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Abstract

This thesis describes the synthesis and charaatierisof 1-dimensional nanometric phases
using simple preparative reactions and a varietghafracterisation methods. Comparison of
properties between the bulk and nanomorphologypeged a large part and is a common
theme throughout.

High aspect ratio tantalum disulfide, BLaSanofibres were prepared from a 1:2
stoichiometric mixture of elemental powders in &-@tep synthesis utilising silica ampoules.
A surface assisted growth phenomena was investigatd found to significantly increase the
yield, both in quality and quantity. The resultingnofibres were seen to retain and indeed
enhance some of the bulk properties, e.g. a 50 ifadcease in observed superconducting
transition temperature.

Changing the stoichiometry of the reactants to Jduced tantalum trisulfide
nanofibres. Tantalum trisulfide is of interest akas pseudo 1-dimensional crystal structure
and properties in the bulk. TEM and SAED have shivat the Tagunit cell is oriented with
the b direction parallel to the long axis of the nandédy indicating the potential for the
transfer of the low dimensional properties of thalkb material into the nanophase
morphology. (Low dimensional properties of bulk Fa&sult from chains of tantalum atoms
propagating along thie direction of the unit cell). Although the structlof the TaSremains
illusive the preliminary investigations show thesanofibres to be metallic along their
lengths, potentially leading to many applicatiomsi@noscale electrical devices.

The concept of pseudomorphic change from the dikulhanomaterials into more
functional materials such as 3Ng and TaOs was investigated. Nanofibres were initially
formed and can reversibly be inter-converted betwthe three different nanometric phases
(TaS, TaNs and TaOs) using simple solid-gas reaction, without sigrafit loss of

nanofibrous morphology. Further this series ottieas shows potential for the formation of



other related and potentially applicable nanomgihiases such as TaN, Taé@nd TaON as

well as opening the door to countless other anal®gystems.



Quotes

“These nanotubes are so amazing that they may beafsl to

everybody”

Nobel laureate R. Smalley

Nanotechnology “will bring revolutionary changes toall branches of
industry, beginning with the production of antibiotics and ending with new

weapons”

E. Drexler

"Nanotechnology is the base technology of an indusl revolution in the

21st century. Those who control nanotechnology wilead the industry"

Michiharu Nakamura, Executive VP at Hitachi
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from the oxide precursor have larger grain sizas rmore of a layered effect than from the
sulfide precursor. The layered effect can be sedfigare 5.25 with the dark and light lines
that run through the long axis of the structure.

The beaded effect in the contrast of the TEM da#sesemble the starting material
(Figure 5.36). Similar effects have been observedhie inter-conversion of other TiC
nanotubes into Ti@by Cottam and Shafféf¢ indicating that the beaded effect is not unique

to the ammonolysis reaction.

Figure 5.25: TEM micrograph of the nitride nanowifiesn preparatio©-N950n_4h (T20
microscope).

53.2 Preparations of Oxide Materials

5.3.2.1 Preparations S-O800b 4h

S-O800b_4hyielded a white powder, as would be expected faiOfand were similar in
appearance to that purchased commercially (99%s[&ldrich). The colour change; from
black or red to white, was a good indicator that gihase had completely oxidised and the
PXD pattern, (Figure 5.26), matched the peaks drdeor a structure of T&®s with space

group Pccm and unit cell parametars 6.2170b = 3.6770 ana = 7.7940 A?*® Ta,0s was

20¢



noted previously as the product of any of the prafpens in Chapters 3 and 4 where the
sealed tubes either failed to seal sufficientlyceaicked during the heating process. The
pattern given in Figure 5.26 was indexed using b6, and refined to the best unit cell,
using CELREE®! giving an orthorhombic unit cell as seen in Tabl&35 The unit cell

parameters match those of the publishegD¥ atructure®?®

10500

fTazOS

NS W i

. ?‘ i \\" [T [T M R O N
5 10 16 20 25 30 35 40 45 50 55 60 65 70 75 80

==

Figure 5.26: PXD pattern for the productsSe©800b_4h showing a match to the 3@
structure, (D5000 diffractometer).

