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A hydrothermal treatment of titanium dioxide (B)Owith various bases.é. LiOH, NaOH,
KOH and NHOH), was used to prepare materials with unique hggies, relatively small
crystallite sizes, and large specific surface arddse experimental results show that the
formation of TiQ is largely dependent on the type, strength andemmnation of a base. The
effect of the nature of the base used and the otrat®mn of the base on the formation of
nanostructures were investigated using X-ray diffeen, Raman spectroscopy, transmission
and scanning electron microscopy, as well as seirémea measurements. Sodium hydroxide
(NaOH) and potassium hydroxide (KOH) were both usedransform the morphology of
starting TiQ material.
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[. Introduction

The synthesis of one-dimensional (1-D) nanostrestusuch as nanotubes, nanowires, nanobelts and
nanorods, has generated great interest becauseiofunique structural properties, size effects and
potential applications in optical and electroniwides. Titania, also known as titanium dioxideais
widely studied material due to its photocatalytativaty, biological and chemical inertness, and its
corrosion durability, especially with regard to tfiest two mentioned." Although TiQ, is a
promising material for applications in photocatelydxidation and gas sensing technologies, the low
specific surface area and photocatalytic efficiereyain barriers to overcome. This clearly indisate
that further improvement of photocatalytic activitg crucial in terms of practical use and
commercialization. In order to achieve this ittiggrefore, desirable to enhance photocatalytiwiggti

by synthesizing nanocrystalline Ti@aterial with small particle-size and large speairface area.
Successful attempts to synthesize mesoporous, M@h large surface area and improved
photocatalytic activity have been reported usingvemtional methods in the presence of various
surfactants as templates. The setback is that théuped material requires the removal of these
templates by thermal means in order to obtainitra €rystalline producf ®

Fabrication of mesoporous Ti@articles has received more attention than thé&rcbunterparts due

to the difficulties associated with synthesizinggé 1-D structures while still maintaining contobl
their dimensions. This is largely ascribed to thenplexity associated with controlling the hydrogysi
rate and the crystallization process of titaniuecprsor during particle growtf**

Attempts to synthesize 1-D structures with smathehsions and relatively large specific surface area
have been madé?*’ However, the synthesis of nanotubular or nanofisrenaterials with good
crystallinity could only be achieved by the temjslgtmethod using porous anodic alumifi®*The

use of this method generates material with diammdgeger than 50 nm as a result of the confinement

of the molds used. The use of hydrothermal treatrokeiiO,, with either KOH or NaOH, proves to



be shorter and simpler and also yields high-qudlityes with uniform diameters (about 10 nm).
Relatively large specific surface areas, in excést00 nf.g™, can be obtained using a hydrothermal
process™*

In this study we report on the effect of base catregion, temperature and base type on the formatio
of nanotubes which form bundles. New informatioowtbthe mechanism of the formation of the

tubes is provided.

[1. Experimental Details

Materials. Titania (TiQ; P25 Degussa, Germany), KOH (Merck, South AfridOH (Merck, South
Africa), lithium hydroxide (LiOH) (Merck, South Aita), ammonium hydroxide (N4@H) (Merck,
South Africa) of analytical grades were all usedhaut further purification. For all experiments
deionised water was used.

Synthesis of TiO, Derived Nanostructures. The TiG-derived nanostructures in this study were all
prepared using a standard hydrothermal proceduhecenventional heating. The procedure is similar
to that described by Kasuga and others elsewfieteln a typical synthesis method, 23 g of 7iO
(P25 Degussa) was mixed with 200 ml of various eatrations (6, 10 or 18 M) of either LiOH, or
NaOH or KOH. In certain experiments a MbH (32 %) solution was used in lieu of alkali metal
hydroxides. The mixture was then placed in a Tetloderlined steel reactor and maintained at
various temperatures (120 and 150°C) for 24 h. fBaetion product of each experiment was then
washed with deionised water. The solid was sepafaben the mixture by means of centrifugation at
4500 rpm for 15 minutes. Washing was repeated argi value of the supernatant of about 7-8 was
attained. The product was then vacuum-dried iovaam at 120°C for 12 h and subsequently calcined

at 300°C for 4 hours.



