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ABSTRACT: The morphology and exposed facet of the anatase-
type TiO, are very important to improve the photocatalytic
activity and photovoltaic performance in dye-sensitized solar cells.
In this work, we report the synthesis and the photocatalytic and
dye-sensitized solar cell performances of anatase-type TiO, single
nanocrystals with exposed {010}- and [111]-facets and with
various morphologies by using exfoliated tetratitanate nanorib-
bons as precursors. The precursor nanoribbons were prepared
from the exfoliation of the protonated and, subsequently,
tetramethylammonium/H" ion-exchanged K,Ti,Oq. The colloidal
suspension containing the nanoribbons was hydrothermally
heated with a microwave-assistance at temperatures from 120 to
190 °C after pH was adjusted to 0.5—14. The dependence of the
crystalline phases on temperature and pH indicated that anatase
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single phase can be obtained at pH 3—13 whereas temperatures higher than 160 °C. The [111]-faceted nanorod-shaped anatase
nanocrystals were formed preferentially at pH < 3, whereas the {010}-faceted anatase nanocrystals with morphologies of
rhombic, cuboid, and spindle were preferentially at pH >5. The morphology observation revealed that the nanoribbons were
transformed to anatase nanocrystals mainly by the topotactic structural transformation reaction accompanied by an Ostwald
ripening reaction, and pH of the reaction solution took a critical role in the crystal morphology change. At pH <1, the mixture of
anatase, rutile, and brookite were obtained at higher temperature conditions. The photocatalytic activity and photovoltaic
performance were enhanced in an order of surface without a specific facet < [111]-faceted surface < {010}-faceted surface.
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1. INTRODUCTION

Since the discovery of the photochemical splitting of water into
hydrogen and oxygen on TiO, electrodes in 1972,' TiO,
material has attracted considerable attention from both
academic and industrial communities, not only because of its
wide application in the field of dye-sensitized solar cells
(DSSCs),”™* photocatalysis,” ® energy storage and conver-
sion,'”'! electro-chromic and sensing fields,"* etc., but also
because of its low cost, safety, and environmental benignity.'*'*
Photocatalysis is an environmentally friendly and promising
technology to enhance the solar to hydrogen energy conversion
efficiency and decompose the organic contaminants with the
assistance of solar light.'* For TiO, particles, as a wide-band
gap semiconducting material, the crystalline phase, crystallinity,
crystal size, surface area, pore size distribution, and morphology
are found to play an important role in helping to improve the
photocatalytic/photovoltaic performance;'®™"® and besides,
many factors, such as the heterojunction of anatase/rutile

-4 ACS Publications  © 2014 American Chemical Society

16007

(e.gTiO, (P2S5) that we will use herein),** slow photon
enhancement or mutliple scattering enhancement of photo-
catalytic activity by fabricating 3D ordered photonic film,*' >
surface and bulk defects,®* etc., also affect the photocatalytic
activity.

TiO, crystalline has mainly three polymorphs: anatase, rutile,
and brookite, among which anatase has the highest photo-
catalytic activity.”>">” To enhance the photocatalytic properties,
researchers have devoted substantial efforts to prepare TiO,
nanocrystals with high crystallinity and large surface area,”>*’
and most recently, intensive attention has been paid to well-
exposed high-surface-energy facets.>* > The surface energy of
anatase nanocrystals is theoretically calculated as 0.44, 0.53, and
0.90 J/m* for {101}, {010}, and {001} facets, respectively, on
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the basis of the Wulff construction.>*>° Among them, because
of the highest energy and superior surface atomic structure, the
{001} facet has been accounted as the active facet. Using
hydrofluoric acid as a morphology controlling agent, it was
reported that with increasing percentage of the exposed {001}
facet, the energy conversion efficiency of DSSCs was obviously
improved,® and large-sized well-defined anatase nanosheets
exposed with 98.7% of {001} and 1.3% of {010} facets showed
superior photocatalytic performance.”” In a nonaqueous
system, TiO, nanosheets and rhombic-shaped nanocrystals
TiO, with a large percentage of exposed {001} and {010}
facets, respectively, were prepared and exhibited conspicuous
activities in the photocatalytic degradation of methyl orange.*®
On the other hand, because of the cooperative effects of surface
structure and surface electronic structure, the {010} facet
exhibits the highest photoreactivity,>”*® as shown by the
uniform anatase microcrystals prepared by using different
hydrofluoric acid aqueous under various hydrothermal
conditions. Anatase TiO, nanorods with dominant reactive
{010} facet, prepared by hydrothermal treatment of
Csg.63T118304/HogsTi 530, particles, significantly enhanced
the photocatalytic conversion of CO, into methane.*' As
shown above, the anatase crystals with a dominant {001} or
{010} facets are usually prepared in harmful solutions, such as
hydrofluoric acid or organic solvents.">'® Differently, using
TiO, nanosheets as precursors, obtained from the exfoliation of
layered titanate, {010}-faceted anatase nanocrystals can be
synthesized,””** and exhibited high photocatalytic activity and
photovoltaic performance.*>*®