Phase a b C
S-0800b 4h| 6.218(6) A| 3.664(9) A| 7.798(8) A
Ta,Os 6.2170 A | 3.6770A | 7.7940 A

Table 5.13: Unit cell parameters from the indexedqgber patterns d-O800b_4h compared
to the published values for Xa.2%3

TG-DTA analysis was obtained for the powders predumn S-O800b_4has in Section
2.4.4.3.The trace in Figure 5.27 shows very little altematin mass as the sample is heated
from 20 to 1000 °C in the presence of air. The daiggest firstly, that the stoichiometry of
the oxide formed in the preparation is indeed stabid unchanging and secondly that the
TaOs phase (by PXD) is the dominant phase at 1000 °€C cam therefore be used as a

reference for the other TG-DTA data.
20¢
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Figure 5.27: TG-DTA data from the bulk powders of@aproduced ir5-O800b_4h

SEM analysis shows the particulates ob0zawith no plate-like morphology. It seems that

the oxide does not maintain the plate-like morpgglof the sulfide precursor.

The TaOs from S-O800b_4hwas used as a reference for the UV-vis DRS meammts on
the nanofibres. The UV-vis DRS data is shown in Fga29 and shows a band gap onset, of
3.79 eV, (calculated as described in Section 2.4v8)ch is in reasonable agreement with

estimated values from other authors of 3.80-&8v*



S-0800b_4h
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Figure 5.29: UV-vis DRS data for the ;T bulk powder produced i8-O800b_4h The data
show a band gap onset at 3.79 eV which is compatatihe 3.80 eV observed by other
researcher§®*+

5.3.2.2 Preparation S-O400b 4h and S-O400b 16h

The reaction of TaSpowder and oxygen at 400 °G-0400b_4Hh did not go to completion.
There was a mixture of white oxide and black selfhases. The white oxide was found on
the surface of the product powder and sulfide bénian the alumina boat indicating that
oxide diffusion within the T#Ds structure is limited and therefore a coating atlexprotected
the underlying sulfide material. PXD confirms thig showing peak positions that match

those expected for tantalum oxide and a numbdreopblytypes of tantalum sulfide.

20¢
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Figure 5.30: PXD analysis of the products fr6r®400b_4h

il

SEM shows a mixture of morphology with a high degoé angular sharp crystallites, (Figure
5.31). There is also the presence of some plateftikmations specifically seen in Figure
5.31(b). This indicated that at this temperatuee tiansformation from sulfide to oxide fails
to maintain the original morphology of disk-likersttures and forms a crumbled powder

instead.

Figure 5.31: SEM micrographs fro8:0400b_4hshowing: (a) general morphology; (b)
plate-like crystals, (SEM #4)

After 16 hours, $-O400b_16h the bulk materials appeared uniformly white itocw though
with a slight greyish appearance. TG-DTA (Figure2p.®as performed to see if the greyish

appearance was due to small amounts of black bag present. The initial loss in mass,

20¢



(Region A) is probably due to water coming off Hample. There is then an exothermic event
that happens at 600 °C (Region B), resulting invilegght change of about +3.5 wt%. This
weight change is very strange as any residua} Waftild lead to a weight loss of up to 9.8 %
as a result of the molar ratio of 2:1 for the thntaspecies as shown in Equation (5.9) and the
loss of the heavy sulfur species.Dawould, as seen previously, have no change in mass
heating in air at these temperatures.

