Basic TMDC 2D crystal structures

TaS, is one MCh; compound of approximately 60 combinations that are broadly
categorized as transition metal dichalcogenide (TMDC) structures, where M could be
nearly any group IVb, Vb, VIb, VIIb or VIIIb transition metal and Ch=S, Se or Te. In

1977, Lieth and Terhell considered all of these materials to fall into one of two



classifications, either layered or non-layered compounds.” Through an extensive review

of TMDC preparation techniques and resulting sample structures, the two primary crystal

,,,,,

Figure 1. Structural model of

2H-TaS, crystalline structure.
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structures that described the majority of these samples

were hexagonal close packed systems and trigonal

 prismatic systems, both of a 6:3 coordination with the

chalcogens surrounding the transition metals in the
respective structural holes. The bulk crystal and
powder materials were formed by weak interlayer van
der Waals interactions between chalcogen atoms
bonding together to hold multiple molecular layers
together.” The coordination of the 2H-Ta$; polytype,
the primary structure found in nearly all studies
involving TaS, materials and the structure shown in
Figure 1, was described by Guo and Liang’ as being

trigonal prismatic and belonging to the hexagonal

space group system. The sandwich-like molecular layers provided sufficient space for

the transition metal in an intra-layer octahedral hole, while still providing vacant holes in

which other materials may later be introduced.’

1.2.2. Intercalated TMDC 2D crystals

These vacant holes within the crystalline structures have been used to further

enhance the natural electronic conduction properties of TMDCs.* Guo and Liang were

able to exploit the open octahedral holes of TaS, by introducing small Li atoms into the

crystal structure, a process known as intercalation. The addition of the intercalant, Li,



had little effect on the resulting crystal dimensions, as the minute atoms were able to sit
neatly in previously vacant locations; however, the addition resulted in the formation of a
semiconductor of crystalline nature.® Intercalation of the post-transition metals Pb and
Sn had a greater effect on the physical properties of the TaS, structure, both in expanding
the crystalline dimensions in the vertical (c-axis) direction by intercalating into the
interlayer spacing and through the resulting increase in superconducting transition
temperatures.”’ Intercalation of Ta$S; has also been induced using organic compounds
such as pyridine molecules,’ which lie in bilayers parallel to the Ta$S; layers. The
resulting structures from the organic intercalation were without the structural distortion
that was common for TMDC compounds of group Vb elements.’

Intercalation of TMDC structures with 3d transition metals, often noted as
ZMCh, where Z=3d series and x<1.0, has also been a topic of great interest to
researchers,’ even in the early stages of studies on these structures. Recent studies on the
structures using a copper intercalant’ resulted in the successful intercalation of the 3d
metal into the interlayer spacing, which created an observed competition between the
inherent electronic and magnetic properties of the two materials, overall hindering the
superconductivity established for these layered materials. Historically, it has been
difficult to make general statements for the properties of 3d-intercalated TaS,, as many of
the elements resulted in different physical properties.® For instance, Mn and Cr
intercalation induced ferromagnetic behavior in the TMDC material, while Fe-
intercalated samples presented antiferromagnetic behavior. However, as a whole, it
appeared that intercalation of TaS; with 3d metals effectively eliminated the

superconductivity of this layered dichalcogenide material.



1.2.3. 1D Nanostructure formation of TMDC combinations

As a result of the in-depth studies on numerous TMDC materials throughout the
last five decades, various nanostructures of these materials have actually been
synthesized for over 30 years; however, unfamiliarity to nanomaterials at the time meant
these new TMDC forms were often classified by phrases like “poorly crystalline ‘rag’
structures”.® It was not until after published discoveries of carbon nanostructures by H.
W. Kroto® and S. Jjima' in 1987 and 1991, respectively, sparked world-wide interest in
nano-sized structures that researchers began investigating the possibilities of nano-sized
TMDC compounds. Most often the initial studies observed a wide variety of the MCh,
compounds, varying the metal between any of the heavier group IVb, Vb or VIb
transition metals with corresponding sulfur or selenium.'""'*® Newer studies became
more focused on the relative structural compositions and uses for just one type of
transition metal, such as the Group Vb compounds NbS; and Ta$,."!2®!3

In the last decade, studies by Nash and Rao,lz(a)’(b) Dunnill et al."»'* and Liu et al.!!
investigated the structures of nano-TaS, using various growth methods and come away
with an array of conclusions. The conclusion of greatest variation between these three
groups of authors was also the simplest: the terminology used to describe the macroscale
structure formed by the common molecular structure of TaS;. While Liu made reference
to the synthesis of nanotubes and nanorods of TaS, with hemispherical tips, Nash and
Rao specified their growth process clearly resulted in hollow-core nanotubes with
diameters of approximately 20-40nm and fairly rectangular tips. 12) Both groups
reported the synthesis of 2H-TaS; structures through the application of a gas-solid

reaction at elevated temperatures. In contrast, the first reported single-step synthesis of