Characterisation. Nitrogen adsorption-desorption isotherms were mnesmbs on a Micromeritics
TRISTAR 3000 analyser. Prior to analysis, samplesevwout-gassed at 158G in a vacuum for a few
hours. The specific surface area of the nanostrestwas determined by Brunauer-Emmett-Teller
(BET) method.

The XRD analysis of the samples was carried outgusi Phillips PW1830 diffractometer. The
apparatus utilizes nickel-filtered Cuk+adiation (1.54 A). The diffraction patterns werallected
with an X-ray gun, operated at 40 kV and 20 mA.

Information on the morphological features of thenpkes was collected using transmission electron
microscopy (TEM, on a JEOL 100S microscope). TEMh@as were prepared by dispersing the
powder in alcohol, followed by ultrasonic treatmeAtdrop of the mixture was then placed on a
copper grid, coated with carbon support film.

Further morphological analysis was carried out gisnanning electron microscopy (SEM). SEM
measurements were made on a JEOL JSM-840 scanleictgoa microscope. Prior to analysis the
samples were sputter-coated with a thin layer ¢&d.go

The Raman analysis was carried out on a Jobin-YU64000 spectroscopy, equipped with an
Olympus BX-40 microscope attachment. The excitatmavelength of 514.5 nm, with an energy

setting of 1.2 mW from a Coherent Innova Model 20§on ion laser, was used.

[11. Results and Discussion

TiO, derived nanostructures were obtained by hydrotalyrtreating TiQ (P25 Degussa) with alkali
metal hydroxides (LIOH, NaOH and KOH) and ammonilyaroxide (NHOH). The effects of base
strength and the nature of reactivity with 7Mere investigated and the results are discussed.
Syntheses of titanate materials with tubular stmed, using bases such as NaOH, KOH and LiOH

have previously been attempted and repofté@Factors such as temperature, base concentratibn an



type have been reported to influence the formatitubular structures® It is generally acceptable,

in the literature that variation of KOH concentoais leads to the formation of nanobelts or nanorods

1 Most synthesis procedures utilized involve the afsacid treatment step to remove excess base. We
report on the alkaline comparative study carrietinuthe absence of acid treatment step. We have
found that the use of both NaOH and KOH generateotubular structures. Interestingly, KOH

treatment also leads to the formation of new stmest

Textural Characterization of the samples. All materials synthesized in this study are lisied able

1 which shows the BET surface areas and the porenaduwf the materials used. Materials treated
with KOH (Samples A1-A4), NaOH Samples B1-B4) and LIOH Gamples C1-C2) showed larger
surface areas than that of the starting materi@, 149 nf/g). The largest surface area of 263gn
was obtained for material treated with 18 M of K@QH150°C. Although treatment of TiDwith
NH4OH resulted in a slight decrease in surface aBamfles D1-D2), it is evident that materials
treated with both LIOH and N4DH did not vary much. The samples were also conlpbata TiG in
terms of the surface area and porosity. Both tinfase area and pore volumes of the materials seem
to have increased in accordance with the basegsireine. KOH>NaOH>LIOH>NHKOH. This shows
that the surface enlargement phenomenon is infeegeihy the nature and strength of the base. It is
evident that treatment with relatively strongerdsa@.e. KOH and NaOH) results in the formation of
more porous material. Moreover, treatment withtneddy weaker bases (i.e. LIOH and NBH) did

not alter the surface area of LiO

Microscopy Analysis. Figure 1 shows the morphological properties of Ti®25-Degussa) material
used as a starting material in this study. The risteonsisted of clusters or agglomerates of pledi

that are somewhat spherical.