2TaS, +4.50, 0 - Ta,O,+ 20, (5.9)
The increase in mass is indicating an increase&ygen content so species with lower oxygen
content than T#s were investigated. A theoretical transition asvamon Equation (5.10)
would yield a theoretical weight change of +3.7%l amtherefore a likely candidate for the
reaction phase. This is suggesting that at 400 ¥Cré#action does indeed get close to
completion but with Ta@as the majority phase in the product rather tha®J

2Ta0, + 0.5, 0 [ Ta,0, (5.10)

It possible therefore that the nanofibres producettis, S-O400n_4h will be of the Ta@

structure rather than the Ja.
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Figure 5.32: TG-DTA trace fd8-O400b_16h
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5.3.2.3 Preparation N-O400b 4h

The products from this reaction were red in coland appeared to have changed very little
when compared to the starting material. PXD ansliigswever showed the presence of small

amounts of TgDs and TaON indicating that some reaction has takacep
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Figure 5.33: PXD analysis fd+-O400b_4h

5.3.2.4 Preparation S-O800n 4h

The reaction produced white fibrous material whighs removed from the furnace and
analysed by PXD and SEM. The PXD looks more crys@lFigure 5.34) when compared to
that observed for the low temperatu&@400n_4h (Figure 5.42(a)). The pattern given in
Figure 5.34 was indexed using Dicvot®and refined to the best unit cell, using CELREF
giving an orthorhombic unit cell as seen in TablE25. The cell parameters are a reasonable

match to those of the published,Dg structure?*
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Figure 5.34: PXD data for the nanowires fr8r©800n_4hshowing a match to the structure
for TaOs, (D5000 diffractometer and double-sided adhesardan tab).

Phase a b C
S-0800n_4h| 6.21(1) A | 3.66(1) A | 7.778(1)
S-0800b_4h| 6.218(6) A| 3.664(9) A| 7.798(8) A
TaOs 6.2170 A | 3.6770A | 7.7940 A

Table 5.14: Unit cell parameters from the indexedger patterns of preparati@
0800n_4h compared to the published values fopae’>

SEM Shows the presence of ribbons or belts, witligh tendency to curl up into scroll like
formations or twist into ribbon-like curls, (Figuge35). The widths of the bundles ranged
from a few microns to a few tens of nm, with aspettos of ~5000, (lengths ~0.5 mm,
Widths ~100 nm). These are similar in many respecthe sulfide fibres from which they

were formed.
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Figure 5.35: SEM micrograph showing the@aribbons fromS-O800n_4h (SEM #4).

TEM shows nanofibres with a high degree of crystaliphic texture aligned towards the
direction of propagation of the fibre. (Figure 5.3@he SAED inset has been indexed to the
published structure of 7@s and the directions of spots and correspondingvakies have
been marked. The direction of propagation of trglaxis of the fibre corresponds with the
00l direction as has been found with theN=ananofibres. The 110 direction is found to be
perpendicular to the long axis of the fibre, agsimilar to the nitride nanofibres produced in
S-N950n_4h Section 5.3.1.3. The general reflection condgifor the space group indicate
that the 00l should only show alternate spots as lwhich is indeed the case. There must be
some cooperation between growth of the oxide idatcrystal structure out of the sulfide
structure that promotes growth along the 00l diozctind prohibits growth along the 110
direction of the orthorhombic structure. The oxiderds produced from single crystalline
tantalum disulfide fibres do not have the cleangtar effect in the bright field image that has
been observed in the ammonolysis reactions. Thé&adiion contrast on the TEM
micrograph in Figure 5.36 suggests more of a bgpel structure. However this is more likely
due to bending strain caused by the minimal bendfripe nanoribbon, similar to that noted

by Horet al. in NbSe nanoribbons®
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Figure 5.36: TEM micrograph with SAED inset showtgigical TaOs nanowires.

The UV-vis DRS (Figure 5.37) of 3@s nanowires show a band gap of 3.81 eV in agreement
with estimated values from other authors of 3.80"8W** A small blue shift is noticed that
could be associated with the particle size relatigm described above when the nanofibres
are compared with the bulk materials fr&0800b_4h(Figure 5.29)with a band onset of

3.79 eV.

