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High aspect ratio TiQnanostructures were produced by simple hydrothermal treatment and the nature
of two distinct morphologies, compact nanofibers and hollow nanotubes, was explored as a function of
preparation conditions. The crystal phase of the;8@rting material was found to be a key parameter
for the determination of the general morphology, whereas particle size mainly influenced the conversion
yield. Other parameters, such as hydrothermal temperature and solid/liquid ratio, exert control over the
size and shape of the product. The findings can be interpreted in terms of a dissolution/recrystallization
formation mechanism. Detailed characterization by Raman spectroscopy and X-ray/electron diffraction
is provided; the data show that the nanoscale products were based on a variety of hydrated and often
sodium-containing titanate crystal phases, such as trititanate or pentatitanate, rather than anatase or rutile.
Variations in the washing procedure were found to have no significant influence on the overall morphology
of the products, but did affect other properties, such as the specific surface area and annealing behavior,
that are important for many practical applications.

Introduction moderate temperatures, pioneered by Kasughas often
been claimed that this process yields single-crystal nanotubes
There has been widespread recent interest in high aspeciyith a uniform outer diameter of around 10 nm and a length

ratio nanostructures, and particularly nanotubes, from titania of several hundreds nanometéfs® More recently, other
precursors. These structures combine high aspect ratio, highnorphologies such as nanofibers and nanoribbons have also
surface area, and versatile chemistry with the conventionalpeen reported using related hydrothermal treatmiénts.
advantages and properties of Bi0hey are thought to have  However, statements in the literature concerning the impact
potential benefits in a wide range of applications, including of the various preparation conditions on the resulting
catalysis} energy storagégas sensorsand photovoltaic8.  structures are often conflicting and inconsistent. Hydrother-
Our research is motivated by the need to produce improved,mal parameters such as reaction temperature, -stidjdid
nanostructured TiQmaterials for use as semiconducting ratio, and reaction time differ over a broad range, and
electrodes in hybrid organiginorganic and dye-sensitized  different morphologies are reported for very similar synthetic
solar cells (DSSC9)Titania structures with high aspect ratios  conditions. For instance, Tsai et'&found that for temper-
are expected to facilitate electron transpartd may enhance  atures higher than 130C, additional granular particles are
dye adsorption and interpenetration of hole transport materi- formed; Yuan et al! reported that the optimum yield of
als? all important factors in the cell performance. For this nanotube formation is achieved at 18Q, whereas the
application, the relationship between the synthesis conditionsformation of high aspect ratio nanoribbons is observed only
and the morphology of the resulting titania must be under- at temperatures higher than 180. Moreover, some authors
stood, especially including the effects on critical properties argue that the formation of the nanostructures occurs during
such as crystal phase, specific surface area, and annealinghe final washing step, in which the base used during the
behavior’ hydrothermal treatment is neutralized. They demonstrate that

One of the most promising and simplest synthetic routes the washing conditions crucially determine the size and shape

to high aspect ratio Tinanostructures is the hydrothermal  ©f the formed structure’® However, other groups report
treatment of titania powders in highly basic solution at that the desired structures are already present during the basic
hydrothermal treatment, before neutralizattéi
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From these conflicting findings, different conclusions

ayeass Commercial source

Crystal phase

regarding the formation mechanism and crystal phase of the particle size
obtained nanostructures have been drawn. Several studies 1 s S o

t the formation of thin nanosheet or nanoplate inter- i) Ml A
repo_r 15.16 . P TiO, anatase 5 Nanostructured &
mediates:*>16Two different models have been proposed to 2 (>99%) M1 Amorphous material
describe how these “2D precursors” are formed. In the TiO, s
exfoliation model, it is assumed that the basic treatment 3 rutile/anatase | 30-40nm | Amorphous material

initially disturbs the crystalline structure, allowing individual
2D sheets to exfoliate from the parent crystal as complete
layers (for example, (010) layers from anatas&ubse- 1)
quently, these sheets roll up to form scroll-like nanotubes,

Figure 1. Overview of the starting materials used.

