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[CaTi,0,(OH),] as an intermediate. The process developed involved a TiO, nanorod-derived synthesis of upstanding hexagonal
kassite nanosheet arrays and a transformation of the kassite to TiO,. To the best of our knowledge, this is the first successful
attempt to grow ordered hexagonal kassite nanosheet arrays. The as-obtained kassite nanosheets showed a single-crystalline
nature with their c-axis parallel to the substrate. A stepwise study of the growth of the interesting hexagonal kassite nanosheet
arrays was demonstrated. Upon hydrothermal treatment with diluted HNO; aqueous solution, the single-crystalline hexagonal
kassite got converted to nanoporous rutile TiO,, with shape preservation. The approach described in this study provides a novel
method for the synthesis of kassite and TiO, nanosheet arrays and are ready for a variety of applications such as in catalytic or
optoelectronic fields.

1. INTRODUCTION recent years,'*”'® pursuing the profits on large internal surface
Nanostructured metal-oxide semiconductors have attracted great area, optimal exposure of the sample surface to the environ-
attention in recent years due to their exceptional electronic, ment, and direct electron transport passway. A number of syn-
optical, chemical, and mechanical properties. Among the various thesis techniques have been used to synthesize oriented TiO,
metal-oxide semiconductors, the well-known nanostructured nanowires or nanotubes arrays, such as template sol—gel
TiO, can still offer unexplored opportunities in applications methods,"” high temperature chemical vapor deposition," ">
related to environmental cleaning and protection,l photo- transformation from titanate,">™> and anodic oxidation.'*'” In
catalysis,” gas-sensing,” lithium ion batteries,* and solar cells.” general, these TiO, nanostructure arrays were limited to non-
Mainly, three approaches including hydrothermal or solvethermal transparent (Ti f0ﬂ513_16) or nonconductive (AAO templatelo)
reaction,4’6 template synthesis,7’8 and electrospin9 have been substrates or Ti'® or Au-coated transparent conducting oxide
reported for preparing TiO,-based nanotubes, nanowires, (TCO) substrate.""'* The facile and cost-effective fabrication
nanosheets, or nanofibers in powdery form. However, well- of well-aligned TiO,-based nanostructure arrays on TCO sub-
organized and oriented TiO, nanostructure arrays properly strates remains a great challenge.

adhering to the substrate are often more desirable for applica-
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Scheme 1. Overall Strategy toward 2D TiO, Nanosheet Arrays, Involving a Direct Hydrothermal Deposition of Vertically
Aligned TiO, Nanorods on FTO Glass Substrate, a Deviation of These TiO, Nanorods to Hexagonal Kassite Nanosheet Arrays
and a Final Transformation of Kassite Arrays to TiO, Nanosheet Arrays
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FTO substrate

Recently, Qiu et al.'® and Xu et al.*’ prepared ordered TiO, operating voltage: 10 kV), and transmission electron microscopy
nanotube arrays on TCO substrates from a solution method equipped with selected area electron diffraction were employed
by taking ZnO nanowire as a template. Feng et al2° and Liu (TEM/SAED; JEM200CX, operated at 200 kV) to characterize the
et al”' developed a simple hydrothermal method to grow CryStaé s;ructure and morp hdoiy of th; Sa;n P IeSLR;msfggr;Ogg\i
oriented single-crystalline TiO, nanowires directly on F-doped :ﬁf&i_;ﬁrfazos)f;etfnmgs(itruz; Xri J((; 11: s Zcr::) l:ser excitation
tin oxide (FTO) glass substrate and showed a remarkable con- ’ '
version efficiency of the TiO, nanowire arrays in dye-sensitized 3. RESULTS AND DISCUSSION
solar cells. While all of the above-mentioned references have
focused on the fabrication of 1D TiO, nanostucure arrays,
there have been hardly any investigations that address the 2D
TiO, arrays to date. Herein, we report for the first time a wet-
chemical synthesis of 2D TiO, arrays on FTO glass substrates,
in which calcium titanate [kassite, CaTi,0,(OH),] arrays nano-
sheets were used as an intermediate to further produce 2D
TiO, arrays. Kassite, which was seldom produced artificially in
the literature, was considered as a layered metal hydroxide that
converted to CaTiO; by calcinations.”” So far, to the best of our
knowledge, the chemical synthesis of kassite nanosheet arrays
and their utilization as intermediate to prepare TiO, nanostruc-
ture rarely has been investigated. The overall strategy is illustrated
in Scheme 1, involving a direct hydrothermal deposition of
vertically aligned TiO, nanorods on FTO glass substrate, a devia-
tion of these TiO, nanorods to hexagonal kassite nanosheet
arrays, and a final transformation of the kassite arrays to TiO,
nanosheet arrays. The specific advantage of our method is that XRD results. ) ) ) ) )
it provides well-aligned 2D sheetlike arrays of kassite [CaTi,0,- Figure 2a—c display titled- and side-view of prlcal 2D h.ex—
(OH),] and TiO, nanorods on FTO glass substrate, both of agonal nanosheet arrays on FTO substrate obtained by treating