Absorption Arb. units

$-0800b_4h
S-0800n_4h

200 300 400 500 800
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Figure 5.37: UV-vis DRS data collected &O800n_4h showing a band gap onset at 3.81
eV for andS-O800b_4h showing a band gap at79 eV.
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5.3.2.5 Preparation N-O800n 4h

The white fibrous material fro-O800n_4hwas analysed by PXD showing a crystalline
pattern that matches to the peaks expected frof@sT'aThere also appears to be a minimal

amount of TaNs present, (Figure 5.38).
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Figure 5.38: PXD analysis of products frocasO800n_4h

The peaks from the main oxide phase were indexddyame an orthorhombic unit cell with
unit cell parameters given in Table 5.15. The valwatch with minimal contraction of the

andc unit cell directions showing that the phase islifkto be the T#s structure.

Phase a b C
N-O800n 4h| 6.25(1) A| 3.654(7) A| 7.782(6) A
Ta,05 6.2170 A| 3.6770A | 7.7940 A

Table 5.15: Unit cell parameters from the indexedger patterns oN-O800n_4h
compared to the published values fop@a®*

SEM analysis shows the presence of a fibrous mdoglowith many similarities in

appearance to those seen in the precursor, (Fguf). Aspect ratios were recorded at less

21¢



than the 4000 from the precursor indicating thatfthres have been reduced in length during

the synthesis. Typical aspect ratios were ~333 leitlgths ~10Qum and widths ~300 nm.

Figure 5.39: SEM micrographs frofmtO800n_4h (SEM #4).
The morphology of the oxide nanowires producedN+®800n_4his remarkably similar to
that seen in the nitride precursor. The SAED dadiécated that there is a reasonable degree
of crystallinity to the wires with crystallographiexture observed running along the long axis
of the wire though it is more subtle than that obsé in the sulfide precursor reactionS; (
0800n_4h. The SAED pattern spots are more diffuse indicatirat there are more crystals
diffracting at slightly different angles spreadiagt the resolution of the spots. The pattern
again indexes to the structure of,0a as inS-O800n_4hwith the direction of propagation
along the wire, being the 001 direction, as seeignre 5.40(b) running from position 1-2.

The direction that is perpendicular to the longsax the wire again is the 110 direction,

(position 3-4). The positions 1-4 correspond to xetk spots 0f006, 006, 110 and 110
respectively.

BET analysis recorded a specific surface area @gfg™ which is comparable with
the other values for nanofibrous materials disadisd®ve. It is slightly lower than that of the

nitride material but still a factor of 40 abovetlofthe bulk.

21¢



Figure 5.40: Bright field and corresponding dakdiimages of the products Nf
0800n_4h (T20 Microscope).

5.3.2.6 Preparation S-O400n 4h

Initial reactions at 400 °C showed an amorphouslycbas seen in Figure 5.42(a) by PXD.
The positions of the diffuse peaks approximatelyaimdo those expected for both the,®a
and TaQ structure, though resolution of the peaks doesahaiv for the determination of the
likely underlying crystal structure or indeed tla¢io of Ta:O within the amorphous mass.

TG data was recorded as in Section 2.4.4.3 butaompkes of ~ 5-10 mg (Figure

5.41(b)) and shows a 6 % increase in mass a®Kidised, indicating that the nanofibres are

217



not of TaOs stoichiometry; however, the increase in mass tsattoibutable to any obvious
stoichiometry, and therefore likely to be a mixT&Os and TaQ, as shown by the PXD.
The increase in mass above 3.5 % will likely be thuéhe uptake of oxygen in the structure
from other suboxides that may be present, e.g. TaO.
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Figure 5.41: (a) PXD pattern showing oxide nanosvwéamorphous nature, (D5000
diffractometer); (b) TG analysis showing a 6 % i@ in mass on heating in Ar/air mixture;

SEM (Figure 5.42(a) and (b)) shows the presendargé brittle ribbons with other structures
that have probably originated from splintering difoons during the sample preparation for
SEM analysis. The aspect ratio of the fibres i9~(660um length, Ium width).