Figure 1. SEM image of untreated Tp@P25-Degussa)

However, the spherical morphology of the startirgierial transformed into nanotubular morphology
after treatments with 10 M of KOH at 120°C for 2duns Gample A1) and 10 M of KOH at 156C

for 24 hours $ample A2) as shown iFigure 2.

Sample Al showed the presence of tubes with a small praportif undeveloped or amorphous
material. The tubes were randomly distributed aad & diameter range of 8-11 nm and lengths of a
few hundred nanometers. The tubes were open-endedth sides and had thin walls. Some of these
tubes formed bundles. The amorphous material forolesters of particles while some of these

particles were deposited on the surface of thestEgure 2a).
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Figure 2. TEM images of (asample A1 treated with 10 M of KOH at 12{C (b) Sample A2 treated

with 10 M of KOH at 150C; and (c) SEM image &ample A2 showing tubes covered with sheets.

Sample A2 did not show the presence of undeveloped maté&ied.material was largely composed of
tubes and a few unrolled sheets. However, sombeofubes randomly stuck together to form a ball-
like structure Figure 2b). The SEM image oBample A2 in Figure 2c shows the presence of what
looks like tubes in a polymer matrix. It is believéhat tubes that formed a ball-like structure are
covered by film or sheet. It is well known that shormation is an intermediate step in hydrothérma

synthesis of Ti@ based nanotubes in the presence of a base subla@H. **?* The synthesis
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conditions used might not be conducible for a cateploll-up of all sheets to form tubes. The ball-

like structure was formed by the agglomeratiorubies and sheets.

Figure 3. TEM images of TiQ@ treated with (a) 5 M KOHSample A3) and (b) 18 M KOH $ample
A4) at 150°C.

The TEM micrograph oSample A3 (treated with 5 M of KOH at 156C) is shown inFigure 3a.
Sample A3 showed the presence of tubes, rods and amorphatesiah. The tubes formed bundles.
Furthermore, when the concentration of KOH waseaased to 18 M at 150°Csdmple A4) an
increase in the yield of tubes to 100% resultect flives were uniform with a narrow size distribatio
and had an average diameter of 10 nm. The tubeselatéesely longer than those obtained at lower
concentrations. The tubes were open-ended on eitlerand had thin walls. The TEM image of
Sample A4 shows that the tubes were randomly distributed thiede was almost no aggregation
(Figure 3b). It is noteworthy that the highest yield of tulibat are somewhat perfect was attained
when a solution of 18M of KOH was used. It is alst@resting to note the largest surface area, 263
m?/g, was obtained when 18 M of KOH was used whetleasowest surface area was obtained when
5 M of KOH solution was used. The large surfaceadreSample A4 is attributed to the tubular
structures whereas the low surface areg&Sample A3 is due to a relatively larger amount of
amorphous material. The surface aresSafple A3 (117 nf/g) is larger than that of the starting
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material (49 rfyg) and is due to the presence of tubular strustufkee concentration of KOH solution
influenced the quality, yield and length of tubbst not the tube diameter. The temperature also

influenced the yield of tubular structures.

Figure 4. TEM images of TiQ@ (P25-Degussa) treated with (a) 10 M of NaOH at A2@or 24 hours
(Sample B1) and (b) 10 M of NaOH at 158 for 24 hours $ample B2); and (c) SEM image of

Sample B2.

The TEM image oSample B1 (10 M NaOH at 120°C) ifrigure 4a shows that the sample consisted
of tubular and rod-like structures. The rod-likeustures showed a wider diameter distribution than
tubular structures. A significant amount of undepeld material was also observed. The tubes formed
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bundles and tended to break in the middle, reguitinlength reduction. The tubes had an average
diameter of 10 nm. Raising the temperature to 15@aple B2) resulted in the formation of tubular
structures with a 100 % yieldrigur e 4b). The tubes were relatively longer than thos&ample B1

and had an average diameter of 10 nm. Although rtubsts were free from agglomeration, slight
formation of bundles was observed with TEM analy$isough SEM sample preparation does not
include dispersion procedures such as ultrasospedsion technique the SEM imageSaimple B1
(Fig. 4c) shows the presence of bundles similar to thossereled with TEM. This shows that
ultrasonic procedure could not separate the bundiediubes. However, tubes were randomly

orientated.
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Figure 5. TEM image of TiQ treated with (a) 5 M NaOHSample B3), (b) SEM image oSample

B3 and (c) 18 M NaOHSample B4) at 150°C.