Hydrothermal treatment

driven by the need to decrease surface energy or dangling I Remolvalof
bond concentration and triggered by decreasing electrostatic ) basic supernatant
repulsiof or the formation of undercoordinated surface }

sitest” According to the dissolution/recrystallization model,
the very basic environment causes partial dissolution of the

1)

One Washing step
with DI water

TiO, and its consequent reprecipitation as layered alkali i |
titanates. From these layered precipitates, nanotubes can bw) One washing sizp One Washing step
formed because of the asymmetric environment caused by T
hydrogen deficiencyor mechanical stress. | I

Considerable efforts have been made to identify the crystal
phase of the product(s), with most results indicating the
formation of a protonic or alkali titanate phase. It is assumed )
that the sheetlike structures are formed by layers of edge-V1) O g
?hanng TiQ octahedra; however, their precise arrangement Figure 2. Scheme of the washing process applied after hydrothermal
is not clear. XRD and SAED patterns of these materials are treatment of the titania starting powders.
quite complex and have been interpreted in terms of
trititanate (HTiz0;),'® tetratitanate (bITi40¢'H,0),'? pen-
tatitanate (HTisO11-H.0),"orlepidocrocite (k("—.l 27?%(/404"_'20)16 Three different titania powders were used for the preparation of
phases. On the other hand, the exfoliation model often high aspect ratio nanostructures (see Figure 1 for details). Each of
assumes that the nanotubes must be anatase. Recentlynese powders was mixed with 10 M NaOH in a 250 mL Nalgene
combined SAXS/WAXS spectra of the nanotubular material flask. The amounts of titania and basic solution were chosen to
have been interpreted in terms of pseudo-anatase and pseudenatch a fixed solid/liquid ratio. The titania dispersion was heated
rutile phased’ Poudel et al. demonstrated that different to moderate temperatures under vigorous stirring for 2 days, after
crystal phases (anatase, hydrogen, or sodium titanate) aravhich the mixture was allowed to cool, with continued stirring,
formed, depending on the autoclave filling fraction, the pH for a further 3 h.

of the washing agent, and the annealing temperature. Upon reaching room temperature, each sample was divided into
0.25 g batches and treated as illustrated in Figure 2. Each washing

This article aims to shine some light on these contradictory gt consisted of mixing the precipitate of the previous step with
findings through a systematic investigation of the relationship 35 mL of the washing agent, sonicating for 15 min, and finally
between preparation conditions and the size and morphologycentrifuging in order to isolate the solid product. Stages Il and IlI
of the high aspect ratio products. It will be shown that the of the washing procedure (shown in Figure 2) were intended to
key element appears to be the selection of the titania remove the majority of the highly basic hydrothermal solution. At
precursor used, although other process parameters, such agage Vv, with the solutign still very alkaline, some variatipn was
hydrothermal temperature and solid/liquid ratio, are also introduced into the washing procedure: the sample was mixed with

. Finall he eff f diff hi either 35 mL of deionized (DI) water as in the previous steps, or
important. Finally, we assess the eftect of different washing an equivalent amount of 0.1 M HCI; the resulting final products

procedures on the morphology of the products and their yre referred to as water-washed and acid-washed samples, respec-
specific surface area and annealing behavior, factors that areijvely. As a further variation, the washing agent was added in one
relevant to their application in DSSCs. of two modes: either in a single addition or dropwise roae2 h

period with stirring. In stage V, further washing steps with DI water
followed (8 washing steps by single addition of DI water, unless
otherwise stated). After the final washing step, the wet material
was dried in air at 353C and finely ground in a mortar. Selected
samples £0.1 g) were annealed in a furnace under air at 450

for 2 h.

SEM images and EDX data were collected on a GEMINI LEO
1525 FEGSEM and a Philips XL-30 FESEM at an accelerating
voltage of 5 kV. Samples for characterization were sonicated in
ethanol, deposited on a fluorine-doped tin oxide (FTO) substrate,

Washing steps
with DI water

Experimental Section
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and coated with 15 nm of gold. TEM images and SAED patterns
were obtained on a JEOL 2000FX, operating at 200 kV; samples
were sonicated in ethanol or water and deposited onto a holeyf
carbon film. XRD measurements were performed on a Philips 5
PW1729 X-ray diffractometer using €iKa radiation. Raman
spectra of the powders were collected on a LabRam Infinity Raman \ S |
spectrometer, using 532 and 633 nm lasers. The determination ofg%"
specific surface areas were determined by BET adsorption measure \é
ments on a Micromeritics ASAP 2010 instrument. .

~aj

Results and Discussion

Influence of the Starting Materials. Titania powders of
different crystal phases and average particle sizes were
transformed into high aspect ratio (HAR) nanostructures by
applying a standard set of hydrothermal and washing
conditions (solid/liquid ratio: 1 g of Tigyeé0 mL of 10 M
NaOH solution; 130°C hydrothermal temperature; 8 DI
water-washing steps, single addition of the washing agent).