The nanosheets derived from the exfoliation of layered
materials are two-dimensional crystals. Besides the exploration
of intriguing physicochemical properties, attentions were also
paid to the suitability as a building block to create new
superlattice materials through, for example, layer-by-layer
method or to synthesis materials as a precursor.*” It has been
found that the transformation of TiO, nanosheets to {010}-
faceted anatase nanocrystals proceeded through in situ
topotactic transformation reaction.** ** Thus, the structure of
the precursor would affect the crystalline phase state and the
facet exposure. Through such a reaction, anatase and rutile thin
films with preferred orientations along [103] and [110]
directions, resgectively, were obtained from a layered titanate
H, 4sTi; ;304,.* In this paper, we report the work by using the
precursor of nanoribbons exfoliated from layered tetratitanate.
The crystal phases and morphologies of the TiO, obtained
were different from those obtained through hydrothermal/
solvothermal treatments on the protonated tetratitanate.**~>"
Anatase nanocrystals with different exposed facets were
controllably achieved, and after tuning the reactive temperature,
the nanocrystals with different sizes and shapes were also
controllably achieved by microwave-assisted hydrothermal
treatment. The possible formation mechanism of the anatase
nanocrystals and the photocatalytic activities and photovoltaic
performances are investigated. The properties were compared
with those of the commercial Degussa P25 TiO, (80% anatase
and 20% rutile).

2. EXPERIMENTAL SECTION

2.1. Preparation of Tetratitanate Nanoribbon Precursor.
Layered potassium tetratitanate fiber K,Ti,0y (KTO) was obtained
from Otsuka Chemical Co. Ltd. KTO was converted into a protonic
tetratitanate H,Ti,Oo'nH,O (HTO) by exchanging K* of KTO (10.0
g) in 1 L of 1 mol/L HCI solution under stirring conditions at room

temperature for 3 days.>* The acid solution was replaced daily with a
fresh one in order to remove K" completely from the compounds.
After three cycles of acid exchange, the product was separated from the
solution by centrifuging under 8000 rpm for 20 min, washed with
copious distilled water three times to remove excess acid, and finally
dried using a freeze drier. The obtained HTO sample (4.0 g) was
mixed with 40 mL of tetramethylammonium hydroxide (TMAOH)
solution (12.5%), purchased from Wako Pure Chemical Industries
Ltd., and treated hydrothermally in a 70 mL of Teflon-lined stainless
steel vessel at 100 °C for 24 h under stirring conditions to prepare a
TMA*-intercalated tetratitanate compound. And further, the sample
was dispersed in 400 mL of distilled water under stirring conditions for
24 h at room temperature. After removal of big particles by filtration,
the supernatant obtained was a colloidal suspension.

2.2. Microwave-Assisted Hydrothermal Treatment of Tetra-
titanate Nanoribbon. After the colloidal solution (40 mL) was
adjusted to a desired pH value with a 3 mol/L HCI solution and 1
mol/L TMAOH solution, the solution was placed in an autoclave with
an internal volume of 80 mL and the microwave-assisted hydrothermal
treatment was performed at a desired temperature for 1.5 h. And then
the autoclave was cooled down to room temperature under ambient
air. The solid was separated from the solution by centrifugation,
followed by rinsing with distilled water several times, and finally dried
using a freeze drier. The products obtained are referred as to Tx-pHy,
where x and y are temperature and pH, respectively.

2.3. Physical Analysis. The X-ray diffraction data were collected
using a powder X-ray diffractometer of SHIMADZU XRD-6100
equipped with Cu Ka radiation (1 = 0.15406 nm) at a scan speed of
5°/min and the accelerating voltage of 40 kV and applied current of 30
mA. The morphology observation was carried out using field-emission
scanning electron microscopy (FE-SEM; HITACHI S-90X) at an
accelerating voltage of 15 kV and applied current of 10 #A in the dark-
field mode after the sample was drop-casted on silicon wafers; and
transmission electron microscope (TEM) and selected-area electron
diffraction (SAED) were performed on a JEOL (JEM-3010)
microscope at an accelerating voltage of 300 kV, after the sample
was deposited on a standard copper grid supported carbon film.