On the other handwhen the concentration of NaOH was decreased to usider the same
experimental conditiofSample B3), there was no formation of tubular structure (sads a and b of
Figure 5). The sample consisted of clusters of particlesilar to those of the starting material.
However, when the concentration of NaOH solutiors weareased to 18 M from 10M under the same
experimental conditionsSample B4), a very small proportion of starting material wasverted to
tubes (~1 %,Figure 5c¢). Although the quantity of tubes was very smdfie ttubes were fully
developed with diameters comparable to tha®avhple B2, but shorter. However, the largest surface
area, 2471lg, was obtained when 10 M of NaOH was used.

It was observed that the surface area increasédaniincrease in concentration of NaOH. However,
the surface area @ample B4 (93 nf/g) was smaller than that 8&mple B3 (107 nf/g). The lower
surface area observed f8ample B4 is probably due to the formation of tubular stanes which
subsequently re-dissolved to form amorphous méatertas might lead to the formation of larger
crystals than those @&ample B3. The concentration of NaOH largely influenced tbemation and

length of tubular structures.
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Figure 6. SEM images of Ti@treated with (a) 10 M of LIOH at 120°Gdmple C1) and (b) 10 M of
LiOH at 150°C Sample C2).

The SEM images dbamples C1 andC2 are shown irFigure 6(a) and(b), respectively.The images
depict similar microstructures for both samplese Thicrostructures displayed by these samples
(Samples C1 and C2) are similar to that of the starting material (Zj@25-Degussa) shown in
Figure 1. All three samples showed comparable particle shapd size with a regular spherical
morphology. It is noteworthy that althou@amples C1 andC2 had similar morphology they had
different surface areas (51 and 6&/grrespectively). The surface areaSaimple C1 and that of the
starting material were rather comparable suggestiagtreatment of Ti@with LIOH at 120°C, does
not alter the microstructure and the surface ptggeeof the TiQ. However, a slight improvement in
surface area was observed when the temperatureelsaated to 150°C. The similar particulate
morphology suggests that the larger surface areanmple C2 is probably due to intra- and inter-

particle porosity. This is consistent with the atveé larger pore volume.

\
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Figure 7. SEM images of Ti@treated with (a) 32% of NiDH at 120°C (Sample D1) and (b) 32%

of NH4OH at 150°C $ample D2).
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The SEM images of samples treated with 32%,@QIH at 120 and 150°CSémples D1 andD2) are
shown inFigs. 7(a) and(b) respectively. The microstructures of both matenaére similar to each
other and to that of Ti© The surface areas were also comparable to tHERf This clearly shows
that NH,OH has no influence on the microstructure of JiDhe observed slight decrease in surface
area with increasing temperature is ascribed tm grawth.

XRD Analysis. The XRD patterns ofamples A1-A4 are shown irFigure 8. The XRD patterns of
Samples A1 and A3 (shown in inset) showed a few peaks at 2-thetaegatif 25 and 27°, which are
characteristic of the anatase and rutile phase3i©f, respectively. This indicates samples are
relatively more crystalline. The Ti(peaks are attributed to the presence of unreacserial in both
samples. The pattern also shows the broadeninghef peaks due to the presence of nanotubular
structuresSamples A2 andA4 show more peaks broadening than thossaafples A1 and A3. This

is due to the presence of larger quantities of larbstructures in the corresponding samples. The
assignment of these few peaks to any of the knawstal structures is not possible; however, the