TaS, nanostructures by Dunnill, Edwards, Brown and Gregory' in 2006 resulted in
nanowires of diameters 100-600nm that were identified as “clustered bundles of smaller
individual nanofilaments”. When analyzed, the nanofilaments corresponded to the 2H
polytype like their nanorod and nanotube predecessors; however, inspection of the bulk
crystalline powder that accompanied these structures corresponded to the 3R polytype,
indicating a mixed polytypic synthesis. Dunnill and Gregory’s more recent study with
MacLaren' also produced nanoribbons, fine nanowires, platelets and nanotapes of various
TaS, combinations and polytypes. The variation in structure was related to different
maximum annealing temperatures during the growth process. Shi et al." referred to both
of these synthetic methods as well as many others in the review of the various approaches
to TMDC synthesis. Mention of TaS; syntheses, however, is most strongly supported
through the discussions of the above methods. Because the primary challenge for each of
these research groups was to understand the growth mechanism of these materials, no
mention was made of tested, applicable uses for these structures. Sample analyses for all
studies were consistent, utilizing x-ray diffraction (XRD) to match sample composition
and polytype to stored PDF files from the International Center for Diffraction Data
(ICDD), while scanning electron microscopy (SEM), energy dispersive x-ray
spectroscopy (EDS) and tunneling electron microscopy (TEM) provided the imaginé and
structural information to classify the sizes and structural aspects of the reaction products.
Some studies also utilized selected area electron diffraction (SAED) to confirm the
single-crystalline structure of materials."

While the research of the last decade into the synthetic processes of TMDC

nanostructures resulted in identifying a large collection of both micro- and



nanostructures, there is still much to learn about the growth mechanisms behind these
minute structures for which a wide array of applications is imagined. Because such
obstacles are still prevalent, little investigation has occurred involving the intercalation of
the nano-scale compounds to parallel their bulk 2D counterparts. However, a study
performed in 2009 at the University of Northern Iowa (UNI)" originally focused on the
synthesis of Zy»sTaS, bulk materials, Z=Mn, Cr, effectively produced TaS,
nanostructures resembling those synthesized in the single-step method by Dunnill et
al."'"® The integration of pure 3d metal intercalant powders into the reaction ampoule
provided the necessary elements for nanostructure growth to readily occur during the
annealing process and resulted in intercalated structures, some measuring several
millimeters in length. While the nanostructures of the Cr samples presented inconsistent
intercalation, with doping ranges varying from 0-17%, the nanomaterials of Mn-doped
samples appeared relatively uniform in structure and, through XRD, were found to have
experienced a slight c-axis spacing shift indicative of Mn storage between the crystalline
molecular layers.'”

Though the self-intercalation of these TaS, nanostructures was indeed a notable
result of the synthetic method derived by researchers at UNI, it was not the only
significant observation produced by these experiments. The microscopic clusters formed
by the reaction side product, MnS or Cr;S; were also a significant discovery. Side
products were expected to form from the single-step reaction, however it was not
expected that these clusters would be regularly located at the base of bundled

nanostructures. In fact, SEM images suggested these intercalant-sulfide clusters actually



played a role in fueling the growth of nanostructures, that it was these clusters acting as a
nucleation site for the nanostructures that stimulated the initial structural formation.

The idea of sample nucleation is not unique to intercalated samples, however, for
each of the synthetic processes previously discussed also required some form of
nucleation to initiate the growth of TaS; nanostructures. The earliest TaS; synthesis
references utilized the gas-solid reaction method, forming the nanorods and nanotubes
from the inside out.'""*® This process prepared the dichalcogenide materials from the
reduction of their trichalcogenide precursors by a stream of H; gas in elevated
temperatures. In this instance, the TaS; precursors served as the nucleation surface from
which the TaS; structures grew as H; gas passed, pulling the reduced nanostructures
outward from the nucleation site. Liu et al.'' reported SEM images of clustering

1.1 also

trichalcogenide particles surrounded by TaS; nanotubes. In 2006, Dunnill et a
utilized a nucleation stimulus in the form of pure Ta foil. This addition to the reaction
ampoule was reported to significantly increase the yield of nanostructures grown.

The effects of nucleating these reactions did not seem to be limited to merely
stimulating the formation of nanostructures, though. Of further interest was the fact that
in these cases, the microstructures of each TaS; nano-sized product appeared to reflect
the composition and structural appearance of their nucleation material. Inside-out growth

methods'""?®

produced nanorods, readily formed by the streaming of H; gas through the
precursor materials, taking with it reduced TaS; molecular crystals. Hollow-core
nanotubes were likely synthesized by surrounding the trichalcogenide precursors with

newly formed TaS, structures that, when aided by the constant stream of H; gas,

extended outward to close only at the very tip of the nanotubes. Dunnill et al. also



observed needle-like nanostructures protruding from the Ta foil, seemingly growing
perpendicular to the foil surface," and later identified Ta$S, structures as nanotapes that
always grew from surfaces, likely resulting from the interactions between the sulfur-rich
vapor phase and the Ta foil surface.' Likewise, the UNI samples protruded from
randomly synthesized side products and displayed complete disorganization of the
nanostructures, growing in every direction and tangled into large nests of interwoven
material, which further supported the concept of a relationship between the seeding

material and the organization of the nanostructure growth.
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2. MATERIALS AND METHODS