The Brunauer—Emmett—Teller (BET) surface areas of the samples
were determined by a QUANTACHROMEAUTO-SORB1-MP
apparatus using nitrogen gas adsorption at —196 °C after the sample
was degassed before the adsorption for 0.5 h at 120 °C.

2.4. Photocatalytic Property. The photocatalytic properties were
evaluated through the photodegradation of methylene blue (MB)
solution under ultraviolet light irradiation. The TiO, nanocrystal
sample (50 mg) was placed in an Erlenmeyer flask with an internal
volume of 150 mL containing 100 mL of the MB aqueous solution (10
mg/L) and sonicated for 2 h to well-disperse the sample in the
solution. Prior to the irradiation, the suspension was magnetically
stired for about 30 min in the dark to approach adsorption/
desorption equilibrium between the dye and the TiO, nanocrystal
surface, and then the suspension was illuminated by a 250 W
ultraviolet lamp with an emission wavelength of 365 nm at room
temperature, and the lamp located at about 80 cm away from the MB
solution while being continuously stirred. At intervals of 20 min, 3 mL
of solution was drawn from the suspension and immediately
centrifuged to remove the TiO, nanocrystal. Degradation efficiency
of MB by the photocatalytic reaction was determined by measuring the
concentration of MB before and after the ultraviolet lamp irradiation
using a TU-1901 spectrophotometer (Beijing Purkinje General
Instrument Co. Ltd.). The photodeS%radation efficiency was calculated
according to the following formula

c,—-C
D(%) = %100
0

where D is the photodegradation percentage of MB, and C, and C,, the
initial and final concentration of a MB solution, respectively.

2.5. Adsorption of N719 Dye on TiO, Nanocrystals.
Adsorption experiment of dye was carried out by a batch method. A
TiO, nanocrystal sample (10 mg) was added into an ethanol solution
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Figure 1. (A) XRD patterns for (a) KTO, (b) HTO, (c) the nanoribbon (the exfoliated tetratitanate), and (d) TMA*-intercalated tetratitanate
samples; (B) Tyndall light scattering of the colloidal suspension; (C) crystal structure of HTO, and (D) FE-SEM images of (a) KTO, (b) HTO, and
(c) the nanoribbons, and TEM images of (d) HTO with SAED pattern in the inset and (e, f) the nanoribbons.

(5 mL) of cis-di(thiocyanate) bis (2,2"-bipyridyl-4,4’-dicarboxylate)-
ruthenium(II) bis-tetrabutylammonium (N719) dye, purchased from
Sigma-Aldrich Co., in a concentration range from 1.0 X 107° to 3.0 X
10~ mol/L and stirred at room temperature for 72 h. After the
adsorption, the liquid was separated from the solid by centrifuging
under 10000 rpm for 10 min, and then the concentration of the
remaining N719 dye in the liquid phase was analyzed using a
SHIMADZU UV-2450 spectrophotometer. The amount of the N719
dye adsorbed was determined from the change of dye concentration in
ethanol solution before and after the absorption. The TiO, nanocrystal
samples were calcined at 450 °C for 30 min before the adsorption
experiment.

2.6. Photovoltaic Measurements. The TiO, electrode of the
DSSCs prepared through the doctor-blade method described in the
Supporting Information was subjected to photovoltaic measurements.
The photocurrent—voltage characteristic curves for the DSSCs were
measured using a Hokuto-Denko BAS100B electrochemical analyzer
under irradiation with simulated sunlight of AM 1.5 (100 mW/cm?),

16009

using a sunlight simulator (YSS-E40, Yamashita Denso Co., Japan) and
a2 0.25 cm? mask. The thickness of the TiO, films was measured using
a SURFCOM 480A surface-shape determiner.

3. RESULTS AND DISCUSSION

3.1. Characterization of Nanoribbon Precursor. Figure
1A shows that the basal spacing was changed from 0.87 nm for
KTO to 0.77 nm for HTO, and further to 1.82 nm for the
TMA"-intercalated tetratitanate, indicating the protonation of
KTO and TMA'/H' ion-exchange occur successfully. The
peaks of HTO could be indexed to (H,0)y,sTi,0,(OH),
(JCPDS 38—0700), or written as H,Ti,0y-0.25H,0. After the
colloidal suspension was centrifuged, the nanoribbons sample
in wet state was subjected to XRD measurement. Figure 1A(c)
indicates some small peaks at d = 0.78, 0.58, 0.29 nm, etc., and a
halo in the 20 range from 20 to 40°. The halo means the
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ACS Applied Materials & Interfaces