As shown in Figure 3, SEM shows that the products have |
different structures depending on the starting powder used.
Products from powders and2 are similar in morphology e
and size (see images a and b of Figure 3), even though the /i
particle size of the precursor powders differs by more than
3 orders of magnitude (see Figure 1). The products obtaineds
from these two powders have a rodlike morphology, with g
no obvious hollow core, and exhibit a broad distribution of "c" 7/R
diameters and lengths (average valudsy (50 £+ 30) nm !
andl ~ (2 + 2) um). The apparent slight difference in length
between these two samples is probably an artifact of sample
preparation; samples taken directly from the hydrothermal £ ‘
mixture show much longer (several tens of micrometers) 7
fiberlike structures (see Figure 9), which must break during "
subsequent sonication and grinding steps. However, the?, : :
general similarity of morphology and diameters of both 23 \
products clearly demonstrates that the dimensions of the§
products are not directly correlated to those of the starting 7%
materials. This conclusion provides a strong argument against’ . »
the exfoliation mechanism, and in favor of the dissolution/ Figure 3. SEM images and specific (BET) surface areas (inset) of HAR
recrystallization model. On the other hand, the X-ray data structl_Jres. obtained after hydrothermal treatment of different starting

. . . materials: (a) product from microcrystalline TiQutile powder1, (b)
and Raman spectra of products obtained under identicalyroguct from nanocrystalline Ticanatase powde (note that the granular
experimental conditions but at a slightly lower temperature structure in the background originates from the substrate), and (c) product

o indi ; from nanocrystalline Ti@rutile/anatase powde3. Experimental details:
of 110 °C (not shown) indicate that the products obtained solid to liquid ratio 1 g of TIOJ60 mL of 10 M NaOH solution:

from microcrystalline powdetl contain original starting  hygrothermal treatment at 13@ for 2 days; 8 washing steps with DI water;
material, whereas the products from nanocrystalline powder single addition of washing agents.

2 are fU”y converted. This impaCt of the CryStaI size on the Returning to Figure 3, the products from pow(ﬁeare
conversion yield, which is in agreement with the findings gistinctly different from those of powdefsand2: both SEM

of Nakahira et all,z may be attributed to the hlgher surface and TEM images (See Figures 3c and 4d) show that smaller
area and lower stability of the nanoscale precursor. Theseand more uniform products are obtained when the mixed-
conclusions may explain the findings of Zhang etiyho phase precursors are used. The TEM images (Figure 4d)
claimed that both the crystal phase and the size of theshow a high fraction of hollow structures with diameters
precursor influence nanotube formation; their observation of ground 16-15 nm and several hundreds of nanometers in
different N; adsorption behavior for different initial particle  |ength. These values are consistent with those frequently
sizes can probably be attributed to variations in conversion reported for titania nanotubé&:° In addition, the surface
yield rather than variations in the high aspect ratio morphol- area is significantly greater (1422g) than for both the larger
ogies. Although particle size is the most obvious difference structures, as might be expected. In fact, this surface area is
between powders and2, the identity of the crystal phases  proadly consistent with a simple geometric estimate for tubes
may also have an effect. of these dimensions (assuming perfect tubes with ID 5 nm
and OD 12.5 nm and using the NaO; bulk density of

(20) Zhang, Q. H.; Gao, L. A.; Sun, J.; Zheng,Ghem. Lett2002 226. 3.94 g/n¥, we can perform a simple geometric calculation

o T .
A’ Sl Pk e - =
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Region A Region B Region C
200

112
113

intensity [a.u.]

Products from TiQ, powder 1

d-spacing from d-spacing from index acc. to
XRD SAED pentatitanate
(A) (A) model
A 10.3 200
B 83 8.0 202
c 37 37 110
D 27 28 006
E 22 23 008
F 19 19 D20
G 1.5 16 1003

Figure 5. X-ray diffraction patterns of HAR structures obtained from
different starting materials: (a) products from Ti@tile powderl, (b)
products from TiQ anatase powde2, and (c) products from Ti@rutile/

£ il anatase powdé (indexed as trititanate /i307 according to Chen et &%).
Figure 4. TEM images of HAR structures obtained from (a) microcrys- The table compares thé-spacings obtained from pattern (a) with the
talline rutile powder1, (b) nanocrystalline anatase powdr and (d) d-spacings obtained from the SAED pattern shown in Figure 4c (bold
nanocrystalline Ti@ rutile/anatase powdes. (c) and (e) show indicative ~ humbers indicate strong signals) and indexes the reflections according to
SAED patterns for structures (a) and (d), respectively. Experimental details the model of hydrated pentatitanatgTiO.r3H,0.22 Experimental details
as for Figure 3. as for Figure 3.

that yields a surface area of 13%/g). The SAED pattern

of powder3 (see Figure 4e) shows distinct but quite broad
rings, indicating crystallinity but small crystal sizes or high
defect concentrations (note that the SAED pattern originates
from several nanostructures, giving rise to orientational 3
averaging).