which have promising application in catalysts and electroactive the Tio? arrays in 10 M NaOH solutio'n at 150 °C for § h. As
or photoactive materials in the future shown in Figure 2a—c, a large quantity of hexagonal nano-
P ) sheets, which stood upward, were observed on the substrate,

demonstrating very good uniformity. The hexagonal nano-
sheets were about 12 ym in diameter and 200—300 nm in

Figure lab shows representative SEM images of the TiO,
nanorod arrays synthesized from a 0.8 mL of tetrabutyl titanate
and 60 mL of hydrochloric acid (18.5 wt %) mixed solution
under hydrothermal condition at 150 °C for 18 h. Vertically
aligned nanorod arrays with square cross-sections were uniformly
formed on a large scale on FTO substrate. Their average length
and diameter were 2 ym and 110 nm, respectively. The cor-
responding XRD pattern (Figure 1c) of the nanorod arrays com-
pletely matched with the tetragonal rutile phase of titania (JCPDS
card: 86-0147). The enhanced (002) peak indicated that the
nanorods grew perpendicular to the substrate, which agreed
well with results from the SEM images. Figure 1d shows the
TEM image of nanorod with a diameter of 100 nm. Its cor-
responding SAED pattern (inserted in Figure 1d) indicated that
the nanorod was single-crystalline and grew along the (001)
direction, which were consistent with those from the SEM and

2. EXPERIMENTAL DETAILS

The following commercial reagents were purchased from Sinopharm thickness and had a smooth surface. The nanosheets appeared
Chemical Reagent Cor. Ltd. and used directly without further puri- to be stacked layerwise, forming a multilayer platelet structure.
fication: tetrabutyl titanate (98%), hydrochloric acid (37%), sodium The corresponding XRD pattern of the multilayer nanosheet

hydroxide (96%), and nitric acid (65—68%). Prior to the synthesizing,
the FTO substrates were ultrasonically cleaned in acetone, ethanol,
and deionized water for 5 min, respectively. The substrates were then
placed upside down in a Teflon-lined stainless steel autoclave (100 mL),
containing 30 mL of deionized water, 30 mL of hydrochloric acid

arrays is shown in Figure 2d. It revealed that besides diffraction
peaks from FTO substrate, peaks that were denoted by solid
square appeared at 260 = 19.5, 27.1, 34.1, 39.1, 39.5, 44.2, 56.9,
and 61.0°. These diffraction peaks resembled those of the