Research Article

exfoliation of the layered material, corresponding to the Tyndall
light scattering (Figure 1B). The small peaks may imply that
some nanoribbons restacked to HTO because the basal spacing,
0.78 nm, is very close to that of HTO (Figure 1A(b)). The FE-
SEM images show that the nanoribbons (Figure 1D(c)) have
several micrometers in length, retaining the profile of the
starting material (Figure 1D(a)) and protonated KTO (Figure
1D(b)), but very thin. Figure 1D(d) reveals that the growth
direction of HTO coincides with b-axis of the crystal. The TEM
image of the nanoribbon (Figure 1D(f)) shows two types of
lattice fringes, one type with spacing of 3.46 A, corresponding
to the (010) facet of the HTO, perpendicular to the length of
the nanoribbons, and another type with spacings of 2.71 A,
corresponding to (004) facet of the HTO nanoribbon, parallel
to the length of the ribbons. This reveals that the nanoribbons
direction is in the [010]-direction. Because the preferred
growth direction is along the b-axis of the crystal (Figure
1D(d—f)), the nanoribbons are exfoliated along the direction,
retaining well the profile of the crystals. The growth direction
of present KTO sample is different from that along c-axis
reported by Allen et al.>*

It should be noted here that for the exfoliation, intercalation
ion (TMA') in the present work is different from those
reported, usually tetrabutylammonium ion (TBA*) and ethyl-
amine solution. Ethylamine solution cannot be alone used as
exfoliation reagent, and the direct intercalation of TBA" takes
longer time than that of TMA*>*75% So we used TMA* as the
exfoliating agent, in view of it can exfoliate the layered
manganese oxide.”” The basal spacing of 1.82 nm implies the
double layers of TMA" in the interlayer, since the difference of
the summary (1.63 nm) of the thickness of crystallographic
nanoribbons (0.57 nm)***® and the height of double layers of
TMA* (2 X 0.53 nm)® from the basal spacing might be caused
by the presence of interlayer water.”’ The double of TMA* in
the interlayer can be well-explained by the comparison of the
area per unit charge, the value of TMA" (0.22 nm?, calculated®
by supposing the TMA" ion as a ball with the diameter of 0.53
nm) is much larger than that of the nanoribbons (0.11 nm* =
bc/4) from the structure model of H,Ti,0,-0.25H,0 with
lattice parameters a = 0.162, b = 0.374, ¢ = 1.209 nm, f§ =
105.7° and Z = 4.

3.2. Formation and Characterization of Anatase
Nanocrystals. All the products after the colloidal suspension
hydrothermally treated with microwave-assistance in the
temperature range from 120—190 °C were subjected to XRD
measurement (see the Supporting Information, Figure S1), and
Figure 2 shows the typical XRD patterns of the samples. As
shown, three TiO, polymorphs, anatase, rutile, and brookite
were obtained. The dependence of the crystalline phases on
temperature and pH are summarized in Table 1. Single anatase
phase (tetragonal symmetry, space group I4,/amd, JCPDS No.
21—1272) was generated in the area of temperatures over 150
°C and pH ranged from 3 to 13. The diffraction peaks of
anatase crystals became sharper and stronger with the increase
of temperatures, implying the increase of crystallinity. A TG-
DTA analysis on the samples obtained at pH S indicated that
those samples treated at higher temperatures have less weight
losses and the smaller exothermic peaks emerged at lower
temperatures from 323 to 242 °C (see the Supporting
Information, Figure S2). The exothermic peaks are produced
by the loss of TMA" ions, revealing the existence of TMA" in
the products, and the phase has about 4.6 wt %, much less than
in the mixture of anatase and unreacted layered compounds.
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Figure 2. Typical XRD patterns of the samples obtained after
hydrothermal treatment.

Table 1. Dependence of the Crystalline Phases on
Temperature and pH

temperature (°C)

pH 120 130 140 150 160 170 180 190
0.5 A+B+R A+B A+B A+B A+B A+B A+B A+B
+L7 +R +R +R +R +R +R +R
+L
1 L A+B A+B A+B A+B  A+B A+B A+B
+R +R +R +R +R +R +R
+L +L +L
3 L A+L A+L A+L A+L  A+L A A
N L A+L A+L A+L A A A A
7 L L L A+L A A A A
8 — L L A+L A A A A
9 - L L A+L A* A A A
10 - L L A+L A* A A A
11 L L L A+L A A A A
12 L L L A+L A A A A
13 - L L A+L A A A A
14 - - L L L A+B  A+B A+B
+L

“A, anatase phase (A*, with a very small amounts of layered phase); B,
brookite phase; R, rutile phase; L, unreacted layered compound.