2.1. Materials

This research comprised four distinct growth methods; the first was a replication
of the method leading to the original production of TaS, nanotubes by the University of
Northern Iowa laboratory group, while the remaining three series explored various
growth methods utilizing the nucleation compounds MnS and Cr,S;. Every sample was
grown using commercially purchased elemental and molecular powders of high purities
(Alfa Aesar, 99+%) and regulated sizes. An analytical scale provided the masses of each
powder in a plastic weigh boat before they were transferred into fused silica ampoules,
1 Imm inner diameter. A handcrafted glass funnel was used during this transfer to ensure
that the powders reached the bases of the ampoules and did not remain above the level
where the ampoule would be sealed. The samples from Methods A and B were grown in
a three-zone tube furnace (Thermolyne 79600), and samples from Methods C and D were
grown in a single-zone (Thermcraft) furnace. Every sample was analyzed by x-ray
diffraction (XRD) using a bench-top RIGAKU Miniflex II X-ray Diffractometer, and
scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS)
analyses were acquired from an Evex MiniSEM. Composition identifications from XRD
data utilized the previously published spectral data stored as PDF files by the
International Center for Diffraction Data (ICDD). Appendix A contains the XRD
identification of each sample individually and Appendix B the utilized ICDD PDF files.
The composition reports and analyzed images for the EDS analyses are contained in

Appendix C.
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2.2. Random growth samples

2.2.1. Method A

Because Method A was intended to affirm the reproducibility of the method
previously discovered to produce nanostructures with a basic TaS; crystalline structure,
the growth procedure was copied from the earlier experiment.15 Each 0.5 g sample
consisted of stoichiometric amounts of tantalum powder (-325 mesh, 99.9%) and sulfur
powder (sublimed, 99.5%). Additionally, extra manganese (-325 mesh, 99.95%) or
chromium (-60 mesh, 99.99%) powders were added to the samples in a 25% molar ratio
to produce samples of MngsTaS; or Cro,sTaS;. These samples were labeled as KB Mn
A and KB Cr A, respectively, whereas the pure samples (those containing no 3d metal
intercalant) were label as KB Pr A. Each of the three classes within this A series was
duplicated to ensure that the resulting compounds were products of the growth method
itself and not some unique trait of the ampoule, thus creating samples A1 and A2 for each
class and a total of six samples grown from Method A.

After the powders were settled into the bottom of a fused silica ampoule, the
ampoules were flame-sealed under vacuum using a natural gas torch to a length of
approximately 15 cm. The sample tubes were allowed to cool before they were hand
shaken to mix the layers of powders, and then the powder was loosely situated near the
base of ampoule. Each of the six ampoules was then placed in a ceramic sleeve before it
was laid on its side in the Thermolyne tube furnace. In the furnace, the sleeves
containing ampoules labeled KB A2 were placed directly over their KB Al

counterparts.
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The heating process for these samples began by heating the furnace to 125 °C and
holding the temperature for 24 hours to ensure the ampoules would not burst from a
quick build up of pressure as the sulfur powder vaporized. Next, the sample heating
continued as the temperature rose to 700 °C at a rate of approximately 8.5 °C/h. The
furnace was held at this temperature for five days before the samples began to cool back
to room temperature over 15 hours. |
Once the ampoules were removed from the furnace, a small line was etched into
the tube using a dremel router, and the ampoule was popped open by applying pressure to
the ampoule opposite the etching, breaking the vacuum inside. A portion of the resulting
products was removed from each ampoule and placed in a labeled glass vial that was then
capped and covered with parafilm. These samples were stored until SEM and EDS
analyses could be performed. The remainder of each sample was stored in labeled plastic
vials. These vials supplied the material used for XRD analysis. The samples analyzed by
SEM/EDS were removed from their capped vials and mounted onto aluminum/nickel pin
stubs using carbon tape. For this series alone, the XRD analyses were obtained using
whole nanostructures on a silicon zero-background sample holder. Droplets of acetone
were added to the sample plate to help hold the nanostructures secure during the analysis.
2.2.2. Method B
The creation of the samples produced from Method B varied little from those in
Method A. Again, pure tantalum and sulfiir powders were placed into fused sifica
ampoules stoichiometrically to create 0.5 g samples. With this series, though, the
corresponding metal sulfide compounds (nucleation compounds) replaced the pure

intercalant powders. This meant the samples labeled KB Mn B1 and B2 contained a fine,
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green powder of commercial MnS (99.9%) in place of the Mn powder, and the samples
KB Cr B1 and B2 contained commercial Cr,S; powder (99%) rather than the Cr powder.
KB Pr Bl and B2 still reflected the ampoules that held only pure tantalum and sulfur
powders, as did the third pure sample KB Pr B3.