peak broadening is indicative of the presence nbogystals.
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Figure 8. XRD patterns oBamples A1-A4.
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Figure 9. XRD patterns oSamples B1-B4.
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The XRD patterns ocfamples B1-B4 are shown irFigure 9. The XRD pattern oSample B1 shows

the presence of a few characteristic peaks of, Which are due to the presence of the un-reacted
material.Sample B2, which is more crystalline thaamples B3 andB4, shows peak broadening due
to the presence of nano-sized tubular structures.peaks broadening 8amples B3 andB4 suggest
that at an elevated temperature (f8) and a NaOH concentration less/greater than 1Ti®
particles are transformed into smaller particleg,Tparticles might form tubes, during synthesis,
which subsequently re-dissolved to form smallerstalg rendering tubular structures unstable at

concentrations of NaOH lower and/or higher tharML0
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Figure 10. XRD patterns oSample C1 andSample D1.

The XRD patterns afample C1 (Figure 10) andSample C2 (not shown) were found to be identical.
It is interesting to note that the XRD patterrSample C1 revealed the presence of very few and new
crystalline peaks at 2-theta values of ~44, 64&ffd which could not be indexed to either the ss®ta

or rutile phase. The peaks were found to correspgorttiat of LiTiG, phase using the Expert High
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Score 2002 software and XRAYAN software developédJmipress, Institute of High Pressure
Physics in Poland. It was found that with an insee@ the LIOH concentration, the LiTi@hase
became more prominent with increasing peak intgnsit

The XRD patterns oSample D1 (Figure 10, inset) andSample D2 (not shown) were found to be
identical. This clearly shows that treatment of Z7Mith NH,OH has no influence on the crystal
structure. Though treatment with MBIH resulted in an increase in system pressure duihd

formation of ammonia, however, this did not inflaerthe reactivity with Ti@
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Figure 11. Raman spectra &&amples A2, A4, B2, andB4.

Raman Spectroscopy. The Raman spectra 8&amples A2, A4, B2 andB4 are shown irFigure 11.
All samples showed the presence of new peaks teahaither of anatase nor rutile phase. These
peaks are primarily due to the structural changdke TiQ, resulting from the transformation of 3-D

crystallites to 1-D nanotubes. The peaks observé8& 271, 441, and 652 &nfor Samples A2, A4,
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andB2 are all attributed to a titanate structufe> Sample B4 showed peaks much broader than other
samples due to small particle-size, implying the absencedefred crystallinity. This observation is
consistent with the XRD results. The broader peaks wedeat 271, 441, 652 and 905 trfor
Sample B4 are also attributed to a titanate structure. The peakglaand 441 cthare assigned to
the Ti-O-M (M = Nd or K" bonding in the titanate structur®. This clearly suggests that the
nanotubes and NaOH-treated particles are made fromnatétatructure containing either K or Na.
Energy dispersive X-ray (EDX) spectroscopy studies ghbthat all samples contained Ti, O and M
(where M = Li, Na or K). This finding is consistent with titde structures with the formulae of

NayTi»O4(OH), and KTiGy(OH). 2"?8
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Figure 12. FTIR spectra oSamples A4 andB2 recorded at room temperature.
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Figure 13. FTIR spectra oSamples A4 andB2 recorded at room temperature.

FTIR spectroscopy. A FTIR spectroscopy was used to show the presence éf ‘¢gtoup in the
titanate structure and shownhingure 12. The two OH stretch vibrations observed at 3600-2600 and
1625 cm for bothSample A4 andSample B2 are due to two different chemical environments of the
OH groups?® The OH bands at ~3600 &nulid not disappear, even when the samples were haated
high temperatures (~200°C). This clearly shows that the absorption bands couldhsigered to be
the part of the crystal lattice and consistent with the Ramantrsgcopy results as discussed

previously.