Note that, as shown in Table 1, the nanoribbons undergo stable
at temperatures below 140 °C as pH >7, and the restacked
layered compounds have basal spacing of ~1.15 nm (see the
Supporting Information, Figure S1B, C), showing the
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Figure 3. FE-SEM images of (a) T180-pH3, (b) T160-pH3, (c) T160-pHO.S, (d) T180-pHO.S, (&) T180-pHS, (f) T150-pHS, (g) T120-pHS, (h)
T180-pH7, (i) T150-pH7, (j) T180-pH12, (k) T150-pH12, and (1) T180-pH14.

monolayer of TMA" in the interlayer (0.57 nm of the layer
+0.53 nm of TMA* = 1.10 nm).

Figure 3 is the FE-SEM images of the selected samples.
Nanocrystals were observable for all the samples, and
remarkable differences in the morphologies of the anatase
nanocrystals. The morphology of the nanocrystals changes
from the nanorod (T180-pH3) to cuboid and rhombic (T180-
pHS), and to spindle (T180-pH7, T180-pH12) with the
increase of pH. Thus, according to the morphology, we
separate pH to three ranges, 0.5=3, S, and 7—14. And to clarify
the formation and exposed facets of the differently shaped
nanocrystals, detailed observation on the samples obtained at
different pH was carried out by TEM and SAED (Figures 4—
6).

1. Nanorod-like Anatase. In the range of low pH, the
nanorodlike particles of anatase crystals (T180-pH3) constitute
a ribbon secondary particle (Figure 3a). The nanorodlike
crystals have a size of ~90 nm in length and ~20 nm in width
(Figure 4a). The lattice spacings of 3.53, 3.51, and 2.30 A in the
TEM image corresponding to the (101), (011), and (112)
facets of anatase, respectively, and the angle between the (101)
and (011) facets, 82° (Figure 4b) exhibit that the nanocrystals
preferentially expose the facets are vertical to [111] crystal zone
axis, referred as to [111]-facets. The profile of the secondary

particle is very similar to that of T160-pH3 (Figure 3b). For the
latter, anatase and unreacted layered phases are found in the
XRD pattern (Figure 2c), and in the FE-SEM image, some
small nanoparticles on the surface of the nanoribbons are
observable (Figure 3b). Correspondingly, in TEM images,
cracks are found in the nanoribbon along the b axis direction of
the HTO structure (Figure 4c), suggesting that the small
nanorod particles split from the nanoribbon. The rod crystals
with a size of ~30 nm (~15 nm) in length and ~10 nm (~10
nm) in width are confirmed as the anatase phase from their
lattice fringes of the spacing of 3.50 (3.50) and 3.51 A (3.53 A),
and the angle of 82° between them (Figure 4d,e). The rod
extends in the direction vertical to the (011) facet. This
direction is the same as that of the b axis of the pristine
nanoribbon, since the rods split from the nanoribbon (Figure
4c¢). Thus, a transformation reaction from HTO structure to the
anatase structure occurred topotactically. No dislocations are
found in the lattice image of the entire particle, revealing that
the individual nanorodlike crystals are made of perfectly
crystallized anatase TiO,.>

At pH 0.5, for the sample mixture of the three TiO,
polymorphs, blocky granular, and larger rafterlike (~800 nm
in length and ~100 nm in width) as well as a lot of small
irregular particles were observed in T160-pHO0.S (Figure 3c).

dx.doi.org/10.1021/am503914q | ACS Appl. Mater. Interfaces 2014, 6, 16007—16019
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Figure 5. TEM images of (a—c) T180-pHS, (d—f) T150-pHS, (g, h) T180-pH7, and (i, j) T150-pH7.
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The sizes of the blocky granular and rafterlike particles increase
at high temperature for T180-pHO.5 (Figure 3d). The TEM
image shows that the rafterlike particles (Figure 4f) with the
lattice spacing of 3.25 A corresponding to the (110) facet
(Figure 4g) are rutile phase, whereas the small particles with a
nanorodlike morphology are anatase (Figure 4h), as shown by
its (112), (011), and (101) facets, respectively, and the angle
between the (011) and (101) facets, 82° (Figure 4i). At the
same time, some irregular granular particles are also observed
(Figure 4j), the spacings of 3.45 and 3.50 A corresponding to
(111) and (120) facets of the brookite phase, respectively, and
the angle between the two facets is 46° (Figure 4k), and
therefore, the irregular granular particles are brookite. In
contrary to the tendency of anatase phase, both the rutile and
brookite contents first decrease with the increase of temper-
ature at the range of 140—190 °C, and then increase.