(37 wt %), and 0.8 mL of tetrabutyl titanate. The autoclave was placed kassite structure (JCPDS: 88-1722, }?exagor.lal, a=b = 0.542
and kept in an oven for 10 h at 150 °C. The reactor was then cooled nm, and ¢ = 0.468 nm) but had a Shght shift and Spllt Peaks~
rapidly to room temperature under flowing water. The substrates were The marked peaks matched well with those of the kassite
removed from the reactor, rinsed, and dried. TiO, nanorod arrays were structure reported by Huang et al.?? According to the Rietveld
obtained on the substrate. The TiO, nanorod arrays were then dipped refinement by Huang et 31,2 the artificially synthesized kassite,
into 15 mL ofOIO M N.aOH SOlU.thI.l in a sealed Teflon reactor and auto- chemically formulated as CaTi204( OH)Z: was hexagonal with
claved at 150 °C for c.hffere.nt c.luratlon (1-8 h). The samples were then lattice constants of @ = b = 0.5245 nm, and ¢ = 0.4784 nm. The
washed thoroughly with deionized water to remove any traces of NaOH . . _ o .
. , o : ) enhanced diffraction peak at 20 = 19.5°, which should be
and dried. The resulting sample after reacting with alkaline solution for § . h 1 . hat the platel
h was further dipped into 0.1 M HNOj; aqueous solution and autoclaved indexed to the {100} plane, indicated that the platelets were
at 150 °C for 7 h to convert to TiO,, (100)-oriented, agreeing well with the SEM images in Figure 2a—c.
X-ray diffraction (XRD; Cu Ka, RIGAKU, D/MAX-2550 V), glanc- It was worthwhile to note that the hexagonal nanosheet mor-
ing angle XRD with a glancing angle of 1° (GAXRD: Cu Ka), field phology of CaTi,0,(OH), should be ascribed to the intrinsic
emission scanning electron microscope (FESEM; S$-4700, Hitachi, crystalline habit of the hexagonal system crystals, and the
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Figure 1. Top-view (a) and side-view (b) SEM images and XRD pattern (c) of TiO, nanorod arrays grown on FTO substrate by a hydrothermal
method. (d) TEM image of a single TiO, nanorod. The inset in panel d shows the SAED pattern of the corresponding TiO, nanorod.
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Figure 2. Titled (a and b) and side-view (c) SEM images and XRD pattern (d) of hexagonal nanosheet arrays on FTO substrate obtained by treating
the TiO, arrays in 10 M NaOH solution at 150 °C for S h. The insert in panel d shows the crystal growth model of the hexagonal nanosheet.

growth of CaTi,0,(OH), nanosheet resembled those shown in
the inert of Figure 2d.

To further verify the structure of the hexagonal nanosheets,
TEM, SEAD, and EDS measurements were performed. Figure 3
displays the TEM image and corresponding HRTEM and SAED
patterns of the multilayer nanosheets. Well-faceted multilayer
hexagonal platelets with a smooth surface were demonstrated in
Figure 3a. According to the HRTEM image (Figure 3b) and
SEAD pattern (Figure 3c), the single-crystalline platelet had a
hexagonal structure along the [001] axis. The {100} d-spacing
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was determined to be 0.457 nm, which coincided well with the
XRD pattern reflected at 19.5°. The EDS spectrum (Figure 3d)
revealed that the platelet contained Ti, Ca, and O (the existence
of trace Na in the EDS spectrum could be ascribed to residual
NaOH from the precursor). The Ca/Ti and Ti/O atomic ratio
was 1:2.1 and 1:2.9, respectively, coinciding with the stoichio-
metric ratio of CaTi,O,(OH),. All of these results confirmed
that the hexagonal platelets formed were single-crystalline kassite.
To the best of our knowledge, this was the first time that ordered
plateletlike kassite arrays formed on FTO glass substrate.

dx.doi.org/10.1021/cg2010612 | Cryst. Growth Des. 2012, 12, 289-296
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of 12 um and thickness of 200 nm, were obtained, as shown in
Figure 4d.

The time-dependent products were further characterized by
XRD. Figure 5 shows the XRD patterns of the samples obtained

o: CaTi,0,(0H),
#: TiO2(Rutile)

WM
p SEhl x5 T o_o*
(© 7 e

Intensity(arb.units)

JCPDS 88-1722: kassite

| ‘ B .| L
10 20 30 40 50 60
2 Theta (degree)

Figure 3. TEM image (a) and corresponding HRTEM (b) and SAED
pattern (c) and EDS spectra (d) of the hexagonal nanosheet obtained
by treating the TiO, arrays in 10 M NaOH solution at 150 °C for $ h.

Figure S. XRD patterns of the products on FTO substrates obtained
by treating the TiO, nanorod arrays in 10 M NaOH solution at 150 °C
for (a) 2, (b) 3, (c) 4, and (d) S h.