The seven samples from this B series were flame-sealed in the same manner as
Method A, each measuring 16-18 cm. Once sealed, each of the ampoules was shaken to
mix the various powders within, and the powder was distributed across the bottom of the
tubes to provide a greater surface area from which the TaS; structures could grow. The
six ampoules whose labels paralleled the samples of Method A were identically arranged
in the tube furnace; KB Pr B3 was situated directly above KB Pr B2. The growth of
these samples proceeded using the same heating pattern as in Method A, as did the
process used to open each ampoule. Because of the consistency of these samples—
primarily powder rather than nanostructures—each of these samples was ball-milled into
a very fine powder after some of the initial product was removed and contained
separately for SEM/EDS analysis. The ball-milled portion of these samples was then
used to fill the 0.2 mm-deep well of an aluminum XRD sample holder. Again, droplets
of acetone were added to the powder to pack the sample in the well and smooth the
surface of the sample. The procedure for SEM/EDS analysis was identical to that of
Method A.

2.3. Base growth samples
2.3.1. Method C
The preparation of the samples grown through Method C varied more from

Method A than Method B did to create a direct comparison between the products of
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Method C and Method D. The introduction of the commercial powders into the ampoule
for this series began with the metal sulfide compounds where appropriate, potentially
creating a base of nucleation material from which the TaS, structures could grow upward.
Next, the tantalum powder was layered on top of the nucleation powders, followed by the
sulfur powder at the top in amounts that created 0.3 g samples of TaS,. Again, the molar
ratios between these materials were 1/2/0.25 Ta/S/Mn or Cr in MnS or Cr,S;. Each
ampoule was flame-sealed under vacuum at a length of 16-18 c¢m, and with this series
care was take to not shake the powders inside the ampoule so the nucleation base might
stay intact.

The use of the single-zone furnace for this series rather than the three-zone
furnace that grew the samples in Method A and B resulted in a still greater divergence
between the growth patterns. First, no duplication samples (KB C2) were created
because of limited space in the furnace. Also, the single-zone furnace was capable of
being angled upward, so each sample was inserted into the furnace sitting more than 30°
above horizontal, with the base of each ampoule closest to the bottom of the furnace.
Finally, the growth program was altered slightly to lessen the time required for sample
creation, and these variations occurred at each major step in the program.

The first change during heating process was to reduce the time the furnace
remained at 125 °C from 24 to 6 hours. Since the sample size was reduced, there was
little concern with also reducing this idling time. Next, the rate at which the temperature
rose to 700 °C was increased from 8.5 °C/h to 12 °C/h. Also, from the differences
between products of Method A and Method B it was evident that a macrostructure

(nanomaterials or crystalline powders) would be apparent after even a short time at the
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highest temperature, so the furnace was held at 700 °C for only 3 days rather than 5 days.
The samples were then cooled to room temperature as the furnace ceased heating and
allowed the heat to diffuse out over the next 15 hours. The procedures used to prepare
the series B samples for XRD and SEM/EDS analysis were also utilized for this analysis.

2.3.2. Method D

The three samples that comprised Method D growth were prepared nearly
identically to those grown by Method C. The only true difference between the two series
is that Method C was a single-step growth method while Method D was a two-step
method. This extra step occurred at the very beginning of the sample creation, though,
before most of the preparations detailed above occurred. For this series the additional
step indicated a difference in starting materials of the reaction. Rather than introducing
both pure tantalum and sulfur powders into the ampoule on top of the nucleation material,
Method D designated that 0.3 g of a previously synthesized sample of pure TaS,
nanostructures was added to the ampoule. The pure TaS; materials used as the reactant
for this series originated as the final products of samples KB Pr B1, B2 and B3. Beyond
this difference, though, the synthesis and analysis of Method D samples was carried out

in the same fashion as the samples of series C.
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3. RESULTS AND DISCUSSION
3.1. Pure Samples

3.1.1. Method A (KB Pr A)

The first step for the analysis of each sample was to record visual observations of
the reaction product(s) both to the eye and under an optical microscope. When removed
from the tube furnace the pure samples created by this method appeared to have a
consistency like that of pulled cotton toward the flame-sealed end of the ampoule, while a
large portion of the sample remained near the base of the ampoule and formed together,
resembling a hard piece of sample, like an island surrounded by uncoated quartz. Under
microscopic magnification the structures forming this island appeared furry from a top
view. Also, though these structures are naturally silver colored, the light from the
microscope was reflected back in an array of colors that changed across the visible
spectrum as the ampoule was rotated.

The formal identification of the structural composition of these materials was
performed through x-ray diffraction (XRD). The diffraction spectrum of the first pure
sample (Pr A1) was identified as a 2H-TaS,; the material was formally TaS, of a
hexagonal structure (see Appendix A). The XRD spectrum for the second pure sample
possessed a less intense signal through most of the spectrum because less material was
provided for diffraction analysis. Still, the peaks of the spectrum were almost identical to
that of Pr A1, so the two samples were classified as the same TaS, compound (see Figure
2 and Appendix B, PDF#01-071-3686). The broadness of many of the diffraction peaks
reflected a small sampling size over which the diffraction occurred, meaning there were

fewer layers of crystalline material available to diffract the initial x-ray than would be
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As aresult of this dispersion, the quantity of rag-like material appeared to be reduced
from the quantity grown during Method A.