TEM images of the products from powdetsand2 (see
images a and b of Figure 4) show only larger high aspect =
ratio structures, often termed nanofibers, nanobelts, or
nanoribbonsg?! Within each individual nanofiber, the
internal contrast is consistent with a uniform cross-section
along the nanofiber axis. The presence of these smaller B ——
substructures suggests that the nanofibers consist of ir- 10 200 300 400 500 ;1900 700 800 900 1000
reg_U|arIy folded layers, rther than uniformly (sc)rolled tubes, Figure 6. Raman spectralfx = 633 nm) of HAR structures obtained from
which leads to complex internal structures, as seen for theditferent Ti0; starting materials: (a) products from rutile powder(b)

individual nanofibe shown in Figure 4a. The surface areas products from anatase powdgrand (c) products from rutile/anatase powder

3 : ; : 3. For reference, line (d) shows the spectrum of the initial pov@deith
for these nanofibers are bigger than might be expected 9IVeMN e anatase and rutile peaks marked as A and R, respectively. Experimental

their external geometry. Assuming perfect cylinders with a details as for Figure 3.
diameter of 50 nm and using the N&O; bulk density of

3.94 g/n?, we can perform a simple geometric calculation nanostructures obtained from powddrand?2 are similar;

that yields a surface area of 2G/igcompared to values of 4 typical example is shown in Figure 4c. All the diffraction
49 and 92 rffg measured by the BET method. This patterns from the nanofibers have a similar appearance, with
discrepancy suggests substantial &dsorption, either in  the same crystallographic orientation; however, variations
interlayer galleries or in internal cavities generated by the jn the equatorial spacings occur. The spacings observed in
irregular folding. The SAED patterns of the individual the diffraction pattern of the nanotubular products (Figure
4e) compare reasonably well to those of the nanofibrous
(21) Yang, H. G.; Zeng, H. CJ. Am. Chem. SoQ005 127, 270. products (Figure 4c), considering the rotational averaging

1

ntensity [a.u

a)
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1 g/ 120 ml
150°C

1 200 nm 10 um

Figure 7. SEM micrographs of materials obtained from microcrystalline;Ti@ile powderl at different temperatures and solid/liquid ratios (7i0aOH
solution): (a) 11C°C, 1 g/60 mL; (b) 11CC, 1 g/120 mL; (c) 110C, 1 g/250 mL (inset shows the same patrticle at lower magnification); and (d)d,50
1 g/120 mL. See Figure 3 for additional experimental details. Note that the granular structure observed in the background originates froméhe substra

“single addition”

“dropwise addition”

100 nm - - 100 nm

Figure 8. SEM images, specific surface areas, and EDX spectra of products from microcrystallineifli©powderl: (a,c) after water-washing and (b,d)
after acid-washing with 0.1 M HCI (see step IV in Figure 2). Washing agents were introduced either in (a,b) single addition or (c,d) dropwise. See
Figure 3 for additional experimental details.