TEM shows the nanowires to be amorphous with regioinpolycrystalline nature,

indicated by the diffuse rings in the SAED pattéfigure 5.42(c)).
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Figure 5.42: (a) SEM micrograph showing large ritdyd8-O400n_4h) (b) SEM
micrograph showing a fragmenting ribbd8EM #3) and (c) TEM micrograph showing a
nanowire with the electron diffraction pattern ing&-0400n_4h) (T20 microscope).

5.3.2.7 Preparation N-O400n 4h

Initial reactions at 400 °C showed an amorphousiypcbas seen witB-O400n_4h. PXD,
(Figure 5.43) shows diffuse peaks approximatelycimag the position of those expected for
both the TaOs and TaQ structure, though resolution of the peaks doesatiotv for the
determination of the likely underlying crystal stture or indeed the ratio of Ta:O within the
amorphous mass. The fibres were red in colour atolig that unlike in the bulk form Ta3N
nanofibres do react with oxygen at these low teapees. The thermal stability of the fibres
is obviously an important property with higher teargture applications. In Figure 5.4 it was
noted that the bulk nitride converts to oxide ia giresence of air but not until the TG reaches
temperatures above 450 °C.

TG data was recorded as in Section 2.4.4.3 butaompkes of ~ 5-10 mg (Figure

5.41(b)) and shows a 5.69% increase in mass a®xidised, slightly less than for the sulfide



precursor, indicating that the nanofibres are mdtagOs stoichiometry; however, the increase

in mass is not attributable to any obvious stoictetry.
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Figure 5.43: (a) PXD pattern showing oxide nanosvwéamorphous nature, (D5000
diffractometer); (b) TG analysis showing a 6% inseea mass on heating in Ar/air mixture;

SEM (Figure 5.42(a) and (b)) shows the presendargé brittle ribbons with other structures
that have probably originated from splintering difoons during the sample preparation for
SEM analysis. The aspect ratio of the fibres irhbmases is ~ 50 (~ 1Qdn length, ~ 2um

width).
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533 Sulfidation Reactions

5.3.3.1 Preparations O-S1000b 14h

Upon opening the tube furnace and removing the imlaitoat, it was noticed that there was a
black powder and a small amount of black fiborougemal on the edge of the boat. The
products of the reaction were analysed and chaisete

PXD analysis of the residual powder showed the 8Rttype of Ta$ as the dominant
phase, as shown by Figure 5.45. A small amount2 (% by peak intensity using
PowderCell’®) of the 1T polytype is present in the pattern glavith a small amount of
starting material, indicating that the reaction dad go fully to completion; it is likely that the
small quantity of TgOs present was outside the flow of £&hd protected from reaction by
the other reactants. This reaction used ~ 2 g afeoprecursor rather than the 1 g as in the
other preparations. The presence of both 3R anplolyfype is not unprecedented as at 1000
°C the 1T should be the dominant phase (as seemdtiof 3.3.3.1 from the products of
TaS,1000_Std) however as the cooling was slow, the 1Tla®uld likely convert to 3R-
TaS at around 600 °C. The peaks in the pattern wedtexed and refined to give unit cell
parameters in a hexagonal unit cell as shown ineré&l6. The accuracy of the unit cell
refinement is greater than that of the publishellles leading to the conclusion that the
structure is the 3R-TaSThe use of the Scherrer equation on the primaak yeelds a value

of ~ 2um for the average particle size.
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Figure 5.45: PXD pattern from the residual powdsresponding to the 3R and 1T phases of
TaS, (D5000).