2. Cuboid and Rhombic Anatase. At pH S, anatase
nanocrystals have two morphologies, cuboid and rhombic
shapes mainly, respectively (Figures 3e and Sa). The particles
have the size of ~50 nm for T180-pHS. The TEM image
(Figure Sb) shows that the lattice spacings of 2.38 and 3.51 A
corresponding to the (004) and (101) facets of anatase TiO,
phase, respectively, and the 68.3° angle between the (004) and
(101) facets agree with the calculated result from the lattice
constants of anatase (Tetragonal S.G.: I4,/amd, JCPDS 21—
1272, Z = 4, a = 3.7852 A, and ¢ = 9.5139 A).%® This indicates
that the basal plane of both the cuboid and rhombic
nanocrystals are the {010} facet, vertical to the [010] direction,
that is, these anatase nanocrystals preferentially expose the
{010} facet on their surfaces. This preferential exposure of
anatase was confirmed in the T150-pHS sample, as shown in
Figure Sd—f. Figure Sd shows that the cuboid and rhombic
nanocrystals coexist with the unreacted nanoribbons, and the
lattice spacing of 3.50 A shown in images e and f in Figure S
corresponds to the (101) facets of the anatase phase. Figure 3f
shows that the particles with the size of ~30 nm appear on the
surface of multilayer stacking structures of the nanoribbons,
which suggests that the nanocrystals may be formed by splitting
the nanoribbons. Figure 3g shows the restacked structure of the
nanoribbons, implying that the nanoribbons almost unreacted
at the lower temperatures.

3. Spindle-Shaped Anatase. In the pH range of 7—14, the
spindle-shaped anatase nanocrystals are obtained. For T180-
pH7, the spindle-shaped nanocrystals were observed in Figure
3h. The TEM images depict the spindles with ~200 nm in
length and ~30 nm in width (Figure Sg), and the lattice
spacings of 4.73 and 3.51 A, corresponding to the (002) and
(101) facets of anatase, respectively, and the angle between the
two facets, 68.3° (Figure Sh). The result indicates the
preferential exposure of {010} facets again, although the
morphology is different from those of the samples obtained at
pH = S. The observation on the T150-pH7 sample gives the
case of coexistence of the anatase spindles and unreacted
nanoribbons (Figures 3i and Si). As shown, the length direction
of the spindles is vertical to the b-axis of the nanoribbon
(Figure 1D(d)). Figure Si depicts clearly that the spindles split
from a pristine nanoribbon, adopting the direction along c-axis
of the pristine nanoribbon, and Figure Sj reveals that the
spindles are anatase with the exposed {010} facets.

For these anatase nanocrystals with different morphologies
obtained at different pH mentioned above, we can find the size
of the nanocrystals is smaller than that of corresponding ones
obtained at the higher temperature (180 °C) (comparing

Figure 4a with 4c, Sg with Si, and Sb/Sc with Se/5f). This result
implies that although the formation mechanism is the same for
a crystal with certain morphology, but the growth is faster at
higher temperatures. The formation process should be an
Oswald ripening.é4

The spindles are bigger in the case of the T180-pH12 sample
at pH 12 (Figure 3i), ~300—600 nm in length and ~60 nm in
width. At the same time, some much bigger irregular
nanoparticles with the size ~300 nm X ~120 nm are observable
(Figure 3j, k). For the irregular particles, because the amount is
not high, detailed study was not carried out. Comparing Figure
3j with 3k, however, the size of spindles is smaller than that of
T160-pH12 obtained at the lower temperature, which has
irregular particles too. This may be attributed to the existence
of the irregular particles, as we consider the Ostwald ripening
mechanism. On the spindle (Figure 6a), the SAED pattern

Figure 6. TEM images and SAED patterns of (a, b) T180-pH12 and
(c—e) T190-pH 14.

(Figure 6b) confirms that the crystalline is crystal anatase
phase, and the exposed facets are {010}. The T190-pH14
sample has anatase as main phase and brookite as minor phase,
as shown in the XRD pattern (see the Supporting Information,
Figure S1C(g)). Thus, the thickened spindles in the large
amount observed in FE-SEM (Figure 3l) are anatase.
Furthermore, the plate-shaped particles with an irregular profile
(Figure 6c) are confirmed by the SAED pattern (Figure 6d)
and TEM image (Figure 6e) to be brookite. The TEM image
reveals that the plate-shaped particle shows lattice image with a
lattice spacing of 3.45 A that corresponds to (111) facet of
brookite phase (Figure 6e).