A morphology evolution study was conducted to obtain a

ing the Ti in 10 M NaOH soluti 150 °
complete view of the kassite nanosheets formation process. by treating the TiO, arrays in 10 aOH solution at 150 'C

for 2, 3, 4, and 5 h, respectively. As shown in Figure S, besides
Products obt'ained by troeating tl-le TiO, Tlanorod arrays in 10 M diffra,cti)on, peaks fr,om Eutile T)i,OZ and FTO su]:%;ltratej a weak
NaOH solution at 150 °C for different times (t) were evaluated peak located at 27.0° appeared when the reaction time reached
by SEM (Figure 4). It was found that there was no appreciable 2 h. This peak could be assigned to the (101) plane of hexag-
onal kassite. As the reaction time prolonged, the peak intensity
of kassite strengthened, whereas the peak intensity of TiO,
phase decreased, consisting well with the morphology evolution
shown in Figure 4. After 5 h of reaction, pure kassite phase can
be obtained. According to the SEM and XRD results, it was
identified that the formation of kasstie arrays was accompanied
by the dissolution of TiO, nanorods and no intermediate or
transitional products were detected during the hydrothermal
process.

Considering that no other sources besides sodium hydroxide
aqueous solution were employed in the reaction system, Ca
ions in kassite were deduced to come from the glass substrate
(with the composition of Na,0-Ca0-6Si0,). Indeed, after
several hours' of reaction, the surface of the naked glass side

i W/ s was coated by a layer of white precipitate, which was proved to
g f ‘, \ be CaSiOj;. This provided evidence to support the hypothesis of
e /m AR “ the involvement of the glass substrate. Therefore, the glass
substrate used in our study had a dual role: It acted as the
substrate to support the formed arrays and provided a calcium
source for the formation of kassite. However, it was found that
when the FTO-coated glass substrate was substituted by a bare
glass substrate, no kasstite nanosheets but calcium silicate could
be obtained on the substrate. Therefore, the FTO coating on
the glass substrate also played very important roles in the for-
mation process of kassite nanosheet. First, it acted as a blocking
layer to prevent the underneath glass from taking part in the
reaction with NaOH solution. Secondary, considering that the

Figure 4. SEM images of the products on FTO substrates obtained by
treating the TiO, nanorod arrays in 10 M NaOH solution at 150 °C
for (a) 2, (b) 3, (c) 4, and (d) S h.

change in morphology and crystal structure of the TiO, nanorod
arrays during the first hour of hydrothermal reaction (not shown
in Figure 4). As the reaction proceeds (f = 2 h), the formation
of a few nanosheets with a diameter of about 6 ym among TiO,
nanorods was observed, as evidenced in Figure 4a. These nano-

sheets stood almost perpendicular to the surface of FTO glass lattice mismatch between the (100) planes of FTO (F-doped
substrate. Increasing the reaction time to 3 and 4 h increased Sn0O,, tetragonal, a = b = 0.4738 nm, and ¢ = 3.188 nm) and
the yields and size of these platelets overall, coinciding with the kassite (hexagonal, a = b = 0.5245 nm, and ¢ = 0.4784 nm) was
decrease of TiO, nanorods density (Figure 4b,c). By under- very small, it was reasonable to suppose that the FTO coating
going S h of reaction, TiO, nanorods disappear entirely, and also enabled the uniform and (100)-oriented growth of kassite
the final product, pure arrays of nanosheets with mean diameter on glass substrate.

292 dx.doi.org/10.1021/cg2010612 | Cryst. Growth Des. 2012, 12, 289—296
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Scheme 2. Schematic Illustration for the Formation of Kassite Nanosheet Arrays: (a) Generation of Soluble Reactive Groups of
Calcium Ions and Hydrolyzed Titanium Species, (b) Sparsely-Distributed Hexagonal Platelets Grown among TiO, Nanorod

Arrays on the Substrate, (c) More and Larger Hexagonal Platelets Were Formed among the TiO, Nanorods, and (d) Complete
Dissolution of TiO, Nanorods and Formation of Pure Hexagonal CaTi,O,(OH), Arrays on the Substrate

TiO, nanorod

o Ti,04(OH)> arrays

/“M

FTOglass
substrate (a)

"