Figure 13 shows the FTIR spectra of nanocrystalline LiJiBoth spectra show peaks characteristic
of the OH group at 3430 and 1636t The broader peaks centred at 3430'@re OH stretching
vibrations of surface hydroxyl group¥ The absorption peaks at 1636 trmre due to physically
adsorbed water molecules (H-O-Hj.Two more peaks were observed at 1505 and 1435 amd

their relative intensity increase with an increase in LiOHceatration. The two peaks are attributed
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to the stretching vibration of Li-O-Li bonding? The increase in peak intensity with LiOH

concentration is due to the increase in the amount of Lipi@se.

Table 1: BET surface areas and pore volumes. All samples inyaehethermally treated for 24 hours.

Designation  Precursor  Temperature Base SeeT PoreVolume
(°C) Concentration (m?g) (cmg)
(mol/L)
TiO2 P25 Degusaa - - 49.4 0.33
Sample Al KOH/TIO, 120 10 154 0.44
Sample A2 KOH/TIO; 150 10 204 0.62
Sample A3 KOH/TIO, 150 5 117 0.38
Sample A4 KOH/TIO, 150 18 263 0.84
Sample B1 NaOH/TIO, 120 10 143 0.46
Sample B2 NaOH/TIO, 150 10 247 0.75
Sample B3 NaOH/TIO, 150 5 107 0.49
SampleB4  NaOH/TIO, 150 18 93.4 0.39
SampleC1 LIOH/TIO, 120 10 51.0 0.37
SampleC2  LiOH/TIO, 150 10 59.8 0.43
SampleD1 NH4OH/TIO, 120 32 % 47.7 0.41
SampleD2 NH4OH/TIO; 150 32 % 43.9 0.38

Comparison. From the above results it is clear tffa¢ main products in this study gamples A2,

A4 andB2. A detailed study of the effect of variation of base eomi@tion on tubular structures at
low temperature (120°C), has been reported elsewtlere.

The textural data for the samples are summarizelthbie 1. The BET specific surface areas of the
samples containing only tubular structures (8ample A4 andSample B2) were 5 times higher than
that of commercial material. The surface area increastdami increase in the quantity of tubular

structures and was independent of the base used. Tieased specific surface area for the tubular
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materials is influenced by the porous nature of the tubles.ificreased surface areas of the non-
tubular materials are probably due to increased intra-iated-particle porosity. The increase in
surface areas of LiOH-treated sampl8aniples C1-C2) is probably due to the insertion of'linto

the structural framework of Tiesulting in an increased porosity.

The yield of the tubes increased with an increase ipéeature (from 120°C to 150°C) for both
NaOH- and KOH-treated samples. This shows that the farbgation can be kinetically controlled.
However, LIOH- and NHOH-treated samples did not show any dependence oartipetature range.
The concentration of the base was found to influentie the yield and morphology of the materials.
The formation of rod-like structures iBamples A3 and B1 might have resulted from the
agglomeration of the tube bundles. The highest yield bésu(~100 %) was obtained when the
concentration of KOH was 18 M at 150°C. At concentretitower than 18 Mie. 5 and 10 M) of
KOH under the same experimental condition, tubes anddelike structures with imperfections were
obtained. Tubes appeared shorter with a wide particléhethstribution. It appeared as though longer
tubes were initially formed and then broke into shortergsetith different sizes. The tube fracture is
believed to be due to tube instability in base concentraliibis clearly shows that depending on the
experimental conditions new defects may be introduced inttuthdar structures. Bundle-formation
was observed. However, a different kind of behawas noticed with NaOH treated samples. The
highest yield (~100 %) of tubes was attained when thecentration was 10 M at 150°C. At
concentrations lower or higher than 10 M, very littlenortubes were formed. Yuan and co-workers
had similar observations for NaOH-treated samp{®©ur data clearly show that the variation of
concentration and temperature not only affects the hmbogy and particle-size but also the
orientation of the nanostructures (i.e. formation of bemdods and spherical structures). The bundle
formation is taking place by the self-assembly of tubutarctures. This could be due to charge

