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Layered titanate nanotubes (TTNT) with a general formulgHNaTiz;O;+nH,O were synthesized by
hydrothermally reacting Ti@anatase with NaOH at 12TC. Detailed TGA and XRD characterization
indicated that the as-synthesized material rich in sodium as an interlayer cation contained intercalated
water 1), which was reduced substantially after nearly complete proton excharge-Q), while the
interlayer distance decreased approaching the interlayer distiaggacd H,TizO;. Chemical composition
and crystal structure of TTNT as well as their dependence on sodium content were not affected by the
crystallite size of the starting anatase. On the other hand, TEM examination aratidérption
measurements revealed distinct morphology at the nanometer scale and different textural properties
depending on the precursor TAOSuch dependence was rationalized based on a dissctution

recrystallization mechanism.

1. Introduction

Nanostructured Ti@ materials have been extensively
researched due to their potential applications in semiconduc-

tor devices, electrodes for lithium batteri¢sjye-sensitized
solar cells® photocatalyst$,and catalyst supporeso which

centrated NaOH aqueous solution at moderate temperatures
(90—170°C). Many groups have tried to modify the process
and to elucidate the mechanism of formation as well as the
true composition and crystalline structure of the resulting
titania or titanate nanotubes (TTNT).

the crystalline phase state, surface area, pore size distribution, Apparently, there is a common agreement that after the
and morphology are crucial properties for their enhanced Preaking of chemical bonds in the starting 3-D T&fructure,

performance.

planar entities (2-D) are formed and converted into nanotubes

TiO,-derived nanotubes obtained by an alkali treatment (1-D) through a sheet foldirig'® or wrapping” mechanism.
without using any template molds have attracted a great dealOther than the original assumption of Kastghat acid

of attention since the innovative work of Kasuga et®al.,

washing of the precipitate after hydrothermal treatment was

due to the simplicity of the synthesis and to the fact that €ssential for sodium exchange with a consequent formation
long nanotubes with an external diameter as small as 10 nmef TTNT, most researchers have found that nanotubes are

hydrothermal treatment of crystalline TiGn highly con-
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Different crystal structures and compositions have been all®?!found lower rates in nanotube formation when using
proposed to describe the TTNT structure, such as,-TiO rutile in comparison with anatase, which was tentatively

anatasé;®11.122425 NaH,_,Ti,04(OH),,2? trititanates H- rationalized by Seo et al. in terms of the higher asymmetry
Tiz07,131518.20.26H,Tj30,-nH,0,2” NagH2-4Ti307,17:2829 tet- in anatase crystals. To make it more divergent, Wen &t al.
ratitanate HTi,0¢H,02and lepidocrocite titanate,io—ys- reported a clear formation of nanotubes when rutile was used

O,404.21* A bititanate structure, bTi,0s'H,O, has been  as a starting Ti@ but when anatase was used instead, they
recently claimed as we: however, when one calculates found that the formation of nanofibers was favored in to the
its bond lengths:bl = ((a(x — %)) + (b(yi — y;))? + (c(z detriment of nanotubes. Inversely, Susuki e¥alould only

— 2)))°® based on the atomic coordinatesy,z) and cell obtain nanofibers (not TTNT) from natural rutile sands. It
parametersgb,c) supplied in the paper, physically impos- seems obvious that some other parameter, besides the TiO
sible distances are obtained: T® (1.3-1.5 A) and G-O crystalline form, is playing a role.

(0.2 A), thus ruling out this option. In our previous paper, Some authors evidenced the effect of the particle size of
we showed strong evidence to state that TTNT actually the starting TiQ on the rate of nanotube formation. Ma et
possesses a trititanate structure with a general formulaal® observed lower rates starting from larger anatase
NaH,—«Tiz07-nH,0, wherex andn depend on the degree particles (200 vs 10 nm), and Nakahira eP’athowed that

of sodium proton exchange during the washing procedure, differences in reactivity toward TTNT were more related to
which has recently been corroborated by Ferreira & al.  the particle size of the starting TiQhan to its crystalline

The main variables in this soft-chemistry process are Phase. According to some authé?$>*the dimensions of
reaction temperature, caustic concentration, and the type of T TNT obtained via Kasuga’'s method varied within very
TiO, as a raw material. It is well-established that hydrother- narrow ranges (diameters: internat2 nm and external
mal temperature should be within the range 0230 °C 5—10 nm) and were independent of the particle size of the
inasmuch as lower temperatures will impair Ji@nversion ~ starting TiQ. However, Zhang et & concluded that the
within practical reaction times, whereas higher temperaturesmorphology and surface area of TTNT were influenced by
may lead to distinct nanoparticle shapes (e.g., nanofibers,Poth crystalline phase and particle size of the starting,TiO
belts, or ribbons) other than nanotu@& It is also well- ~ultrafine rutiles led to TTNT with longer lengths, while
documented, although not so well-explained, that optimum ultrafine anatase led to less uniform nanotubes. Yuan and
caustic concentration for maximum TTNT yield is around Su*and Idakiev et af? verified that starting anatase with a
10 mol/L8131n contrast, the effect of the starting TiQvhich smaller crystal size led to TTNT with a higher surface area.
can be in the form of anatase, rutile, or amorphous titania, Despite the considerable number of papers dealing with
on the morphology of the resulting TTNT is rather contro- the influence of the starting Tidn the rate of its conversion
versial. into TTNT and the yields of nanotubes, there is a lack of