CaTi,04(OH), nanosheet

The TiO, nanorod arrays were considered to be the Ti pre-
cursor from which aqueous titanium species were groduced.
It was generally recognized in several references™ >® that the
presence of TiO, in concentrated NaOH at elevated temper-
atures would initially lead to its dissolution. As the TiO, dis-
solved, it released Ti** ions, which formed a variety of aqueous
titanium species, such as Ti,O4>~, Ti(OH),*, and TiO,(OH),>~**
It was not certain in exactly what form these aqueous titanium
species existed, but in our study, we think it was some hydro-
lyzed species, such as TiO,(OH),*”. The main chemical reac-
tions that were involved in the formation of CaTi,O,(OH),
were suggested as follows:

2TiO, + 20H™ — Ti,0,(OH),>~ 1)
2(Na,0-Ca0-6Si0,) + 18NaOH

— Ca’* + 20H™ + 11N,SiO; + CaSiOy | + 8H,0  (2)
Ti,0;(OH),>~ + Ca** — CaTi,0,(OH), | 3)

On the basis of the above results and deduction, a schematic
illustration for the evolution of hexagonal kassite nanosheet
arrays is presented in Scheme 2. As the growth of hexagonal
nanosheets and dissolution of TiO, nanorods occurred simul-
taneously, the dissolution—nucleation—growth process was suggest-
ed to dominate the whole process. In the beginning (Scheme 2a),
some Ti—O bonds of the TiO, nanorods were broken under the
hydrothermal treatment with concentrated NaOH, leading to
the formation of Ti,0,(OH),*” in the vicinity of TiO, nanorod
::1rrays.24’25 Meanwhile, the surface of the naked glass reacted
gradually with concentrated NaOH according to reaction 2,
releasing Ca®" ions into the solution. The Ca*" ions diffuse to
the vicinity of TiO, rods and get incorporated with the dissolved
titanium specie Ti,0,(OH),*”. The combination of Ca** and
Ti,0,(OH),>” brought about heterogeneous nucleation and
growth of CaTi,O,(OH),. At this stage, the nucleation appeared
to preferentially start at the uncovered FTO substrate, because
this area was considered to be relatively energetically favorable.
After nucleation, the CaTi,O,(OH), nanosheets grew along the
(100) direction to decrease the lattice mismatch with the FTO
substrate. Consequently, hexagonal CaTi,0,(OH), nanosheets,

293

which stood upward, were formed among the TiO, nanorods
(Scheme 2b). As the reaction time increased, more TiO, nano-
rods were involved in the generation of aqueous titanium species,
and more necked sites on FTO substrate were exposed to the
solution, inducing more nucleation sites for CaTi,O,(OH),
growth. Because of the increased nucleation sites and reactants
[Ca’* and Ti,0,(OH),*”] concentration, more and larger hexag-
onal CaTi,O,(OH), platelets were formed among the TiO, nano-
rods (Scheme 2c). The nanosheets stacked layerwise and grew
larger with time prolongation, and the TiO, nanorods dissolved
gradually until they completely disappeared, resulting in well-aligned
pure multilayer hexagonal nanosheet structure (Scheme 2d).
Unfortunately, it was not clear whether intermediate sodium
titanate phases may form. For example

or

2TiO, + 2NaOH — Na,Ti,0,(OH), (s)

It was generally recognized that during the treatment of TiO,
precursor with concentrated NaOH, lamellar fragments that
were the intermediate phase in the formation process of the
sodium titanate nanotube material would form.**™>® In our
case, sodium titanates were not detected in any patterns as
evidenced by the absence of indicative Bragg reflections at 8.1—
8.3 A in the XRD pattern. However, this did not preclude its
involvement in the reaction mechanism of CaTi,O,(OH),
formation, as it was possibly poorly crystalline and likely to
be present at low levels.