accumulation on the surface of tubes thereby increasirgeatrostatic attraction between the tubes.
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Based on the morphological data it can be inferred thafattmeation of bundle-like structures is
largely affected by the concentration and the nature lodse. It is interesting to note that all the
tubular structures formed (i.e. NaOH and KOH) showedlaindiameter suggesting that crystal
growth mechanism was not sensitive to type of base ltmdever, the threshold concentration for
the formation of nanotubes is higher for KOH than Na@kk formation of other structures such as
nanorods, sheets and ball-like structures were obtaiakavithe threshold concentration for tube
formation with KOH. To the best of our knowledge thenfation of a ball-like structure of T{O
derived nanotubes has not been reported before. fHsenre of sheets and tubular structures at a
specific base concentration and temperature is belig/ee responsible for the interconnectivity of
tubes to form a ball-like structure. The tubular and shieetstructures might have aggregated
through physical attraction due to surface charges. Tinglidg bonds of the two-dimensional
lamellar (sheet) could also interact with the surface atontkeofree and bundled tubular structures
via weak van der Waals forces leading to the formatioiarger and complicated ball-like structure.
This effect might have kinetic reasons. It appears thatdhieg up process of the 2-D structures
(sheets) is slower than the formation process therelrgdsing possible interaction of the already
formed tubes with these structures (sheets). This isaptpldue to insufficient concentration of KOH
(i.e. 10 M) required for rapid formation of tubes.

Variation in the concentration of NBH showed no influence. A new phase (LifiWas observed
with LIOH and the XRD peaks increased with an increaseanctincentration of LIOH. The data
show that the tube formation was dependent on the readindystrength of the base. Of the four
bases, KOH is the strongest and readily transformedntbehology of the starting material.
Although LiOH is a strong base (weaker than NaOH andHK®o tubular structures or

morphological changes were observed. This is possiblytalaerelatively smaller size of Livhich
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might not be compatible with the lattice of RO he difference in optimum concentrations for tube
yield for both KOH and NaOH is attributed to thermodynastadbility.

Previous studies have suggested that treatment ofwit® KOH leads to the formation of only rod-
like structures®® We have found that the bundles of tubes may coekisgavith rod-like structures
depending on conditions used but when the base contentvegas high (i.e. 18 M) tubes free from
agglomeration could be produced. Early studies have steghthat the tube formation is underpinned
by the acid treatment stef5:** However, recent studies have shown that the acid treastegnis not
crucial for the formation of tube&’° Our results suggest that the acid treatment step is notedquir
and that tubular structures can only be formed whenctveect base, base concentration and
temperature are utilized. Though the€,LNa" and K ions could penetrate the lattice of i@ is
known that these ions could be replaced Bytéiform a proton titanate with or without a tubular
structure. This shows that tubular structures obtainecadig treatment might have a different
structure and properties when compared with those raietteAcids used to convert the alkali metal
ion titanates to H-form titanate include HCI and HN\Bnong others: This further contaminates the
products and introduces defects’’ The removal of chloride ions is especially difficult. Itdisown
that acid treatment reduces the dimensions (length simarjesf both single-walled and multi-walled
carbon nanotubes (SWCNT and MWCNT) and introducesdefacts 3*°

Both NaOH and KOH-treated tubular samples showed broaglefidiffraction peaks mainly due to
the nanometer-size of the tubes and the bending of ammeplanes of the tubes.