Some authors reported that TTNT could not be produced degpgr investiga}tion about the effech on the TTNT charac-
from amorphous titani&:132%In fact, all successful syntheses  (€1iStics. Analysis of the morphological properties of pro-

of titanate nanotubes reported in literature via this chemical d:JC?d T'Q. nanotube_s IS _usuaIIK bas;ﬁd exclus;\_/ely ?n
method applied anatase, rutile, or mixture of both as a raw &'€CTON MICrOSCopy Imaging, where he properties of a
material. An exception has been recently reported by Wu etIlmlted number of nanotubes are evaluated, and statistically
al. ¥ who claimed to have obtained TTNT from amorphous representative data may not be reached.

titanium oxide. Confirming Kasuga's finding, other research- 1 "€ Purpose of this work is to shed more light on this
erg1534 have recently reported the abundant formation of subject by detailed characterization of titanate nanotubes

TTNT from rutile, in disagreement with Chen et ¥lwho produced from two anatase sources with different average
could not observe nanotubes in a significant amount when crystal sizes via hydrothermal alkali treatment. A combina-

anatase was replaced by rutile. Seo et al. and Nakahira etﬁon of scann?ng (_SEM) and trans_mission microscopy im_ag—
ing (TEM) with nitrogen adsorption methods was applied

T — ) ) ~ for elucidation of the textural properties, while X-ray
(22) ;ﬁ;ﬁé JZ'_SE}OZH'T%?EQ_’Z'S(O'\% gbvgég%r_mang, J: Zhang, S.; Guo, X gitfraction (XRD), flame photometry, and thermal analysis
(23) Morgado, E., Jr.; Abreu, M. A. S.; Pravia, O. R. C.; Marinkovic, B. (TG/DTA) completed the picture on crystal structure and

Sigradim, P. M.; Rizzo, F. C.; Araujo, A. Solid State. Sc2008 composition. Since our earlier study demonstrated an im-
(24) Zhang, Q.; Gao, L.; Sun, L.; Zheng, Ghem. Lett2002 226. portant effect of structural sodium on some TTNT proper-
(25) Qian, L; Du, Z-L.; Yang, S.-Y.; Jin, Z.-S. Mol. Struct.2005 749, ties?® the present comparison has been made on TTNT
(26) 1C0h3én, Q. Du, G. Zhang, S.: Peng, L.-Ncta Crystallogr., Sect. B samples within a range of distinct sodium contents, according

2002 58, 587. to the applied washing step.
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Figure 1. XRD patterns and transmission electron microscopy images of the startingafi@ase powders Al and A2.

Table 1. Water Loss Determined by TGA of TTNT Samples with Different Sodium Contents Prepared from Different Anatase Sources and
Their Corresponding Calculated x and n Assuming the Trititanate Composition = NaxH,-xTizO7-nH0

% water wt loss by TGA

sample/ reaction wt % Na physisorbed chemisorbed cor % H,0 interlayer/
starting anatase condition (as such) (25—-100°C) (100-500°C)? structural X n
TTNT-1/A1 120°C/30 h 0.2 4.4 6.8 0.0/6.9 0.0 0.0
TTNT-2/A1 120°C/30 h 12 10.3 8.2 2.0/6.2 0.2 0.3
TTNT-3/A1 120°C/30 h 4.1 7.3 7.0 2.1/4.9 0.5 0.3
TTNT-4/A1 120°C/30 h 6.4 9.6 8.1 4.6/3.5 0.9 0.7
TTNT-5/A1 120°C/30 h 9.5 10.0 8.8 7.1/1.7 14 1.2
TTNT-1/A2 120°C/15h 0.3 7.8 8.2 1.4/6.8 0.0 0.2
TTNT-2/A2 120°C/30 h 0.5 6.9 7.7 1.0/6.7 0.1 0.2
TTNT-3/A2 120°C/30 h 3.7 7.9 7.7 2.7/5.0 0.5 0.4
TTNT-4/A2 120°C/15h 4.8 4.7 8.3 4.3/4.0 0.7 0.7
TTNT-5/A2 120°C/15h 9.5 7.9 8.1 6.2/1.9 14 1.0

aPercent of chemisorbed water corrected by excluding contribution of physisorbed water from the total mass.