involved; however, given the breadth of the nanotube peaks,trititanaté® or tetratitanat® phases. In contrast, X-ray
X-ray data provide a more useful comparison. patterns of the products from precursdrand?2 (panels a
The X-ray diffraction patterns of the products are shown and b of Figure 5, respectively), although similar to each
in Figure 5. The data for the products from precur8or  other, have a distinctly different appearance. Some features
(Figure 5c) resemble those reported in the literature for are less well defined and the assignment of the peak
titanate nanotubes, and reflections can be indexed as eithereflections is not straightforward, as few comparable spectra
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although minor variations in region B may arise when
studying an individual nanofiber rather than an average of
structures containing different titanates. In region A, the
agreement between the methods is poorer, probably because
of dehydration effects in the vacuum of the electron
microscope; in any case, the equatorial features in the SAED
patterns corresponding to the layer spacings vary between
individual structures. However, the orientation of the titanate
lattice is constant among all of the nanofiber products. The
spacing of 1.9 A always appears on the meridian of the
— . W— SAED pattern (F in Figure 4c, corresponding to reflection
Figure 9. SEM image of product from microcrystalline TiQutile powder (0.20) n Pent.atltanate)' Regardless of .the speqﬂc t.ltanate’
1 before washing. See Figure 3a for other experimental details. this spacing is characteristic of the point-to-point distance
of the titania octahedra, which correspondingly must be
are available in the literature that relate to Ji@tanates,  aligned parallel to the nanofiber axis. Conversely, a spac-
or HAR TiOy nanostructures. Peak positions most closely ing around 2.8 A always appears on the equator (D in
resemble those reported for hydrated pentatitanafEi{8- Figure 4c, corresponding to reflection (005) in pentatitanate),
H,0).22 which is characteristic of the approximate width of a ti-
For a more detailed analysis, the XRD spectra can be t@nia octahedron. Other spacings on the equator (B, E, G in
divided into three regions (see Figure 5). The three products Figure 4c) are more variable between nanofibers depending
show similar reflections for smat-spacings (region C). In ~ On the titanate, but share a zone axis (pentatitanate (020)
particular, there is a common signaldit= 1.86 A (¥ = for the example given). The appearance of the diffraction
48.04), which can be found in different bulk titanates and Pattern is indeed characteristic of the cylindrical rotational
is probably linked to the Ti separation in layers of the edge- averaging associated with fibers (and nanotubes). Thus, itis
shared TiQ octahedr&® The spectra show clearer discrep- clear that the nanofibers are all based on curved titanate
ancies in regions A and B. In region B, the patterns indicate Sheets of edge-sharing octahedra that point along the fiber
differences in the Ti@ framework, most likely due to a  axis. This suggestion is a generalization of the trititanate
difference in the step length of the titanate sheets; the rangemodel of Chen et af This characteristic structure can
of indistinct peaks in panels a and b of Figure 5, around Perhaps be attributed to the different flexibility of the sheet
25-30°, suggests a degree of irregularity in these materials. in the two orthogonal directions: the step edges in titanate
The products also differ in region Al 4 A), which relates ~ Structures provide vertex-linked bands, which may allow
to interlayer spacings. In general, the presence of signals infolding or scrolling in one direction, whereas consistent edge
this region proves that all products have a layered titanate Sharing prevents curvature parallel to the axis.
framework?22425Again, products from powdersand?2 are The Raman spectra of the products are shown in
similar, with two major peaks in this region, which may Figure 6, with the anatase/rutile starting material used as a
correspond to sodium ion or proton intercalated layers or to reference. In general, the spectra obtained from different
variations in water content. Sasaki et al. demonstrated thattitania sources are similar, although, again, the products from
pentatitanate species with different interlayer distansgs ( powdersl and2 match closely, whereas the product from
can coexist during ion exchange experiments; namely, powder3 is slightly different and exhibits broader peaks.
H,Tis011-3H;,0 (x = 10.4 A) and KHTiO.-nH,0 (x = The absence of a set of bands corresponding to conventional
8.8 A)22 In the case of the products from powdgrthese titania phases, such as anatase or rutile, clearly indicates the
peaks are broadened to a single feature, almost certainly dugearrangement of the nanostructured materials into new
to the small size and high radius of curvature of the titanate crystal phases. Only the shoulder at 250 ¢@nd the peak
layers. A calculation of the crystal domain size using the at447 cm can be allocated to modes of Ti€utile *® These
Scherrer equation on the basis of the width of the interlayer Signals are present in all three spectra and probably indicate
XRD peak (region A) gives a value of 8 nm for products @ common TiQ building block, similarly to the reflection
from powdersl and2 and 2 nm for products from powder at 20 = 48 (d = 1.89 A) in the XRD pattern. The peak at
3. These values, which indicate the crystallite size perpen- ~670 cnt is probably intrinsic to these nanostructured
dicular to the tube/fiber axis, are consistent with the products, but may relate to thgfanatase mode, which has
differences in morphology and crystal domain size observedbeen assigned to the FO stretching vibration in edge-
by electron microscopy. shared Ti@?® and which can shift because of oxygen
As summarized in Figure 5, the results obtained by SAED deficiency or bending of the structufe.Similarly, the
for the products of Ti@rutile powderl (see Figure 4c) are ~ Presence of edge-linked octahedral may explain the feature
in good agreement with the XRD results. The spacings in at 401 cnt*, which also occurs in anatase. On the other hand,

regions B and C are very similar for both diffraction methods, the absence of pronounced bands around 750 amdicates
the absence of corner-shared Fidits?® The peaks at 285

(22) Sasaki, T., Takayosi@hem. Mater1992 4, 894.
(23) Su, Y.; YaliJ. Phys. Chem. B00Q 104, 8160. (26) Qian, L.; Du, Z. L.; Yang, S. Y.; Jin, Z. S. Mol. Struct.2005 749,
(24) Feist, T., Thomas. Solid State Cheni992 101, 275. 103.