The XRD analyses of the three samples also confirmed the duplication of the
Method A products. When individually compared to the PDF files of the ICDD, each
sample identified as the same 2H-TaS, material as was found the Method A products. As
seen in Figure 4, the overlaid spectra of the products from this method exhibited identical
broadening of the peaks at 31.2° 32.1° and 38.5° (26) to the broadening seen in the pure
sample A1, which again were indicative of nanostructure material within the samples.

The scanning electron microscope images from this sample greatly resembled
Figure 3a. A reduction in the quantity of rag-like structures resulted in the acquired
images displaying tangled nests of thin straw-type nanostructures. An observation of
interest gained from the SEM images was the flexibility of these straw-like materials, an
apparent ability of one strand to bend or curve through a nest of nanostructures, as the
wave-shaped structure in Figure 5 demonstrates. The EDS data obtained for this sample
also exhibited the electronic peaks corresponding to Ta, S and a minute quantity of C (see
Appendix C). The tantalum and sulfur peaks confirmed the identity of the material, while
the exposed carbon peak was a result of the carbon tape used to secure the samples to the

sample holders during the analysis process.
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3.1.3. Method C (KB Pr C)

The macroscopic appearance of the Method C samples was unlike the material
grown by the preceding methods. Where the samples synthesized through Methods A
and B had clusters of fuzzy material that were nanostructures riddled through out the
ampoules, the products of Method C existed as a fine black powder. This powder had a
shiny appearance when the ampoule was rotated, a result of the light reflecting off of
microscopic crystals within the sample. A microscopic view of the products only
resulted in a further confirmation of the presence of microcrystals, making the basic
hexagonally structure minutely visible under magnification.

The analysis of the material from XRD labeled the powder material as a new type
of TaS,. Rather than the 2H form that composed the nanoscale materials, this powder
grew in a rhombohedral form, the 3R polytype (see Appendix A). Though somewhat
surprising, this result was not altogether unexpected as a possible product, since other
research groups also reported the synthesis of this polytype during single-step growth
methods.! The difference from the previously reported process, however, was that these
materials were still annealed at 700 °C, while the platelets reported earlier resulted from
high temperature annealing at 1100 °C.

The unique formation of Method C samples was again confirmed through the
SEM imaging. The images of this product, like Figure 6, showed collections of
microcrystalline platelets of pseudo-hexagonal shape, appearing to have a basic
hexagonal structure but with rounded edges. The growth of the platelets still appeared to
be spurred by the presence of other structures like itself, similar to the nanostructures of

Methods A and B growing from a central location, with these platelets growing one on
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Figure 7. X-ray diffraction spectra of the powdered samples of Pr C1 (purple) and D1 (red)
correlating to the referenced 3R-TaS; polytype, shown in black below the overlaid spectra.
See Appendix B for the reference PDF from the International Center for Diffraction Data.

Method D starting material. Likewise, the SEM images revealed rounded pseudo-
hexagonal platelets of similar dimensions as were seen in the Method C products. As a
result of the observed similarities between these two methods it became clear that one of
the two growth variations made from Methods A and B to C and D resulted in the
rearrangement of the packing structures, forming 3R-platelets rather than the 2H-
nanostructures of the earlier samples. To further demonstrate the spectral differences of
these two polytypes, the x-ray diffraction spectra of each method were ¢ __ :rimposed and
offset across one domain, Figure 8. However, it could not be determined whether the

resulting crystalline rearrangement in the pure samples was due to the angled, and
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therefore compact, sample growth or the accelerated time scale of the annealing process;

further study would be required if that answer was sought.
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Figure 8. Super-imposed x-ray diffraction spectra of all methods of pure sample growth. The
spectra of A1 and B1 correlated to 2H-TaS, structures, C1 and D1 to the 3R crystalline polytype.

3.2. Mn and MnS Samples

3.2.1. Method A (KB Mn A)

The Method A manganese-intercalated growth pattern produced samples unlike
any other material grown during this study. Upon visual observation these samples
appeared mold-like. Similar to their pure sample counterparts, the product was primarily

black in color and protruded from a tight cluster of the same material that was centered
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near the location of the original powder sample. Microscopic observations showed a
slight deviation from the pure samples. These Mn-intercalated samples presented
nanostructures sprouting from central nucleation sites that could be visibly distinguished
one from another. In this way the material did not have the same tightly clustered, fuzzy
appearance of the pure samples that produced thin nanostructures, but rather it presented
individual nanostructures of a thicker consistency.