in this study: Al (Tiona AT1, supplied by Millenium) and A2  new preparations were carried out with A1 and A2 reacting under
(FINNTi -S140, supplied by Kemira). Their X-ray diffraction  constant optimal conditions (NaOH 10 M, 120 for 15-30 h) to
patterns and TEM images are shown in Figure 1. Their estimated collect enough TTNT material for this work. The as-synthesized
average crystal sizes based on the Scherrer equation wereprecipitate in each case was divided into different parts, each one
respectively, 220 and 8 nm, in good agreement with their corre- undergoing the same washing/drying steps described previously but
sponding morphologies revealed by TEM (Figure 1). BET surface being washed either just with deionized water or with an HCI
areas of 7 and 150 #y were, respectively, measured vigz N  solution at different pH values ranging from 7.0 to 1.0, thus
adsorption at-196 °C, after pretreatment of samples A1 and A2 producing the corresponding TTNT/A1 and TTNT/A2 series
at 300°C. samples with sodium levels ranging from 0.2 to ca 10% Na (Table
2.2. Synthesis of TTNT.Anatase powders Al and A2@ g 1).
on a TiQ, basis) were separately dispersed in 50 mL of a NaOH  2.3. Characterization Tools.Sodium content was measured on
solution at three different concentrations (10, 15, and 20 M); the an as-such (dried) basis by flame photometry after dissolving TTNT
six mixtures were charged to stainless steel Parr bombs (modelin concentrated k80,; % Na was determined after proper calibra-
A-500) equipped with electrical resistance heating, temperature tion with standards. X-ray diffraction (XRD) analyses were
control, and a magnetic stirrer. The reactors were sealed and heategerformed on a powder diffractometer (Rigaku XRD-6000), operat-
to 120°C, and the mixtures were left stirring at this condition for ing with Cu Ka radiation at 40 kV and 35 mA, scan speed of
15 and 30 h. Each collected precipitate was filtered, resuspended0.24/min, step size of 0.02 and preset time of 5 s. The values of
with 600 mL of HCI 0.1 M solution at pH 4.5, and filtered again; interlayer distances and their error bars were calculated through
the process was repeated three times, and finally, the precipitatesingle line fitting with fundamental parameters using Topas-
was washed with 600 mL of deionized water and dried overnight Academic; such an approach intrinsically corrects for errors in the
in an air-circulating oven at 128C. The resulting white powder 26 position due to instrument and sample aberrations. Scanning
was analyzed by XRD, flame photometry, and electron microscopy. electron microscopy (SEM) images were recorded on Au-metallized
This first set was designed to determine for each starting anatasepowder samples with a Shimadzu SSX-550 Superscan, operating
the corresponding reaction condition at which complete conversion at an accelerating voltage of 30 kV. Transmission electron
would be achieved, as discussed in the following section. Then, microscopy (TEM) images and selected area electron diffraction
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(SAED) were recorded using a Gatan CCD camera on a JEOL-
2010 microscope operating at 200 kV. Specimens for TEM 3000
observation were prepared by dispersing the powder in alcohol by (a)
ultrasonic treatment, then dropping the solution onto a holey carbon Unconverted

film supported by a copper grid. Chemical composition of individual P anatase

nanotubes was examined via energy-dispersive X-ray spectroscopy 2500 - *l

(TEM/EDS). Shimadzu instruments were used to carry out ther-
mogravimetry (TGA51-H) and differential thermal analyses (DTA-
50) in dry air flow (50 mL/min); the temperature range was-25
800 °C with a heating-up rate of 8C/min. Textural properties of 2000
the powder samples, pretreated at 220under vacuum down to
50 mTorr, were characterized by, Mdsorption at-=196 °C on a
Micromeritics TriStar 3000 V6.03 instrument. Specific surface area
was calculated by using the classic BET equation inRi®g range

of 0.06-0.21, and the pore volume distribution within the- @

nm diameter range was determined by means of the Barrett
Joyner-Halenda (BJH) algorithm method using the desorption
branch of the isotherm.

NaOH 10M
120°C / 15h

NaOH 10M

1500 | 120°C / 30h

XRD counts (a.u.)

NaOH 15M
120°C / 15h

1000 -

3. Results and Discussion

500 1 NaOH 20M

3.1. Reaction Conditions for Complete Conversion of
120°C / 15h

Al and A2. Samples obtained in the first experimental set
ended up with approximately the same sodium conte#t (
wt % Na). Their XRD patterns in Figure 2a,b shows that 0 . ‘ . . . ‘ .
A2 could be completely converted into a titanate structure 6 10 20 3 40 5 6 70 80
with its typical strong diffraction peak around)2= 10° 2 theta (°)
attributed to the interlayer distance, after hydrothermal
treatment at 120C for 15 h in the presence of NaOH 10 2500
15 M. At this temperature, Al with its strong and fine peak
at 25 26 could only be completely converted into a layered
titanate either after extended reaction time (30 h) with NaOH I
10 M or after 15 h with a more concentrated caustic (NaOH 2000 |
15 M). Reaction of both A1 and A2 with NaOH in excess
(20 M) led to an amorphous product. These findings could
be confirmed by scanning and transmission electron micros-
copy as well as electron diffraction (SAED) examination. It
was evident that precursor A2 lost its original crystal structure
under reaction conditions faster than Al. To guarantee
complete conversion of the reactant, the minimum reaction
times established for alkali treatment of A1 and A2 with
NaOH 10 M at 120C were 30 and 15 h, respectively. Table
1 summarizes the group of samples so obtained according
to their precursor anatase and sodium content after washing
Hereafter, a detailed characterization of these TTNT samples
is presented and discussed. 500 -
3.2. Morphological Properties. SEM images of the as-
synthesized samples revealed that regardless the anatase
source, the starting spherical titania particles were completely

(b)
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NaOH 10M
120°C / 30h

-
a
[=]
o

-

o

o

o
I

XRD counts (a.u.)

NaOH 15M
120°C / 15h

NaOH 20M
120°C / 15h

transformed into a fibrous and very porous aggregated 0 ; . . . ‘ . :
material (Figure 3). It was not possible through this technique 0 10 20 30 4 50 60 70 80
to identify nanotubes nor to make a reliable distinction with 2 theta (°)

respect to morphological features between products Ol:)taineq:igure 2. XRD patterns of products from alkali hydrothermal treatment

from different anatase sources, irrespective of their sodiumof (a) Al and (b) A2, at different NaOH concentrations and reaction

content. All samples showed numerous long fibers, some conditions.

micrometers in length and approximately -380 nm in

width, usually stuck together or arranged in a woven network. rolled-up tubes. However, there were evident differences with
When observed by TEM, all products showed the forma- respect to the yields of nanotubes and their dimensions,

tion of multi-walled nanotubes, generally opened at both depending on the anatase source. Nanotubes synthesized from

ends, either randomly oriented or as aligned bunches,anatase Al were very similar in their dimensions with

coexisting more or less with layered sheets or incompletely external (internal) diameters ranging from 6 to 11 (3 to 5)
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Figure 3. SEM images of TTNT samples (a) TTNT/A1, high sodium; (b) TTNT/A1, low sodium; (c) TTNT/A2, high sodium; and (d) TTNT/A2, low
sodium.