(25) Suzuki, Y.; Yoshikawa, Sl. Mater. Res2004 19, 982. (27) Parker, JAppl. Phys. Lett199Q 57, 943.
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cm ' and~900 cm! are intrinsic to the new titanate phases. It is obvious from Figure 7 that both the temperature of
The former peak is hard to assign, but has been reported tathe hydrothermal process and the solid/liquid ratio influence
be due to vibrations between sodium and oxygen béhds. the size and morphology of the final nanostructures. At a
Our experiments, as well as findings by Papp et®alyggest high liquid content (excess base), large equiaxed particles,
that this allocation to the presence of sodium is questionable,up to 10um in diameter, appear instead of high aspect ratio
as the Raman spectra of products after water-washingstructures (Figure 7b). At high fractions of concentrated base,
(leaving sodium in the structure) and acid-washing (removing the initial titania powder is likely to dissolve completely,
sodium from the structure) both show strong bands aroundwithout precipitating into layered titanate nanosheets under
280 cm! (see Figure 6 and the Supporting Information, hydrothermal conditions; subsequent washing precipitates the
Figure S1, respectively; further information about the effect formless product (see further discussion on washing below).
of washing is given below). The band @285 cn* may, At a solid/liquid ratio ¢ 1 g of TiO/120 mL of NaOH
therefore, rather relate to a break of symmetry in the solution, the higher temperature of 13C (Figure 7d)
rearranged and bent TiQayers. The band at900 cm* produces dense aggregates of smaller structures that have
can be related to a short symmetric- stretching mode,  dimensions frequently reported for titanate nanotubes and
characteristic of short FiO~ bonds?** A more general  sjmilar to those seen in Figure 4d). However, it should be
comparison with Raman data for bulk alkaline titanates poted that the latter experiment was not conducted in a
shows that the spectra of the as-prepared HAR structuresygaigene flask (because the higher temperature) but in an
exhibit less-distinct signals and have much broader bands.;toclave without stirring. Taking also Proudel’s findings
This trend can be attributed either to lower crystallinity in g4t the role of the autoclave filling fraction and pressure
the nanoscaled products and variability in the specific titanate jyq account? it is hard to decide if this change in
phase present, or to the variable curvature of the edge—sharingnorph0|ogy is an exclusive temperature effect. However, the

layers. This broadening may result in the loss of further ggsential influence of these parameters demonstrates the
Raman peaks that are usually observed in the spectra of bulkynortance of optimizing the preparation conditions for a
tltanates_; _however, the nanostructured mater_lals do not.shovxbiven starting material. Of course, the delicate equilibrium
any additional bands that cannot be found in conventional heyyeen the dissolution of the titania and the precipitation
bulk titanates. of the titanate nanostructures also provides great flexibility
To summarize this SeCtion, it is clear that the Starting to a re'ative'y Cheap and Simp'e process.
material can have a dramatic impact on the morphology, size,
and detailed crystal structure of the high aspect ratio products.
This conclusion is in agreement with some papers but not
others!!121420The apparent contradiction may arise from
the complexity of the reaction. Thus, both microcrystalline
rutile and nanocrystalline anatase give similar nanostructured
products, despite the dramatic difference in starting material.
There are indications that the particle size simply influences
the conversion yield? a factor that can easily be overlooked.
The phase-pure starting materials seem to favor the formation

of compact, single-crystalline nanostructures with fibrous or . : ;
P g y (acid- or water-washing), different numbers of DI water-

rodlike morphology, consisting of axially folded titanate , , -
layers. On the other hand, the mixture of rutile and anatase\’\/""ShIng StePS (7 or 15), _and dlffer_e_nt methods 9f addition
of the washing agent (single addition or dropwise) were

crystal phases seems to be best suited to form titanate ]
nanotubes; indeed, other groups have reported using similainvestigated.
mixed-phas&26 or amorphou® TiO, starting materials. A Minimal differences in morphology were revealed in any
possible explanation is that the mixed-phase or amorphousof these cases using X-ray diffraction (see the Supporting
material contains a high concentration of defects, destabiliz- Information, Figure S2) or SEM (see Figure 8). Contradictory
ing the starting materials and accelerating the initial dissolu- findings have been reported previously but relate to different
tion; subsequent recrystallization can then occur from a starting materials and, in particular, to the formation of
concentrated precursor solution, leading to rapid nucleation nanotubes rather than nanofib&t8.To explore the effect
of small HAR nanostructures. of the washing procedure further, samples were taken directly
Influence of Other Hydrothermal Parameters. In order ~ from the hydrothermal mixture, without being subjected to
to explore discrepancies in the literature further, we inves- any washing step (after step Il in Figure 2). Figure 9a shows
tigated other parameters, namely hydrothermal temperature@ SEM image of the corresponding samples, revealing that
solid/liquid ratio, and washing procedure. These experi- a network of nanofibrous structures tens of micrometers long