Phase a c
0-S1000n 14h 3.3180(8) A 17.8969(2) A
3R-TaS 3.320 A 17.90 A

Table 5.16: Unit cell parameters from the indexedger patterns o®-S1000n_14h
compared to the published values for 3R-T4$

SEM analysis of the low density fibrous materiabwh similar structures to those discussed
in the silica ampoule experiments in Chapter 3sMaas the only preparation in this section
to start with a bulk precursor and finish with anophase product. The yield was however
immeasurably small, reducing the potential of fhigparation as a useful synthesis for 7aS
nanofibres. The particles were seen to consist lotks of Tag and were present as

contamination within the fibrous mass. Both moilphees had an average ratio of Ta:S of

~ 33:67 by EDX, (t 2).
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Figure 5.46: SEM micrographs showing the generapmaogy fromO-S1000b_14h(SEM
#2)

5.3.3.2 Preparation O-S850b 4h and Preparation N-S850b 4h

A black powder was obtained from the alumina bbat was characterised to the 3R structure
of TaS with a small amount of oxide contamination. Ifpegrs that the reaction has not
reached completion even though the material wa®umiy black in colour. It is likely that a
small amount of oxide material remained in the diottof the alumina boat and was not
reacted with the GS The pattern given in Figure 5.47 was indexedgifitvol 6% and
refined to the best unit cell, using CELRE¥Fgiving an hexagonal unit cell as seen in Table
5.17. The cell parameters are again a good maicthdse of the published 3R-TaS

structure*?as in the higher temperature synthesis.

- 3R TaS,
= T3205

S y

h
I [ T (NN T T T O I T
T T T T T T T T

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Figure 5.47: PXD for the products ©FS850b_4h (D5000 diffractometer).
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The pattern given in Figure 5.47 was indexed usiayol 6% and refined to the best unit
cell, using CELREE! giving a hexagonal unit cell as seen in Table 5Tfe cell parameters
are a good match to those of the 3R-Ist8icture, and have been compared to those @em

S1000n_14h

Phase a C
0-S850b 4h |3.313(1) A | 17.8468(4)
0-S1000n 14h 3.3180(8) A| 17.8969(2) A
3R-Ta$S 3.320 A 17.90 A

Table 5.17: Unit cell parameters from the indexedger patterns o0-S850b_4handO-
S1000n_14hcompared to the published values for 3R-TaS

-

SEM (Figure 5.48) shows sharp angular crystalléed a lack of round plate-like particles.
The morphology is directly comparable with that kigure 5.28, suggesting that the
sulfidation reaction is pseudomorphic in nature. EBdain confirms the 1:2 ratio Ta:S

indicting that the product is TaS

g °\& R -

of the powders from®-

Figure 5.48: SEM micrograph showing the general imoiqgy
S850b_4h (SEM #4).

5.3.3.3 Preparation N-S850n 4h

A sample of black fibrous appearance was recovérea the alumina boat used in the
preparation. The fibres were extremely similariose seen in the precursor. Aspect ratios
were recorded of ~ 4000, as observed in the nippi@eursor. The fibres consist of ribbons

and belts by conventional definitions (Section 3).1. These nanofibres have survived two
224



complete crystal structure changes from sulfidaitode and back to sulfide without loosing

their 1-dimensional microstructure, or fragmentatgng their lengths.

N J— e ~

Figure 5.49: SEM micrograph of the products frlr$850_4h (SEM #4).

Figure 5.50 shows the general morphology of thee§lin the three phases of the over all
reaction. The fibres were initially in the form ®8S from TaS,650 SAG before being
converted into TaNs in S-N950n_4hand finally in back into TaSagain afteN-S850n_4h
The fibres have withheld their fibrous nature tlgloout the processes and are clearly intact
with the 1-dimensional morphology characteristic n@nofibres. Aspect ratios have been
maintained, though the fibres are no longer amcéeal particulate free as in the initial sulfide

phase.
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Figure 5.50: SEM micrographs showing the geneajpimology of : (a)Tagfibres (Figure
3.17); (b) TaNs nanofibres Figure 5.10 and (c) Tat&nofibres (Figure 5.49) (SEM #4).