To further understand the role of Na* ions in the synthesis
process, we replaced NaOH by KOH, while all other conditions
were unchanged. No reflection peaks from CaTi,0,(OH),
were detected from XRD pattern of the KOH-treated product
(Figure Sla in the Supporting Information). Besides sharp dif-
fraction peaks from rutile TiO,, weak diffraction peaks, which
can be assigned to CaTiO; (JSPDS: 81-0562), were observed.
This result was also supported by the corresponding SEM
image (Figure S1b in the Supporting Information), from which
one can see micrometer-sized rectangular prism distributing
among the TiO, nanorod arrays. In addition, the EDS analysis

dx.doi.org/10.1021/cg2010612 | Cryst. Growth Des. 2012, 12, 289—296



Crystal Growth & Design

showed that the prisms contained Ti and Ca with a atomic ratio of
about 1:1 as presented in Figure S2 in the Supporting Information,
confirming that the prism was CaTiO;. Considering that all other
conditions such as the temperature and duration time for the
KOH-treated sample were identical to those of the NaOH-treated
one, we speculated that a high concentration of Na" cation was
also very crucial in the synthesis of the CaTi,0,(OH),. The Na*
cation may promote the hydrolysis or dissolution process of
TiO, (reaction 1), which generated aqueous titanium species. The
dissolution of TiO, nanorods was retarded obviously when KOH
aqueous solution was used, as evidenced by the strong diffraction
peak from TiO, in Figure S1 in the Supporting Information. Croker
suggested that the reaction product [CaTiO; or CaTi,O,(OH),]
between TiO, and CaTiOj; or hydrogarnet in alkaline aqueous
solution were specific to the relative reactive concentration of
calcium species and aqueous titanium species.”” In the case for
KOH adoption, the lower concentration of titanium species
relative to that of aqueous calcium led to the formation of
CaTiO,, rather than CaTi,0,(OH),.

The mineral kassite CaTi,O,(OH),, being a layered metal
hydroxide, was proposed to have some of the same properties
as hydrotalcite, a widely recognized double-layered hydroxide.
It was considered to be metastable with respect to CaTiO;,
transforming to CaTiO; upon calcinations above 500 °C.****°
The [Ti,04,(OH),]*" layers and the location of the Ca atom in
CaTi,0,(OH), is illustrated in Scheme 3. The TiO,(OH),
octahedral shared edges in a honeycomb arrangement, giving a
layer composition [Ti,O,(OH),]*". Ca atoms sit above and below
the empty octahedral sites in the Ti,0,(OH), layers, resulting
in the CaOy octahedral corner-sharing with three TiO,(OH),
octahedral from the hexagonal rings on either side.*' As the
lengths of Ca—O bonds (2.302—2.425 A) were much longer
than that of the Ti—O bonds (1.865—2.108 A), it was possible

Scheme 3. Structure and Arrangement of TiO4 Octahedra in
Kassite [CaTi,0,(OH),] Unit Cells

‘Ca
@Ti

77\ @

that the Ca®" groups be extracted from the layers. If Ca®*
groups were extracted from the layers, TiO, would be obtained.

Driven by this rationale, the as-synthesized hexagonal platelike
CaTi,0,(OH), arrays were then hydrothermally treated at 150 °C

R: Rutile TiO,

40 50 60

2 Theta (degree)

30

Figure 6. SEM images (a—c) and XRD pattern (d) of the TiO, nanosheet arrays obtained by hydrothermally treating kassite nanosheet arrays in

0.1 M HNO; aqueous solution at 150 °C for 7 h.
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Figure 7. TEM images (a and b) and corresponding HRTEM (c) and EDS spectra (d) of the TiO, nanosheet arrays obtained by hydrothermally
treating kassite nanosheet arrays in 0.1 M HNO; aqueous solution at 150 °C for 7 h. The insert in panel d shows the corresponding SEAD pattern of

the nanocrystalline nanosheet.