nm, walls of three to five layers, and length of several 3.3. XRD Properties.Figure 5 shows the XRD patterns
hundreds of nanometers, independently of the sodium contenf the as-synthesized TTNT samples. The main diffraction
(Figure 4a-c). In contrast, TTNT samples obtained from peaks are typical of layered titanates, especially the strong
A2 visually showed lower yields of well-defined nanotubes, broad one around®@= 10°, attributed to the interlayer
but whenever found, they were systematically and signifi- distance in NagH,—,TizO#H,0.2327:32The position of this peak
cantly larger than those found in the TTNT-A1 series, with slightly shifted so that the interlayer distance could be related
external (internal) diameters ranging from 10 to 30 (4 to 10) to the sodium content (Figure 6). Although relatively small
nm (Figure 4d-f) and thicker walls containing higher differences are involved, the lower the sodium content, the
numbers of layers. As illustrated in Figure 4e, nanotubes in shorter the interlayer distance was. The graph in Figure 6
TTNT-A2 samples coexist with larger amounts of poorly indicated a nonlinear dependence and that this was not
defined entities, not necessarily planar but most likely influenced by the starting anatase used for the TTNT
incompletely curved into nanotubes. Sometimes, an assumedyntheses. The interlayer distance varied between 0.80 and
nanotube might be alternatively interpreted as a nanoshee0.90 nm, somewhat above tdesalues of 0.78 and 0.84 nm
with two brims curved (Figure 4f). However, tilting experi-  in bulk trititanates HTi;0; and NaTisO;, respectively, thus
ments during TEM observation have been made and provedconfirming the indication of intercalated water being respon-
the existence of nanotubular shapes in several cases. It isible for the interlayer expansion. On the other hand, the
worth mentioning that even with an extended reaction time extrapolation to null sodium in Figure 6 seems to point to
up to 30 h, the material synthesized from A2 did notimprove an interlayer distance of 0.78 nm, which is quite close to
significantly the yield of nanotubes, although nanotubes with thed value of the fully protonic trititanate is0;. Another
smaller diameters could be found coexisting with bigger ones clear feature, also independent of the starting,Jias the

and lots of slightly curved sheets. These morphological significant weakening of the peaks & 2 ~10 and 28.5
differences between TTNT-Al and TTNT-A2 will be very when sodium was reduced to almost complete proton
important when discussing the textural properties of these exchange (0.20.3% Na in Figure 5), confirming previous
materials as measured by Bdsorption. observationg328

TEM/EDS analysis of individual nanotubes clearly de-  3.4. Thermogravimetric Analyses-=TTNT Composi-
tected sodium on those TTNT samples with higher than 2 tions. The total weight loss of the TTNT samples, ascribed
wt % Na; otherwise, the sodium peak could hardly be noticed only to H,O release, ranged from 11 to 18% with no
in the EDS spectra as it was approaching the detection limit. significant loss occurring at temperatures above ®DOTGA
All sodium measured in the bulk by flame photometry was reproducibility tests showed that the amount of water lost
assumed to belong to the TTNT structure since intensive below 100°C varied randomly depending on the atmosphere
washing has been applied to remove all sodium hydroxide and time at which the dried TTNTs were submitted during
in excess. storage, whereas the weight loss between 100 and®600
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Figure 4. TEM images of TTNT samples (a and ¢) TTNT/A1, high sodium; (b) TTNT/A1, low sodium; (d and f) TTNT/A2, high sodium; and (e) TTNT/
A2, low sodium.

87 o

remained quite reproducible. The former is due to air forthe thermal decomposition of,Hi;O; = >3TiO, + H,0.
moisture physically adsorbed at the surface of the as-preparedis trititanates containing sodium in the structure ,{Na .-
samples providing no relevant information about TTNT Ti3O;) would theoretically have to release less than 7% of
structural composition, so that only the losses above®@O0  structural water, one must conclude that our TTNTs with
have been taken into account to assess the TTNT composidayered trititanate crystals should possess chemically bound
tion. As the weight percentage lost between 100 and°&®0 H,0 in its stoichiometry, intercalated between crystal layers.
determined by TGA was relative to the total amount of The corrected percentage of water lost between 100 and 500
released water, a correction had to be applied by excluding°C can hence be assigned to interlayg®Hbesides structural
the contribution of physisorbed water to obtain the actual water (-OH). By taking into account this value and the
percentage of chemically bound water in the structure. As sodium content, as well as assuming the hydrated trititanate
shown in Table 1, this value was between 7 and 9 wt %, composition: NgH,_«TizO»nH,O, one could estimate the
which is slightly above the theoretical loss of7.0 wt % values ofx andn, thus determining the chemical composition
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Figure 5. XRD patterns of TTNT samples synthesized from (a) A1 and (b) A2, submitted to different washing procedures (variable sodium content).
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Figure 6. Dependence between interlayer distance estimated by XRD and Figure 7. Dependence between interlayer watey §énd sodium content
remaining in TTNT.

sodium content remaining in TTNT.