5.3.3.4 Preparation O-S850n 4h

The resultant nanofibres from the oxide precursaction were black in colour indicating that
the formation of sulfide had been achieved. Th®Rttern (Figure 5.51) however showed
significant amorphous character. This is unsunpgisis there was some loss of crystallinity as
the initial sulfide was converted into oxide (Senti5.3.2.3) There is one highly resolved
peak at 14 ° @ which corresponds to the 001, 002 or 003 lattiemgs of the 1T, 2H and 3R
polytype structures respectfully. There is notoheson within the data to successfully
differentiate between the different polytypes of ZaEhe peak is not however, expected in
the PXD pattern for the F@s structure indicating that the crystal structure transforms and
the sulfide has been formed. The few resolvabl&ge€ea not match those expected for the

any of the oxide phases described above.

-TaSy

5500

T U il
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5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

0

Figure 5.51: PXD showing the match between the yetslofS-O850n_4h (D5000
diffractometer)
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SEM shown in Figure 5.52 shows the morphology & txide nanofibres, Figure 5.35.
Ribbons and belts are again observed ds-8850n_4h concluding that indeed the reaction
back to Tagnanofibres is possible with minimal change in nmmpgy. The aspect ratio of
5000 is retained although these fibres appear tettagghter and less curly. Pictorially the
products from O-S850n_4happear half way between the straight long suliiwes and the

curly oxide wires, indicating that there is retentof morphology at each stage.

Figure 5.52: SEM micrograph showing the nanofilmeined fromD-S850n_4h (SEM #4).

The pseudomorphic nature of the nanofibres is $lestvn with images of the different fibres
side by side. The nanofibres obtained framrS850n_4h originated as TasS from

TaS,650 SAG Figure 5.53(a) before being converted into,Jain S-O800n_4hFigure

5.53(b) and then back into Tal O-S850n_4hFigure 5.53(c). The fibrous morphology is
retained though there is a high degree in initiais| of aspect ratio in the first step of the
process. The average aspect ratio of the initidldeuprecursor approximately halves with
lengths approximately quartering during the oxidlatiprocess. The aspect ratio is then

increases on conversion back into the sulfide reter
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Figure 5.53: SEM micrographs showing the generapimalogy of : (a)Tagsfibres (Figure
3.17); (b) TaOs Fibres (Figure 5.35) and (c) Taftbres (Figure 5.52), (SEM #4).

5.4 Conclusions

The pseudomorphic nature of these reactions israpp&rom the retention of the fibrous
morphology as can be seen from Figure 5.50 and&iglb3. A clear trend in crystallinity is
observed between the products of the three prepasaB-N950n_4h S-N800n_4h and S-
N650n_4h the trend runs from most crystalline and leasbmuinous, at highest temperature
(950 °C) to least crystalline and most amorphoustha lower temperature (650 °C) as
reported by Hector and Hendersoh.The existence of single crystalline nanofibre3 aNs
remains unproven. There is however, a clear infladmam the precursor crystallinity as the
single crystal disulfide nanofibres once reactethvemmonia have more crystallographic
texture than those originating from the less chisaoxide precursor. The ramp rate of the
heating step to obtain the sintering temperaturg afeo have an effect on the crystallinity of
the products and the size of the grains; howevsthids not been investigated.