for 7 h in 0.1 M HNO; aqueous solution. SEM images of the
corresponding sample (Figure 6a—c) showed that the sizes and
morphology of the nanosheet were well maintained during the
course of hydrothermal reaction, and the resultant nanosheets
took a similar hexagonal shape. The magnified SEM image of
the platelet showed that the surface of platelet was grainy and
was full with small holes. The XRD spectrum of acid-treated
sample (Figure 6d) revealed that the hexagonal CaTi,O,(OH),
phase was completely converted to the rutile TiO, phase. The
TEM image displayed in Figure 7a showed the presence of
pores. It was clear to see that the hexagonal sheet was com-
posed of nanoparticles with diameters in the range of 10—15 nm.
Its corresponding SAED pattern (inset of Figure 7b) showed
that the overall assembly of TiO, had a single-crystalline nature,
with the preferred orientation resulting from the fact that the
platelet was transformed from the single-crystalline CaTi,O4
(OH), platelet. The HRTEM image (Figure 7c) revealed the
lattice fringes spacing of 0.25 nm, in agreement with the d,,
of the rutile TiO,. The EDS spectrum recorded on the platelet
(Figure 7d) showed that it contained elements of Ti, O, Cu,
and C. The Cu and C belonged to the amorphous carbon-
coated Cu grid, and Tiand O should be assigned to the platelet.
The atomic ratio between Ti and O was estimated to be 1:1.96,
which was consistent with that of TiO,. No Ca element was
detected by EDS, indicating that the Ca*" ions were extracted
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completely from the platelet unit during the course of hydrothermal
reaction. The acid treatment enabled the extraction of Ca** ions and
the rearrangement of TiOg forming the assembly of TiO,
nanoparticles with a single-crystalline nature. The transformation
of CaTi,0,(OH), to TiO, by the acid treatment can be described
as follows:

CaTi,O;(OH), + 2HNO,

— 2TiO, + Ca(NOj3), + H,0 (6)

Raman spectroscopy was used to investigate further the local
structure of the TiO, nanorods, CaTi,0,(OH),, and TiO, nano-
sheets. As shown in Figure 8a, the Raman spectra collected from
the TiO, nanorods displayed vibration modes located at about
232, 445, and 607 cm ™", which can be uniquely corresponding to
second-order Raman scattering, E;, and A, of tetragonal struc-
ture, respectively. The intensity and peak positions of the above
Raman-active phonon modes were in good agreement with the
experimental data reported for pure rutile TiO, phase.”” Figure 8b
shows the Raman spectrum of the CaTi,O,(OH), nanosheets.
Three Raman modes for hexagonal CaTi,O,(OH), were found
at about 343, 455, and 681 cm ™!, The exact assignment of these
bands in the Raman spectrum was very difficult due to the lack
of reports relating directly the Raman peaks to specific active
modes of hexagonal kassite. Figure 8c shows the Raman

dx.doi.org/10.1021/cg2010612 | Cryst. Growth Des. 2012, 12, 289—296
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Figure 8. Raman spectra of the TiO, nanorod arrays (a), kassite
[CaTi,0,(OH),] arrays (b), and rutile TiO, nanosheet arrays (c).

spectrum of the acid-treated kassite. Although the spectrum
obtained was somewhat broadened and shifted, there was a
good match for curve ¢ with that obtained from rutile TiO,
nanorods, confirming that the product after the acid treatment
was of pure rutile TiO,. Therefore, the weaker band at ~146
cm™" should be assigned to B, vibration mode of rutile TiO,.
The broadening and red-shifting of Raman bands of the TiO,
nanosheets could be either or both of two reasons: first, the lower
crystallinity of the nanocrystalline TiO, platelets as compared to
that of the single-crystalline TiO, nanorods and, second, the
effect of phonon confinement in nanocrystalline TiO, platelets,
which relaxed the zone-center optical-phonon selection rule and
allowed phonon over complete Brillouin zone to contribute to the

band broadening.

4. CONCLUSIONS

In this study, we presented a new route for the synthesis of
aligned kassite nanosheet arrays on FTO glass substrate. The
novel strategy was composed of a direct hydrothermal deposi-
tion of vertically aligned TiO, nanorods on FTO glass substrate
and a hydrothermal reaction of the TiO, nanorods in con-
centrated NaOH aqueous solution. The as-obtained kassite
nanosheets showed a single-crystalline nature with their c-axis
parallel to the substrate. A dissolution—nucleation—growth mech-
anism was suggested to dominate the whole formation process
of kassite. Through an acid treatment of these kassite arrays
with HNO; solution, TiO, nanosheet arrrays with morphology
preservation could be produced. The specific advantage of our
method is that it provides well-aligned 2D nanosheet arrays of
kassite and TiO, on the FTO glass substrate, both of which are
highly promising for application in catalysts and electroactive or
photoactive materials in the future.

B ASSOCIATED CONTENT
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XRD, SEM image, and EDS spectrum of the sample obtained
by treating the TiO, nanorod arrays in 10 M KOH at 150 °C
for § h. This material is available free of charge via the Internet
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