3.3. Surface Area and Particle Size. For the nanocrystals
of anatase phase obtained at 180 °C, the BET specific surface
areas were measured and shown in Table 2. As shown, the
specific surface area (Sgpy) decreases with the increase of pH.
This means that the crystalline size increases at high pH, even
though the morphology changes. Table 2 also gives the
crystallite sizes. The FE-SEM image of P25 and nanoparticle
size distributions measured from enlarged photograph of FE-
SEM images are shown in Figure S4 in the Supporting
Information. The samples of P25, T180-pH3, and T180-pHS
have narrow particle size distributions compare to the T180-
pH7 and T180-pHI12. As expected, the size increases as pH
increases.
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Table 2. Characteristics for P25 Particle and the TiO,
Nanocrystals

D sen” D01 Sger

sample phase morphology (nm (nm5 (m*/g)

P25 anatase/ granular 28 20 525

rutile

T180- anatase nanorod 44 19 41.8
pH3

T180- anatase cuboid/ 50 27 32.5
pHS rhombic

T180- anatase spindle 148 38 24.6
pH7

T180- anatase spindle 332 54 18.6
pHI2

“Size of the longest growth direction in FE-SEM images measured
using software.% Average crystalline size calculated by applying the
Scherrer equation®” to the (101) plane at 26 ~ 25.3°, and k was set as
0.94 without consideration the crystal shape.

3.4. Crystal Shape Simulation and Schematic Pre-
sentation of the Structural Transformation. For each
morphology of the anatase c?fstals, simulations were carried
out using the VESTA software.”®> According to the results of the
HR-TEM/SAED observation, the indices of anatase lattice
planes ((101), (001), and (100)) including a preferentially
exposed facet (010) and the relative ones were given as
parameters into the software by a trial-and-error method, until
the morphology obtained was very similar to the observed one.
As shown in Figure 7, the results agree well with the observed
morphologies.

According to the discussion above, a schematic presentation
was proposed to show the transformation reactions (Figure 7).
The fibrous particles of the TMA-intercalated layered structure
are exfoliated into elementary host nanoribbons. The reaction
of the transformation from the nanoribbon to TiO, proceeds as
eq L.

(Ti,0,)*” = 4TiO, + 0>~ (1)

where the (Ti,Oy)* is the chemical formula of [TiOg4] formed
layer framework of the nanoribbon host. The cations of TMA*
and H;0" locate, to balance the negative charge, on the surface.

The release of oxygen ion (or the dehydration process) would
destruct the framework. Because the transformation is an in situ
topotactic transformation reaction, as previously observed for a
system,®® the destruction of the framework would show as
splitting at certain lattice planes of the pristine crystal,
depending upon pH. This is reasonable for the FE-SEM
observation that the cracks in the nanoribbon occur along the
[010]-direction of the HTO in the pH range of 0.5—3, and
along [001]-direction in the range of 7—14, as shown in the FE-
SEM images of Figure 7. The morphology of cuboid and
rhombic anatase obtained at pH S may be explained as due to
the splits along both the two directions. Splitting of the
framework at the low pH range possibly takes place at the
oxygen atoms corner-shared by two [TiO4] octahedrons along
the b-axis ([010]-direction of the anatase) rather than those
edge sharing oxygen atoms. But at higher pH, both kinds of
oxygen atoms are considered to release, breaking the
framework. The splitting in different directions and difficulty/
easiness maybe results in the different fragments in size. This
could be used to explain the fact that the size of the anatase
increases with increasing pH, under the same temperature and
time interval. Because the transformation reaction accompanied
by an Ostwald ripening growth of the formed crystal, as
mentioned above, the morphology of the precursor changes to
differently shaped anatase.

3.5. Photocatalytic Activity. For TiO, nanocrystals
obtained, the photodegradation experiments of methylene
blue (MB) dye were carried out, and compared with the
commercially available TiO,, Degussa P2S. Figure 8 shows the
time-dependent photodegradation profiles of MB in the
presence and absence of TiO, nanocrystals samples under
ultraviolet irradiation. The corresponding absorption spectra of
a methylene blue solution degraded under UV light irradiation
are provided in Figure S4 in the Supporting Information. The
degradation efficiency of MB at 120 min, increased in an order
of 86% (P25), 90% (T180-pH12), 94% (T180-pH3), 96%
(T180-pH7), and 99% (T180-pHS). Two factors, the exposed
facet and the specific surface area, influence on the efficiency,
but the former is the bigger impact. Thus, the samples with
exposed {010} facets exhibit the higher photocatalytic activity

Spindle anatase

/

P TMA *-intercalated

layered tetratitanate Nanoribbon

Dissolution along
o1y [010] direction
—_—

pH <3

Cuboid anatase

(010)

Rhombic anatase

Nanorod anatase

Figure 7. Simulated crystalline shapes and schematic representation of the formation reactions for anatase TiO, nanocrystals at different pH.