Oxidation of the sulfide nanofibres did not leadtie beaded appearance observed in
the nitride phases unless the beaded structureaWweady present, as is indicated by the
similar reactions from sulfides to both the oxidmsd the nitrides. It is likely that the
mechanism of oxidation is very different to thattbé ammonolysis leading to the different
structures or simply takes place in a slower andemmiform manner. The ammonolysis
tends to form a beaded structure with differentigened crystals while the oxidation forms
amorphous or polycrystalline structures. In Séadf experiments however a large beaded

effect was noted when converting from TiC to Zi® It is therefore likely that the beaded
22¢



effect is more about the speed in which the chelnsmaversion occurs rather than the phases
which are being converted. This is evident from fénet that in comparing the oxidation of
TiC and Tag, one produced the beaded effect and the otherruiesvhile the ammonolysis
of TaS again produces a beaded effect.

It is possible to convert the nitride and oxidecsge into sulfides using GShowever,
it would be interesting to see if the formationnainofibrous material could be facilitated by
increasing the sintering temperature. It was olegbrin O-S1000b_14hthat minimal
nanofibres were formed from the bulk materials ighhemperatures, (though the yield was
immeasurably small). What therefore would happengreparation was attempted utilising a
nanofibrous oxide precursor and reacting with, @6 1000 °C for 14 hours? Would this
indeed have a reducing effect on the size and nobwgls, as is the case with the reduction of
trisulfide phases with Hused in the formation of many sulfide nanotubesrevibere is an
apparent size and morphology reducing efféct?° If so, would the reducing effect take
place in all directions i.e. produce nanopartiegadr would it result in smaller nanofibres by
reducing in an anisotropic manner?

The UV-vis DRS data shown in Figure 5.54 simultarsy show the comparisons
between the bulk and nanofibrous phases of botloxige and nitride. We observe a blue
shift as the morphology changes from bulk to ndofis much the same as the shift
associated with the reduction of particle size.wtiuld be interesting to do the catalytic
activity experiments and see if indeed the catalgitivity is improved as a result of the
morphology as well as particle size. Differentigtbetween the two is likely to be difficult as

the changing morphology will have an effect on pheticle size.
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Figure 5.54: Diffuse reflectance data showing tiygesimposition of the 4 different phases
described in this chapter on one set of axes.

The reactions described in this chapter also oiccarpseudomorphic way when starting with
a trisulfide precursor (Chapter 4) potentially aliog unprecedented control over the yield
and morphology of the products as a higher degreaniial control exists across both
systems than for any one system. E.g. in Sectior8.3.3% was shown how nanoribbons of
TaS could be produced in a 1:2 ratio starting matexi&d00 °C.

The concept of “Pseudomorphic reactions to nanametaterials” has opened up a
huge area of study. The examples listed in thiS@eof this thesis barely scratch the surface
of what is possible from the extension of this worRantalum nitride has many known
structures the stable ones as calculated by Staamgfl Freeman, using density functional
theory and include Edls and TaN as well as TaNs?** There are then further meta-stable
phases all of which could have interesting propsrtand potential uses in applications.
Changing the preparative conditions could indueeftrmation or conversion to nanometric
materials of all these phases. By changing theemxgntal parameters, e.g. sintering
temperature, it should be possible to form indepahdanometric phases outside the triangle

shown in Figure 5.1. An example of this would e tformation of TaON, another

23C



potentially useful photocataly§t *** %3 22y changing the ratio’s of the gasses and
temperature profiles or indeed by approaching #srdd phase via a solely nitride or oxide
phase. The chemistry and concepts of this chapterfaa from limited to the tantalum
system. The group at the University of Glasgow aghale has had much recent success in
the formation of the titanium analogues of the ahmh compounds discussed herein. This
has resulted in the formation of other nanomethages such as TiN and BHiOExtension
still further opens an endless supply of potentiabeful systems for which there is a single
possible nanometric phase and the ability to foothmitrides, oxides, sulfides and indeed
carbides. A possible example is the recent papgarding ZnO nanospher&sS. These
interesting spheres could, via the methods abeael 1o the formation of nanospheres of zinc
sulfide which has possible application in many loé turrently used fields for zinc sulfide,

e.g. IR optical materials and glow in the dark prad.
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