Influence of the Washing Procedure on Nanostructure
Formation. Finally, using the microcrystalline TiOrutile
powder 1 and the conditions described above to obtain
compact rodlike structures (1@ hydrothermal tempera-
ture, solid/liquid ratio of 1 g/60 mL), the influence of the
final washing procedure (see Figure 2, step IV) was explored.
It has often been suggested that the rolling of sheetlike
precursors occurs during the washing proééésn order
to explore whether the washing procedure has any impact
on final morphology, different neutralization approaches

ments were performed using the microcrystalline Jfiitile already exists in the hydrothermal mixture prior to washing.

powderl as starting material. This observation implies that the morphology and dimen-
sions of the nanostructures are determined by the hydro-

(28) Papp, S.; Szilvid. Solid State Chen2005 178 1614. thermal treatment, rather than by the washing process. The

ggg \E,‘\}’lfogj.sdl'] sf!'cjzﬁ;%texéh,\f@ggz_lgq (131h%n v.F:Ming, N, B, Tesults in this study are consistent with a dissolution and

Chem. Mater2006 18, 547. recrystallization mechanism, as proposed by Kukovescz et



6066 Chem. Mater., Vol. 18, No. 25, 2006 Menzel et al.

al.?' in which oriented crystal growth takes place from are observed for the nanotubular structures synthesized from
nanometer-sized seeds. According to this mechanism, theanatase/rutile powded (as in Figure 3c), with the surface
presence of small curved objects, so-called “nanoloops”, in area increasing from 142 to 2822y for single addition-
the very early phases of the hydrothermal treatment deter-water-washed and single addition acid-washed samples,
mines the morphology of the final product. In our study, the respectively. The higher absolute surface area is consistent
observed insensitivity of the products toward the washing with the smaller size and greater accessibility of the
procedure, together with a clear dependence on the hydro-nanotubular structures.
thermal conditions, strongly support a growth process rather It is interesting to note from Figure 8 that dropwise
than a pH- or charge-driven rolling. addition of washing agent increases the surface area dramati-
Other Effects of the Washing Procedure.Despite not cally, compared to a rapid single addition. The effect is
having an effect on the product morphology, the acidity of significant for water-washed samples (images a and c of
the washing agent did have significant influence on other Figure 8), but is more pronounced for acid-washed samples
important properties of the final nanostructures, namely (images b and d of Figure 8), with surface area increasing
specific surface area, elemental composition, and anneal-from 71 to 152 ri/g. This observation is consistent with the
ing behavior. These properties are crucial for potential more effective deintercalation of sodium using dropwise
applications of these HAR materials. For instance, high addition of acid. The slow addition of acid presumably
surface areas are desirable for catalytic applicafidas well provides the greatest scope for equilibration throughout the
as for DSSC electrodésThe annealing behavior is also an  structure, maximizing the ion exchange and the opening of
important factor in the fabrication of DSSCsyhere there the interlayer galleries in the structures.
is an interest in converting the titanate nanostructures Last, the annealing behavior of the nanofibrous and
into highly crystalline anatase while retaining their high nanotubular products obtained from powdersand 3,
aspect ratio. respectively, was compared. Figure 10 shows SEM images
Figure 8 illustrates the effect of water-washing (images a of products obtained after annealing @ h at 450°C and
and c of Figure 8) and acid-washing (images b and d of their corresponding Raman spectra before and after heat
Figure 8) on the final morphology of titanate nanofibers. treatment. Under the conditions studied, only HCl-treated
Whereas water-washed samples remained basic~pH samples transformed into anatase (see images b and d of
acid-washed samples reached the pH of the DI water Figure 10). Apparently, the sodium ions retained in the water-
(pH 6). Complete neutralization of the basic samples was washed material stabilize the titanate structure. After acid-
not achieved through water-washing only, even after 15 washing, the sodium ions are replaced by protons (and water),
washing steps. Neutral samples appeared to disperse morgvhich in turn can be removed relatively easily by dehydra-
readily than the basic ones, which is an important benefit tion. This conclusion is consistent with work on bulk
for many applications, including the fabrication of uniform, trititanates by Papp et &.The overall morphology after
mesoporous DSSC electrodddoreover, the acid treatments  annealing also depends on the sodium content; unsurpris-
significantly increased the specific surface area of the ingly, the water-washed samples, which do not convert to
products (e.g., 152 ffg for the sample in Figure 8d anatase, mostly retain their high aspect ratio structure,
compared to 68 Afg for that in Figure 8c). This difference  although some polycrystalline granular material does appear
in surface area is surprising, given the apparently unaltered(see images a and c of Figure 10). In contrast, the response
morphology of the products (as judged by electron micros- of the acid-washed samples, which convert to anatase,
copy), but can be attributed to intercalation chemistry. As depends on the morphology of the titanate nanostructures.
noted above, the relatively high absolute value of the surface The conversion of nanotubes (from pow@iis linked to a
area implies that internal surfaces of the nanofibers must playdramatic loss of aspect ratio (see Figure 10d), suggesting
an important role in all cases. EDX data (see insets in that a tubular form is, in fact, not favorable for anatase. On
Figure 8) shows that the material formed during hydro- the other hand, the nanofibrous structures (from povigler
thermal treatment contains sodium ions, which are almostretain their high aspect ratio (see Figure 10b); apparently,
certainly accommodated between the octahedral titania layersthe fibers are sufficiently large and dense to convert into