The x-ray diffraction spectra for the produced samples further conf  :d thata
distinctive compound was formed through this method alone. As seen in Figure 9, the
products analyzed in these spectra correlated not to a pure polytype of TaS, with some

form of Mn-based side product but to a very specific Mng,sTaS; crystal structure. The
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Figure 9. Experimental spectra of the Mn samples grown from Method A (KB Mn A). Using the PDF
files provided by the International Center for Diffraction Data, Mn A1 (black) and Mn A2 (green) both
identified as the intercalated crystal form Mny 5 TasS,.
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identification of this material as such confirmed the successful and consistent
intercalation of Mn into the crystalline structure of a TaS; nanomaterial. Also, both
experimentally obtained spectra of the Mn A samples exhibited the same peak
broadening at the baseline that was first acknowledged in the pure Method A samples,
which was indicative of nanostructure formation. The relatively low intensity of Mn A2
compared to Mn Al was once again a result of less sample material placed on the zero-
background silicon sample holder.

If the x-ray diffraction analysis was not enough data to confirm the special
consistency of these Mn-intercalated products, the images obtained on the SEM provided
the last bit of evidence needed. The products from the Mn-seeded samples of Method A
grew not only as intercalated structures, but also as nucleated materials, with many
structures protruding from a very small, central location (Figure 10a). More interesting
still was that these nucleation points were primarily large clusters of a synthesized MnS
side product, not a tantalum and»sulfur compound or some portion of the quartz ampoule
surface as the pure samples used (Figure 10b). This discovery spurred the replacement of
Mn powder with MnS powders as the seeding material for the remaining growth
methods. Further, structural consistency of this product was unique to this class of
materials. While the pure samples were only a few nanometers in diameter and were
very thin and wavy, the intercalated samples truly formed straw-like structures. Each
nanostructure appeared firm in shape; there was no potential to see this product bend or
curve without breaking the straws. Rather, these nanostructures appear to hold a straight
shape firmly (10b). The differences in structure from the pure nanomaterial to these

intercalated samples became especially apparent when comparing Figure iUo o Figure 3.
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microcrystal growth. Observations using the optical microscope also suggested only a
small quantity of microcrystallization based on the low levels of reflecting crystals
throughout the samples. Instead of crystalline growth, it appeared that the majority of the
sample products contained the original green MnS powder that could be observed still
coating the interior of the ampoule and another side product.

The identity of this unknown side product was quickly identified as Hauerite,
MnS,, from the obtained XRD spectra of these Method B Mn-class samples (Figure 11).
In addition to the side product, the products were also determined to be a hexagonal form
of TaS; and traces of the Mng 25TaS, compound seen in the Mn-class samples of Method
A. It is likely that this combination of compounds and the relative quantities of each that
were visually observed resulted from the elemental sulfur leaching onto the commercially
synthesized MnS powder, leaving less material to form the targeted TaS; crystalline
materials.

The images acquired of these samples also suggested a high prevalence of
synthesized side product and comparatively low concentration of crystallite materials. As
the SEM image of Figure 12 exemplified, a window at the comparable magnification of
x500 presented only few hexagonal crystals within the entire window, and each of these
crystals was covered in what was determined to be the MnS; side product. This scene

was consistent throughout most imaging scans of the Mn B samples.
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3.2.3. Method C (KB Mn C)

The first of the base growth samples containing MnS produced material very like
what was seen in the pure class of Method C. The products looked like a bl  :ish/gray
pow: _shining m portions of mii rystals. Viewingt! 3 pleun 1 opl
microscope confirmed the presence of small crystals within the material while suggesting
that there was a lack of nanostructures within the products.

Both the XRD and SEM analyses supported this conclusion. From the powder
diffraction spectrum of Mn C1, Figure 13, it was determined that this product material
was composed of the 2H-Ta$S, crystalline material that first appeared innano  nin the
pure Method A class samples, as well as the same MnS material that was the
commercially obtained seeding reactant (original XRD spectrum of the commercial

product located in Appendix A). Once again, the sharp peaks within the spectrum
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Figure 13. X-ray diffraction spectrum of KB Mn C1, identified as a combination of 2H-Ta$,
and Alabandite, the commercial MnS compound. Identification made using the database of
crystalline files from the International Center for Diffraction Data.
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showing a composition of 2H-TaS, mixed with the commercial MnS base growth
reactant. Again, the specificity to the diffraction angles suggested that the earlier
nanostructures were no longer prevalent within the sample. The SEM scans of this

sample also produced images much like Figure 14, further confirming this conclusion.
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Figure 15. Overlaid x-ray diffraction spectra of Mn C1 (purple) and Mn D1 (red) identified at 2H-
TaS, mixed with the commercially obtained Alabandite, MnS, according to theda »ra of
crystalline spectra from the International Center for Diffraction Data.

3.3. Cr and Cr,;S; Samples

3.3.1. Method A (KB Cr A)

Like both the pure and Mn-intercalated samples of Method A, the Cr-seeded
materials grew as nanostructures. The original view of the clustered material reflected
the look of the pure nanostructures; the majority of the sample was contained in an island

of materials that appeared furry under an optical microscope. Also, though the basic
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The electron microscope images of these products further supported the
combination of characteristics defined by Pr A and Mn A samples. These structures
appeared as narrow wire-like segments of TaS; like the pure samples shown in Figure 3a,
however the segments did not present the flexibility of the pure nanostructures. Rather,
these thin nanostructures were short fragments, reflecting the inflexible nature of the Mn-
intercalated samples. Using EDS it was determined that these structures were most likely
unintercalated, since no Cr related voltages were detected (Appendix C).