It was observed that samples treated with KOH becany flvith increased volume and decreased
density. This is attributed to lattice expansion of the,Ti@trix due to the intercalation of Kons
which have larger ionic radii than *fiions. This effect was not observed for NaOH-treated kemp
and it is believed that this is because of the ionic radiudlaf though numerically larger, is

comparable to that of T4 The ionic radius of l'iis relatively smaller than that of i High levels of
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basicity and concentration of alkali metal ions favar fbrmation of titanate phases, i.e. Li%jO
KTiO2(OH) and NaTi,O4(OH),. It can be concluded that treatment of 7Math alkali hydroxides
(LiOH, NaOH and KOH) leads to the formation of titanatectres with respective alkali metal ions
intercalated. The formation of denser Liti@anocrystals with smaller dimensions than those of the
starting materials (Tig) suggests that Licould occupy the position of *fivia substitution. The
intercalation of LI appears to have a phase stabilizing effect probablytalits relatively smaller
ionic size than that of Tf. The intercalation of Naand K destabilize the Ti@framework forming a
sheet and subsequently tubular structures (or rodsyetdr, the formation of tubular structures is
underpinned by the size of the metal ions. Furtherntbeshature and concentration of the base used
also influences the morphology (i.e. the formation of spakdc rod-like particles). Previous studies
have suggested that treatment of Tilith KOH leads to the formation of nanowiré8 We have
shown that by using very concentrated solution of KOH. (L&M) tubular structures that are
somewhat perfect could be formed. However, variation @HKconcentration yielded different

structures such as nanorods.

Nanotubes For mation M echanism. Tubular and non-tubular structures were obtained ag&atrrent
with various concentrations of NaOH and KOH solutions. péwder XRD and Raman data revealed
that structural changes occurred despite the final partichphotogy. The structural changes were
accompanied by improved BET specific surface ar8asaples without tubular structures such as
Samples B3 and B4, showed an increase in the specific surface area. Sarmpptpared from KOH
were fluffy and bulky.

Based on our results, the mechanism of formation of tishpsoposed to occur as shownScheme

1. When crystalline particles of TiOnaterial are treated with a very concentrated LiOH or Na®H

KOH solution the metal ions (Lior Na or K*) are intercalated into the TiGramework. When both

-23-



the temperature and base concentration are sufficieigtlyedmough, intercalation of ions occurs. This
is followed by the exfoliation of three-dimensional crystedliinto two-dimensional layered sheets.
The exfoliation is due to destabilization of i€tructure by metal ions (i.e. Nar K). However, LT
forms a stable phase (i.e. " ltbo small to destabilize TiQattice). The edges of the layered structures
might contain atoms with dangling bonds. The layeresetshare unstable mainly because of high
system energy (high surface-to-volume ratio). In orgdereduce the system energy by saturating
surface dangling bonds the two-dimensional structuoisup, thereby forming one-dimensional
tubes?® #*This shows that the intercalation of ions and the formatfdhe intermediate product (two-

dimensional sheets) are crucial steps in the formatitubek.

Scheme 1. Mechanism of nanotubes formation.
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V. Conclusions

In the present study, the effect of base concentrationpeieture and the type of base on the
formation of nanotubes have been investigated systeratiOa the basis of results and discussion
the following conclusions can be made: First, the nantdubstructures can be produced
hydrothermally by treatment of TiQvith either NaOH or KOH, under controlled conditions. $el;o
KOH is more reactive with Tipto yield nano-structured materials with different shapes tluas
NaOH. Nanotubular structures were successfully syntbeésizthe absence of an acid treatment step
using KOH and leading to the formation of a more cocaptd ball-like structure. The shape and
nature of nano-structured material formed are intteenby the concentration of KOH used, and the
yield of nanostructures is influenced by both temperatuid lase concentration. Fourth, the
formation of tubes is preceded by metal ion intercafatiollowed by the formation of a two-
dimensional layered structures and subsequently tubéth, the basicity and the metal ion
compatibility for intercalation are crucial for the formatiohtubes. Although LIOH is also a strong
base, it is relatively weaker than both NaOH and KOHRidn has a smaller ionic radius than"Nad

K*. Finally, although the pressure in the reactor systembaagportant for the formation of tubes, it
is clear that the basicity overrides the effect of pressiihne use of NHDH increased the system
pressure due to the formation of pflHNo chemical transformation of Tj}Qvas observed. This is
partly due to the lack of metal ion to be intercalated aaedvéakness of NMDH as a base.
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