of each TTNT sample and the relative contribution of (the first appears before 100C due to physisorption)
interlayer and structural water (Table 1). This revealed a centered around 125135 °C could be detected by DT,
correlation between the amount of interlayer watgrgnd

range of 106-500°C varied within a narrow range {R%),

being more prominent for samples with high sodium and
sodium content as displayed in Figure 7, so corroborating practically not realized for those with low sodium. This mass
our previous results’ the present data also showed that this loss step is assigned to the interlayer water, which is released
dependence was not influenced by the crystal size of theearlier than the structural hydroxyls, which need higher
starting anatase (Figure 7). Although mass loss within the temperatures for complete dehydration. A small mass
increase between 500 and 800 (<1%) was observed in
the mass loss distribution was quite distinct. TGA plots in most cases. We could not explain this systematic effect and
Figure 8 demonstrate that the higher the sodium content, theassumed it as an unknown artifact. Figure 7 also suggests
more water was released at lower temperatures, within-100 that extrapolation to null sodiunx (= 0) leads to almost
250°C. In fact, within this range, a second endothermic event complete absence of interlayer water= ~0); this is in
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defined cylindrical-like pores) and H3 with non-rigid ag-
Figure 8. Relative loss of chemisorbed water determined by TGA in (a) gregates of plate-like particles giving rise to slit-shaped pores.
TTNT/A1 samples and (b) TTNT/AZ samples. On the other hand, as shown in Figure 9b, TTNT synthesized

very good agreement with the XRD data since interlayer ffom A2 .displayed hysteresis_ profiles. mu.ch closer to a H3
distances tended to approach thealue of pure HTi;O; at type, indicating a less proportion of cylindrical pore channels
zero sodium (Figure 6). and a stronger character of disordered slit-shaped pores.
3.5. Textural Properties. The N adsorption-desorption  Sotherms in Figure 9 also evidenced smallgraisorption
isotherms measured for all studied TTNT samples exhibited 02ds per gram of solid for samples with increasing sodium
hysteresis loops typical of mesoporous solids. However, thecontents. The specific surface area (BET SA) of the
shape of the hysteresis loop in TTNT was dependent both afs-synthe3|zed TTNT samples in all cases was substantially
on the sodium content and mainly on the type of precursor higher than the corresponding precursor I (& compared
anatase. As shown in Figure 9a, the isotherms of TTNT 10 Al a 30-fold increase was noted). However, as shown in
samples produced from Al showed a hysteresis profile Table 2, BET SA reduced significantly with the sodlum
interpreted as a mix of H1 and H3 types, according to the content. The decrease was steeper for the TTNTs obtained
IUPAC classificatior?” Type H1 is often related to meso- from A2. S _
porous materials consisting of uniform pores (e.g., well-  1he mesopore size distributions using the BJH method
derived from the Mdesorption isotherms are shown in Figure
(37) (a) Gregg, S. J.: Sing, K. S. \Adsorption, Surface Area, and Porosity ~ 10. Pore volume the ig-axis is normalized per logarithm
2nd ed.; Academic Press: London, 1982. (b) Lowell, S.; Shields, J. of pore diameter, which conventionally better represents the
E.; Thomas, M. A.; Thommes, MCharacterization of Porous Solids pore number distribution. The reliability of the pore size

and Powders: Surface Area, Pore Size, and DenKitywer Academic She - . h )
Publishers: Dordrecht, The Netherlands, 2004. distribution using the BJH algorithm is restricted to the




Characterization of Nanostructured Titanates Chem. Mater., Vol. 19, No. 4, 2603

Table 2. BET SA and Specific Pore Volume at Different Pore
Diameter Ranges as Determined from Nitrogen Adsorption

Isotherms o
specific pore volume (chg1) 0
sample/ Na BET SA total [
precursor (wt%) (m?gl) 2-5nm 5-60nm (2—60) oo
TTNT-1/A1 0.2 289 0.105 0.630 0.735 I
TINT-2/A1 1.2 316 nd nd nd oo /\/

—_
‘w”
—
Q
S—

—
L)

o
w0

TTNT-3/A1 4.1 263 0.099 0.576 0.675
TTNT-4/A1 6.4 254 0.078 0.519 0.597
TTNT-5/A1 9.5 164 0.050 0.403 0.453
TTNT-1/A2 0.3 374 0.218 0.509 0.727
TTNT-2/A2 0.5 367 0.176 0.486 0.662
TTNT-3/A2 3.7 320 0.154 0.398 0.552
TTNT-4/A2 4.8 240 0.112 0.275 0.387
TTNT-5/A2 9.5 121 0.061 0.130 0.191

0.0 4

o
[=)]
|
[N
w
»
(&)

—0.2%Na
—4.1%Na
— 6.4%Na
—9.9%Na

dV/dLog D (cm’g™".A™)
o
w

o
o

10 100
Pore Diameter (D), nm

mesopore range displayed between 2 and 60 nm. Strong
dependences on the type of precursor anatase and sodiur
content were found.

On TTNT-A1 samples (Figure 10a), a bimodal distribution
could be distinguished: a small peak centered near 3.5 nm
(inset in Figure 10a) and another one with a wide distribution
ranging from 5 to 60 nm (upper limit). The specific pore
volumes determined by MNadsorption for these two ranges
are summarized in Table 2. The peak within the smaller
mesopore region {25 nm) is supposed to correspond to the
inner space of the nanotubes, while the broader mode
covering the largest mesopore range accounts for the
intercrystallite space generated from the aggregation of
nanotubes. These assumptions are in very good agreemer
with low magnification TEM images showing TTNT ag-
gregates and high magnification ones revealing individual
nanotubes with inner diameters between 3 and 4 nm. SEM
images also confirmed the existence of an interparticle porous i
structure for TTNT samples (Figure 3). Pore volume due to 0.0 o o T
interaggregation was at least five times higher than the 1 ) 10 100
volume attributed to the nanotube inner space, although this Pore Diameter (D), nm
latter contributed at least to the same extent in terms of POr€rigure 10. Pore volume distribution (BJH desorption) of (a) TTNT/Al
area. In line with BET surface area measurements, thesamples and (b) TTNT/A2 samples.
specific pore volume, especially within the range of3