3.3.2. Method B (KB Cr B)

The materials seeded with the commercial Cr;S; as a replacement for elemental
Cr powders resulted in products much like their MnS-seeded equivalent; the products
removed from the tube furnace were powders of a dark brown/black color, presenting
little shine as the ampoule was rotated to look for reflective microcrystals. Under the
optical microscope the microcrystals were detected, however their relative concentration
appeared low against the prevalent side product.

The x-ray diffraction spectra from this method classified the products as the same
hexagonal form of TaS; seen in the Mn class of this method, as well as the commercial
side product, Cr;S; (Figure 17). The precision of the peaks once again suggested an
absence of nanostructures, which was confirmed through SEM imaging. Rather than the
wire-like nanomaterial of the Cr-seeded products, these images occasionally showed a
clear view of small microcrystals, but more often the image contained indistinct views of
these platelet structures clustered together with a coating of the side product, as seen in

Figure 18. Therefore, it was concluded that, like its MnS-seeded counterpart, this
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3.3.3. Method C (KB Cr C)

The angled growth of these materials initially appeared to have no effect in
changing the structure of single-step synthesis samples. When removed from the furnace,
the observed material was a dark powder, clustered at the base of the ampoule as a result
of its initial placement. Microscopic inspections proved the presence of microcrystals,
although, once again these crystals appeared in low concentrations compared to the
quantity of side product.

The differences between this sample composition and that of its Method B
predecessor was made apparent through x-ray diffraction. The peaks of the spectrum
aligned with the original 2H-TaS; polytype that was seen in the Cr-seeded nanostructures
rather than the reordered form of the Method B products, though the lack of peak
broadening also suggested that this product was in platelet form and not ¢t posed of
nanostructures. In addition to TaS,, the unidentified spectral peaks matched the
commercial nucleation material, Cr,Ss.

The final confirmation that
the angled material differed from
the previous seeding method
using Cr,S; came from the SEM
images. As Figure 19
exemplified, the TaS; crystal

structures produced  n this

Fvex Mini SEM 20 kv w500

angled growth were quite
Figure 19. Electron microscope image of 2H-TaS,

crystals with Cr,S; grown in KB Cr C, x500 mag,.
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distinct. Like the MnS-seeded class products, this material grew vertically, building
towers of thin TaS; crystals interspersed among Cr,S3 nucleation material.

3.3.4. Method D (KB Cr D)

Once again, the TaS; material produced from Method D did not resemble the
macrostructure of its predecessor, pure nanostructures grown from Method B. Instead of
a black mold-like material, the products looked like the Cr,S3-seeded structures of
Method C; black sample clustered at the base of the ampoule as either loose or clumped
powder. Once more, the microscopic view of the product, after it was dislodged from the
ampoule base, showed signs of microcrystallization but little evidence of any
nanomaterial.

The XRD spectrum for this sample also paired with the products of Method C, as
in the MnS-seeded material, confirming the chemical composition of the sample (Figure
20). The similarities of these two methods while and the variations in the products of the
four Cr-based methods were further illustrated by superimposing a spectrum from each
method across the same domain (Figure 21). SEM images of the two-step product
appeared similar to the image of Figure 19, which acted as the final supporting evidence
for the conclusion that the product formation of these materials is more dependent on the

exact growth parameters than the actual starting materials.
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4. CONCLUSIONS
4.1. Research conclusions

This study began with a goal of gaining a greater understanding of how TaS,
nanostructures grow. The expectation through this process was that nanostructures could
be grown using a seeding material of either an elemental 3d transition metal, Mn or Cr, or
from a corresponding metal sulfide compound, MnS or Cr;S;. Additionally, it was
predicted that the use of the metal sulfides would actually regulate the nanostructures
growth, forming more consistent and ordered materials from a commercially refined
nucleation material. However, these hypotheses were as far from the actual results as
possible. Rather than forming ordered nanostructures of a consistent hexagonal TaS,, the
replacement of the 3d metal with metal sulfides stimulated the growth of platelet
microcrystals of various polytypes. Also, these materials were even more disorganized
and inconsistent than the interwoven nests of nanostructures found in Method A, as each
of the six metal sulfide-seeded classes displayed products riddled with either the initial
commercial side product or an even more sulfur-rich side product that was synthesized
during the annealing process.