following the classic sodium titanate structdfed (semi)- polycrystalline anatase without critical weakening.
quantative analysis of the EDX data provides an estimate
for the Na/Ti molar ratio of around 0.5; the figure is broadly Conclusion

consistent with titanate compositions and indicates that the
water-washing does not remove the intercalated sodium.
Upon treatment with diluted acid, the majority of these ions
are removed (the Na/Ti ratio drops te-0.1) and replaced
with protons and/or water molecul&The removal of the
larger sodium ions apparently makes the interlayer space
more accessible to Nmolecules during the BET measure-
ment, resulting in higher specific surface areas without
altering the external morphology. Broadly, similar effects

This paper explores the hydrothermal synthesis of high
aspect ratio titania nanostructures, identifying two categories
of products: nanofibers and nanotubes. The nature of the
product critically depends on the nature of the starting
material, with mixed anatase/rutile starting powder proving
to be preferable for nanotube synthesis. On the other hand,
we have found that the dimensions of the final particles are
not controlled by those of the starting material. This fact,
together with the insensitivity of the product morphology to
(31) Kukovecz, A.. Hodos, N.: Horvath, E.; Radnoczi, G.. Konya, Z.: the washing conditions and the identification of high aspect

Kiricsi, I. J. Phys. Chem. R005 109, 17781. ratio structures prior to the washing procedure, support a
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Figure 10. SEM micrographs of (a,b) annealed nanofiber products from powa@ed (c,d) annealed nanotubular products from povgd&amples were
subjected to different washing treatments: (a,c) water-washed and (b,d) acid-washed. Insets show Ramah.spebBa im) of pristine and annealed
materials (wherd& denotes titanate signal8, denotes anatase signals, ghahdicates signals from the TiGstarting powder). Note the somewhat-altered
appearance of the Raman spectra of the pristine products compared to Figure 6, due to the use of a different laser wavelength. Experimentas conditions
for Figure 3; single addition of washing agents; annealing2fé at 450°C.

dissolution/recrystallizatich mechanism during hydrother- literature could be attributed to variations in the initial starting
mal treatment, rather than an exfoliation or rolling mecha- materials and in the starting material/base ratio, which is
nism. Raman, XRD, and SAED data all confirm that all often not reported.
products are based on layered titanates, with some variation Although the washing procedure did not affect the overall
in specific type both between nanotubes and nanofibers andmorphology of the final products, the use of an acid wash
within individual samples. Indeed the existence of curved was found to remove sodium ions from the structure, thus
and tubular forms of titanate layers is quite consistent with increasing the surface area in the galleries of the layered
the general understanding of nanotube energetics; the ocstructure and enabling its thermal conversion to anatase. For
currence of true anatase nanotubes would be much moreapplications, high surface area, high aspect ratio anatase
surprising given the more modest degree of anisotropy in particles are probably of most interest. This paper describes
the underlying crystal structure. how to synthesize nanofibrous structures of such materials.
Changing the ratio of base to starting material was found Small titanate nanotubes have higher surface area than
to have an important influence on the reaction products, with nanofibers; however, in our studies, they do not appear to
excess base suppressing nanopatrticle reprecipitation. Manybe stable on thermal conversion to anatase. Further investiga-
of the conflicting findings and interpretations in the current tion is required. Our findings clearly demonstrate the
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sensitivity of the reaction to the experimental conditions, but ~ Supporting Information Available: Raman spectra of acid-

also the flexibility and potentiality of the method. washed HAR products obtained from powder 1, 2, and 3 and X-ray
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