nm, increased significantly with the reduction of sodium in dependent on the composition M ,TisO-nHO since the
TTNT. This could not easily be explained by the generation decrease of sodiunx)leads on one hand to a reduction in

of more nanotubes after an acid washing step since intensg, oular weight (H replaces Na, ands reduced) and on
TEM ol?servatior_n indicated similar TTNT_ yields independent e hand to a contraction of’ the layered structure. By
of SOd'(;'m lo?(;jg]g% Acgually, a Je\;]v t'tinat.e sh.eeyls andd attributing incremental values afbetween 0 and 2 as well
nanoro S”COU ef OUTI now and then, I ut |n|ahS|m|;1r and 5s estimating the respective valuesiaind interlayer space
ve_r()j/ sma eﬁ“elf“ _ordad TTNT'Al Isar‘r:jpt()es. Alt om;g n;)t d according to their empirical interdependence established
evl e'n.t.ont e limite omain analyzed by TEM't e other j, Figures 6 and 7, one could calculate the corresponding
possibility would be a significant increase in the average unit cell densities assuming treedirection (perpendicular
internal diameter of the nanotubes as a proton substituted, layers) as the only dimension being altered in
f(.)r so_d|u_m; how_ever, th'.s. was not _supportet_j bY the pore ,0cordance with the degree of proton exchange (Figure 6).
size distribution (i.e., position of the first peak_ln Figure 10a Figure 11 shows the resulting plot of calculated skeletal
was not altered). Apart from these geometrical changes_todensity versus sodium loag)( Forx = 2, the density reaches
explain the apparent dependence of the textural properties; 5 g cm?3, slightly lower than the density of bulk MNa

on fthe sodium zontent, oTe cannot forg_?_t th_at m(ra]asuredTi3O7 (known to be~3.4 g cnm?) due to the small expansion
surface area and pore volume are specific (i.e., they are ., seq by intercalated water. Far= 0, the density

expres;ed per gram of porous solid)_. Therefore_, even approached 3.1 g cm, which is very close to the reported
assuming the same nanotube yield and inner pore dlameterdensity for pure HTisO; (p = 3.18 g cm?).3 Notice in
the values of specific volume can be significantly varied if ' '

skeletal density and/or the_ average wall thickness are (38) JCPDS info. NaTisOy: 31-1329 (density: 3.441) andffisOr: 41—
changed. The skeletal density of TTNT samples should be 0192 (density: 3.186)

—
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Figure 11. Calculated skeletal density of TTNT samples as a function of

sodium &) in TTNT composition NgH,—xTizO07:nH0.

Table 3. Simulations on Calculating Specific Inner Volume of
Nanotubes and Specific Surface Area (egs 1 and 2)

Morgado et al.

estimated specific volume of 0.052 &, which is very
close to the value of 0.050 éng~* measured for TTNT-5/

A1l within the pore size region of-25 nm (Table 2) attributed

to the internal pores of nanotubes. This is a strong support
for our assignment. Case 2 in Table 3 was simulated to verify
the separate effect of the skeletal density by simply replacing
the density of TTNT-5/A1 by that of TTNT-1/A1 with the
lowest sodiumX = 0.03 and density 3.05). This led to only

a small increase iNspeq NOt enough to explain the differences
in specific pore volume (25 nm) between TTNT-5/A1 and
TTNT-1/Al. Therefore, density is not a factor to explain all
the increases in specific pore volume when exchanging
sodium by a proton in the TTNT-AL series (Table 2). Case
3 further simulated the contraction of the structure as a result
of the reduction in interlayer distance when sodium was
exchanged; it was assumed that there was an interlayer
reduction of 0.1 nm (see Figure 6) and nanotube walls
composed of four parallel interlayers, totaling a contraction
of 0.8 nm represented by a reduction in the external diameter
(8 — 7.2 nm) and a decrease of just 0.4 nm in the wall
thickness. This resulted in a remarkable increas¥sgf;to

0.07 cn? g% A final case was figured out to demonstrate
that small changes in TTNT dimensions were able to
remarkably modify the specific pore volume calculated via
eq 1. Starting from case 3, case 4 simulated a small change

P De Di r h Vspec Sl%pec o h .
case (gcm3) (nm) (hm) (hm) (nm) (cmgtl) (m2gl) in internal diameter®;) from 3.0 to 3.5 nm leading to a
1 3.16 8 3 15 2500 0.052 253 VepecOf 0.101 cni g~L. This value coincides with the value
g g-gg ?2 33’ 112 2-513?) %ggg %ig of ~0.1 cn? g (Table 2) experimentally observed for
4 305 75 35 175 1850  0.101 354 TTNT-1 with the highest mesopore volume in the TTNT/

Al series. Therefore, the increase in pore volume measured

Figure 11 that when replacing sodium by hydrogen down to within the 2-5 nm range when sodium was reduced from
x = 0.2, the density decreases steadily since the molecular9.5 to 0.2 wt % (Figure 10a andTable 2) may be ascribed
weight reduction prevails over the structure compaction to a combination of reduced skeletal density, interlayer
caused by a slight decrease in the interlayer distance; beyondontraction (reduced wall thickness), and minor increase in
this point, the drop in interlayer distance was steeper (Figureinternal diameter, hardly detected either by TEM of N
6), and contraction was stronger, thus causing some increas@dsorption (BJH). In comparison with the pore volume
in density of the solid untik = 0 was reached. change within the small mesopore range5(nm), the