Further, even though each of the three classes from Method A grew
nanostructures, the results did not exhibit any type of basic trend. The pure products
contained two primary nanomaterials: the undefined rag-like materials and nanostructures
that resembled extremely narrow wires that were a few nanometers in diameter at best
and had a flexible property to them. In contrast, the Mn-seeded samples grew as thicker
structures and almost no exhibited flexibility, as most images showed jagged breaks of

the thick, straw-like material. These samples also incorporated the 3d metal into the
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nanostructures, altering the basic crystal structure to include the elemental Mn. Because
this discovery occurred relatively early in the research, it was hypothesized that the
structural thickness and ability to intercalate was a result of the Mn-seeded structures
growing from a cluster of MnS side product; products grown without a specific
nucleation material would have less definition and stability to them. However, the results
of the Cr-seeded class of samples did not strengthen this hypothesis as the nanostructures
appeared significantly more like their pure nanowire counterparts and, even after each
instrumental analysis was considered, it was unclear whether the Cr-nucleated materials
were intercalated. What was clear from the Method A samples, though, was that 3d
metal intercalation of TaS; nanostructures is possible in a single-step synthesis at a 25%
intercalation ratio using elemental Mn.

Even though the initial hypotheses were shown to be incorrect, the study was not
without important findings. In addition to the successful discovery of Mn-intercalated
TaS, nanostructures, the inclusion of Methods C and D to the study provided two other
significant points of interest. First, the formation of the sought-after nanostructures only
occurred when the reaction materials were initially dispersed throughout the ampoule, as
in Methods A and B. This dispersion provided the nanostructures room to grow outward
whereas packing the reactant powders into one location forced a reorganization of the
materials into microcrystals, and in some cases may have been the cause for the
reformation of the crystal structure into a 3R-polytype rather than the more common 2H-
TaS,. Also, the direct comparison of Methods C and D provided the knowledge that, at

least under the specified growth conditions, a two-step method including existing



42

nanostructures is no more effective in successfully synthesizing TaS; nanostructures than
a single-step method.
4.2. Limitations and Recommendations for future study

The scope of this research was broad enough to provide many points of inquiry
without imposing too many limitations to the study or requiring excessive methods to
generally analyze the resulting material. One of the few limitations that did exist was the
extent to which the analysis of the nanostructures was able to undergo as a result of the
instrumentation. As previously mentioned, some research groups were able to
successfully determine the size, structural characteristics and crystalline consistency of
their reaction products using tunneling electron microscopy (TEM) and selected area
electron diffraction (SAED)."'*!* These techniques were not available for application
during this current study. Additionally, as a result of instrumental limitations and
technician inexperience the images acquired with the scanning electron microscope
(SEM) were not of optimal magnification or resolution quality for some of the more
refined elements of SEM analysis, such as dimensional determination of the various
products.

The other significant limiting factor within the study was time. The placement of
academic holidays and project deadlines became the regulating factor that determined
when samples were created and the time allotted for the growth of each sample
collection. This was the primary reason for the alteration of growth parameters for
Methods C and D; a condensed timetable required a shorter growing period. Therefore,
the first suggestion for further study would be to synthesize a series of pure samples

using the materials and preparation techniques of Methods C and D but the annealing
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specifications of Methods A and B. If nothing else, the results from this experiment
ought to provide insight into which variable, the clustered and angled growth or the rate
of temperature changes, led to the production of the 3R-polytype materials.

Additional studies could focus on investigating appropriate applications for the
commercial metal sulfide compounds. Since the samples from Method B produced
microcrystal platelets, this could first be achieved by altering preparations of the Method
B samples to include a carrier agent, such as iodine, and attempt to grow macroscale
crystals using metal sulfide nucleation. This targeted crystal growth would likely be best
achieved using a temperature gradient of at least 50 °C above the recorded 700 °C. The
contributions of metal sulfides in this reaction could also be explored by altering any of
the growth methods with a precursor step, one that reacts the commercial metal sulfide
with the identified quantity of sulfur before adding in the stoichiometric amount of
tantalum powder. This could possibly provide an avenue for the metal sulfide side
product to become sufficiently large and irregular in shape and size to nucleate the
formation of nanostructures, as the side product clusters of KB Mn A were. However,
this reaction could also have an adverse response and form a sulfur-rich side product that
would coat any Ta$; structures formed, as was seen in Mn B samples with the formation
of Hauerite.

While each of the previously mentioned studies would bring about specific
answers, they still lack a direct path to true application. Therefore, the recommendation
for an extended study that holds the most merit would be to explore the formation of Mn-
intercalated nanostructures across a variety of molar ratios using the Method A growth

parameters. At the current time, examining Cr-intercalation samples does not appear to
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be a valuable use of resources because of the many uncertainties associated with these
structures. However, an investigation into a variety of Mn-intercalated materials could
potentially help researchers understand how these materials form during the annealing
process, for instance whether the intercalation occurs simultaneously with the formation
of the MnS side product or one growth precedes the other. These answers are important
because it is only after these types of questions have been answered and a synthetic
process has been refined to generate consistent products that researchers can begin to
expand studies. It will likely be the differences of material properties like optics,
magnetism and electronics between these intercalated samples and their pure
nanostructure counterparts that the applications for these materials will be discovered,

thus finally completing the extended challenge set by Charles Dunnill in 2010.
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APPENDIX B: INDENTIFIED DATA CARDS FROM THE INTERNATIONAL

CENTER FOR DIFFRACTION DATA
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