To assess the effects of skeletal density and average wallspecific volume measured within the larger range &b nm)
thickness on the pore volume, we made use of eq 1, whichwas increased to a lesser extent when sodium was removed.
was deduced and allowed calculating the specific volume  Specific surface area of lengthy nanotuldes-¢ r) could
of pores inside tubes as a function of its geometry and densityalso be deduced as a function of its geometry and density,

as shown in eq 2.
Vpec(Cm/g) = r?lp[(r + h)? — r?] (eq 1)
— \/ 2 2

wherep is the density of the solid part,s the internal radius SApec(Cnflg) = 2 x 10°(2r + h)lp[(r + h)* = 7] (eq 2)
in nanometers of the tube, ahds the thickness (nm) of the

tube wall being estimated as Assuming the same cases simulated previously, the last

column of Table 3 presents the corresponding calculated
surface areas. Individual observed versus calculated com-
parisons were not so good, but the overall range of calculated
surface areas agreed reasonably well with the observed range
experimental values obtained by ldsorption within the  of surface areas measured by the BET method in this series.
range of 2-5 nm (Figure 10a and Table 2), which have been  Another completely distinct picture regarding textural
tentatively assigned to the intrinsic pore volume of the properties has been found for the TTNTs obtained from
nanotubes in the TTNT-AL series. In Table 3, different cases anatase of low crystal size (TTNT/A2 series). As shown in
were simulated. The first one was based on the sampleFigure 10b, a wide distribution covering all mesopore size
TTNT-5/A1 with the highest sodium content € 1.4, thus ranges was observed with no clear evidence of bimodal
an interpolated density of 3.16) and assumed typical averagedistribution. While peak positions did not significantly
dimensions of nanotubes in the TTNT-A1 series as examinedchange in TTNT/A1 series (Figure 10a), there was a clear
by TEM: D, = 8 nm andD; = 3 nm. This resulted in an  shift of the distribution toward larger a diameter range when

h = 1/2[external diametei,) — internal diameter[d;)]

The idea was to compare the calculatége. with the
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sodium was reduced in the TTNT/A2 series. However, it zation of nanosheets; (iii) curving of nanosheets; and (iv)
must be pointed out that the peak narrowing noticed for the washing of nanotubes.

sample TTNT-5/A2 with 9.5% Na is an artifact caused by a  The first step is irreversible and corresponds to the
spontaneous evaporation of the capillary condensed ”qUidconsumption of the starting TiOinto a soluble titanate
due to the so-called tensile strength effect (TSEJhis species. In a second step, such a species would recrystallize
phenomenon causes a steep region associated with a (forcegyto solid-layered titanate nanosheets under equilibrium. On
closure in the hysteresis loop (H3 type) at a relative pressureine third step, Bavykin et d.assumed another equilibrium

of ca. 0.46-0.45; indeed, this is very much the feature of \yith further deposition of Ti species from solution into the
the hysteresis of this sample in Figure 9b. The result is that hanosheets, preferentially on the boundary layers, thus
all remaining volume to be desorbed is counted at once alcausing mechanical stress and leading to the curving
this P/P, (related to a pore diameter near 3.5 nm) giving \rapping of the sheets. However, other studies have proposed
rise to an artificial spike. Some papers dealing with pore gjternative mechanisms that do not necessarily involve Ti
size distribution of TTNT samples have erroneously inter- geposition as a driving force for conversion of nanosheets
preted this artifact as a real effé¢tDespite the artifact in  jnto nanotubeo.11.16.39 Finally, the fourth step simply
Figure 10b, the tendency of shift in pore size distribution as gemonstrates the exchange of sodium ions during washing
a function of the sodium content can be considered a realgf the already formed nanotubes.

trend. The approach used in the TTNT/AL series of calculat-

ing the theoretical specific surface area and specific pore On the basis of this sequence of reaction steps, we have
9 P P POT€ ied to predict the relative behavior of A1 and A2 toward

volume of the nanotubes for comparison with the experi- TTNT formation. As expected, A2 with much smaller FiO

?;S?éaﬂe\;aslgﬁz cg)n ir:c\),\t,absenrgﬁ g\llli)(/j:r?tpfl:g%t'?'érlulseizsriiIgtitc\)/:]O crystals disappeared earlier than Al for the same weight of
: the initial anatase per volume of alkali solution at the same

that nanotubes were extensively formed in TTNT/A2 samples hydrothermal condition, thus indicating a faster dissolution

and (ii) the unimodal profile in the BJH pore size distribution rate. Therefore, the amount of soluble titanate species

?ooﬁsngfgggzg;ﬂ:?]gi i%asrztr:?jntﬁivew;?:: ig&f dvtool l:r?t];‘\r;)j;re_gene_rated_per unit of time was significantly larger in the
ticle voids. Assuming that non-scrolled or non-hollowed reaction with A2. That should.ha\{e accelerate_d the recrys-
particles pfevail over nanotubes in these TTNT/A2 samples talllzgyon of nanos_hee_ts (equnlbrlum _altergd) in step ii. If
as suggested by their TEM images and adsorpiitesorp- ' step iii becomes klngtlcqlly _deFe_rmmlng_(Le., the rate of
nanosheet crystallization is significantly higher than the rate

tion hyst-eres-|s, itis rgasonable to accept that thg MESOPOTE,t their curving into nanotubes), then the formation of thicker
volume in this case is mainly explained by the interspace

. . : . lanar entities with multiple layers would be favored before
region of the particle aggregates. The differences in porep P y

| functi £ sodium load should also t they could be easily rolled or wrapped. These intermediate
volume as a function of sodium foad should aiso o some. entities would be naturally more rigid and difficult to be

exéent dbe ﬁsdcrlbgtci to dt.h ? |c|JreV|0usl3t/ d?'scnbsed hfatf:ftorf. curved, thus impairing the formation of nanotubes. This
reduced wall censity and interiayer contraction. SUCh efects o ;a2 nism seems to explain why the anatase A2 with much

would occur either on nanotubes or on incompletely folded/ smaller crystallites led to lower yields of nanotubes with

Wrappe_d multi-shell pqrtlcles. Be5|des., assuming thicker thicker walls (larger external diameters) than those produced
walls with more layers in TTNT-A2 particles (Figure 4f vs from anatase Al. According to TEM examination angl N

4c), this effect could be stronger than over the TTNT-Al adsorption isotherms, the extension in reaction time with A2

cases. from 15 to 30 h did not help on increasing significantly the
3.6. Discussion on the Mechanism of TTNT Synthesis.  yijelds of nanotubes to the same level as that verified for
The results so far presented indicate that chemical composi-A1-derived samples, meaning that once the thicker interme-
tion and crystal structure of TTNT products are completely diate planar titanates are formed, it is very difficult to
distinct from their TiQ-anatase precursor and independent redissolve them and break off the energy barriers involved
of its crystallite size. On the other hand, A2 with smaller in the curving process. We also suggest this mechanism to
crystallites was consumed faster in reaction than A1 when explain why different authors were not able to synthesize
submitted to the same hydrothermal conditions. These inputsnanotubular materials from freshly precipitated amorphous

strongly suggest that a dissolutierecrystallization process  Ti0,,11134%yhich should dissolve extremely fast under alkali
is involved in this alkali reaction. It is well-accepted that hydrothermal reactions.

single- or multi-layered titanate nanosheets are formed in Except for a few exceptions, the mechanisms of nanotube
the recrystallization process as intermediate entities for theformation suggested in the existing literature do not take into
g_eneration of the nanotubes either by_ scrolling (r_olling-up) account the dissolutiorrecrystallization step as a part of
single-layer nanosheéts® or by curving (wrapping) of  yho mechanism or at least as a critical step. Some papers
conjoined nanosheets.n fact, in our TEM examinations ., nider direct delamination of the anatase cry’taisto

we could sometimes observe single- and/or multi-layered | ereq TiQ sheets before rolling-up, which is most unlikely
nanosheets, incompletely rolled-up or curved, coexisting with since disintegration of anatase into a titanate phase is
nanotubes. The overall mechanism suggested by Bavykin et

al.'” was of particular interest in discussing our results and

is comprised schematically of the following steps: (i) ©2 anﬂig.gﬁeil';ﬁngéégg'f gshglnds(?'; Du, G.; Dawnson, G.; Zhou, W.

dissolution of TiQ precursor; (ii) dissolutiorrecrystalli- (40) Chen, Q.; Zhou, W.; Du, G.; Peng, L.-Mdv. Mater.2002 14, 1208.
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unquestionable evidence. Other papers suggest an acceptablen the other hand, morphology at the nanometer scale and
mechanism, which comprises the peeling off of titanate platestextural properties were quite dependent on the precursor
formed from a disordered or fragmented raw matéfiad;*° TiO,. TEM examination and Nadsorption measurements
thus providing flexible single-layer sheets, the kinetic identified two types of products: (i) the ones obtained from
intermediates in the formation process of the nanotubular large anatase crystals (A1) displayed high yields of nanotubes
material. None of these proposed mechanisms, however, havevith external diameters no greater than 11 nm and a pore
considered the reactivity of the raw material as a variable. size distribution clearly showing two contributions: one
Our experimental results strongly suggest that the reactivity within 2—5 nm attributed to the inner space of the nanotubes
of TiO, should have an impact on the relative rate of and the other within 560 nm ascribed to the interspace
formation of the intermediate layered titanates and has to between nanotubes. (ii) The ones obtained from very small
be taken into consideration in the overall mechanism of anatase crystals (A2) displayed non-hollowed layered par-

nanotube generation. ticles coexisting with less abundant nanotubes with external
diameters and wall thicknesses systematically larger than
4. Conclusion those obtained from A1, while their monomodal pore size

distribution did not allow separating pore volume from inner

nanotube space and interparticle voids.
a Differences in specific surface area and pore volume

distribution as a function of the degree of proton exchange
could be at least partly attributed to a combination of reduced
skeletal (wall) density and interlayer contraction. It was
possible to explain the dependence of textural and morpho-
logical properties on the crystal size of starting anatase based
on a mechanism that considers the relative rates of dissolu-
tion—recrystallization and curving steps.

Nanostructured materials obtained by hydrothermally
reacting TiQ-anatase with NaOH via Kasuga’'s method
possess a trititanate-layered structure with a general formul
NaH,—_«Ti307nH,0. Detailed TGA and XRD characteriza-
tion indicated that the as-synthesized material rich in sodium
as an interlayer cation contained a large amount of interca-
lated water §), which linearly reduced with the decrease in
sodium content until almost complete proton exchange, when
n became nearly zero and the interlayer distance steeply
decreased approaching the same interlayer distabgg ¢f
H,TizO7, thus proving consistency in our assignment. The  Acknowledgment. The authors are grateful to PETROBRAS
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