16014

dx.doi.org/10.1021/am503914q | ACS Appl. Mater. Interfaces 2014, 6, 16007—16019



ACS Applied Materials & Interfaces

Research Article

100

I i~ =
§ > A -2 //‘Q:_"—‘ :{
< 80 1 !//.Er::/g,_'—-_:g.i—-e’

'-d‘ P/ ’/ ~
= //%’
% 60 - ”f/ /// —a—TI180-pH>
E:: f/’ /// —0-T180-pH7
= 40 '/-‘/ —o—TI180-pH3
£ _ ,,/’}( —=—T180-pHI2
2 1 Wy, —O0—-P25
B ;/// —e—wvithout catalyst
v 1% e
— ——— — ——— —
_ 0 ‘* =t T T T
0 20 40 60 S0 100 120

Irradiation time (min)

Figure 8. Time-dependent photodegradation profiles of MB in the
presence and absence of TiO, nanocrystals samples under ultraviolet
irradiation.

than the commercial P25 without specific facet on the surface.
The result is accordance with those of the literature.*"*
Among the samples with {010} facet, the photocatalytic activity
increases with the increase of Sypr (Table 2).

The photocatalytic activity in an order of P25 < T180-pH3 <
T180-pHS, is the inverse of the Sypr value order. This implies
that the photocatalytic activity of different exposed facets is in
an order of surface without specific facet < [111]-faceted
surface < {010}-faceted surface. To characterize the photo-
catalytic activity of crystal surface, we estimated the reaction
rate of MB per surface area. The degradation ratios at 120 min
were 0.97, 0.78, 0.47, 0.45, and 0.33 mg(MB)/m2 for T180-
pHI12, T180-pH7, T180-pHS, T180-pH3, and P25, respec-
tively. This result reveals that the surface photocatalytic activity
in an order of T180-pH12 > T180-pH7 > T180-pHS > T180-
pH3 > and P25, agree with the order of {010}-faceted surface >
[111]-faceted surface > surface without specific facet.

3.6. Adsorption Behavior of N719 Dye. The behavior of
the dye molecule loaded on various TiO, nanocrystals exerts a
profound influence on the application of the nanocrystals in
DSSCs. The adsorption amount of dye onto TiO, sample
(mol/g) is strongly dependent on Sggr. To more clearly
understand the situation of the dye molecules adsorbed on the
crystal surface, we present the dye adsorption amount as per
Sger of the sample that corresponds to dye adsorption density
on the crystal surface. The adsorption amount enhanced with
the increase in dye concentration until it reached a saturation
value.

Figure 9 is result of the N719 dye adsorption isotherm
experiments carried out on the T180-pH3, T180-pHS, and
T180-pH7 samples. From these data, the isotherm curves were
calculated according to the Langmuir-type isotherm equation
linear formula,”®

c__1 ., ¢
r l—‘maxI<ad 1—‘max (2)

where I' is the N719 adsorption amount (mol/m?*); C, the
equilibrium concentration (mol/L); I, the saturated
(maximum) adsorption amount (mol/m?); and K, the
adsorption equilibrium constant (L/mol). The parameters are
given in Table 3 and the curves are shown in Figure 9. The
curves agree well with the experimental result, indicating that
the N719 dye adsorption on the crystal surface is monolayer
adsorption.
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Figure 9. Adsorption isotherms for N719 dye on TiO, nanocrystals.

The adsorption toward N719 of the three samples is
markedly different. The I',,, value increases in the order of
T180-pHS, T180-pH3, and T180-pH7, whereas K4 is in an
order of T180-pH3 < T180-pHS < T180-pH7. Both I',,, and
K,y indicating respectively the adsorption density and
adsorption binding with the dye molecules, are highest for
the surface of T180-pH7, whereas the T180-pH3 sample has
the lowest K,4. This result reveals the N719 dye adsorption on
[111]-facet is weaker than that on {010}-facet. In the {010}-
faceted anatase samples, K 4 of T180-pHS is smaller than that
of T180-pH7, which may be due to increases in {010}-facet
percentage on the crystal surface and crystallinity of the
surface.”

3.7. Photovoltaic Performance of DSSCs. It was
reported that the TiO, film thickness is one of the dominant
factors affecting the performance parameters of the DSSCs,
such as, the short-circuit photocurrent density (J,.), the open
circuit voltage (V,.), and the fill factor (FF).”> Thus, we
fabricated photoanodes with different thickness to optimize the
photovoltaic performance of DSSCs using T180-pH3, T180-
pHS, T180-pH7, and P25 samples. The short-circuit photo-
current density profiles plotted vs the film thickness are
displayed in Figure 10a. The current densities had the similar
trend with the increase of the film thickness for all the samples:
they first increase with the film thickness, and then flatten out,
when the film is beyond a certain thickness with a slight decline.
More dye will be absorbed on the surface of the photoanodes
with the increase of the film thickness, which is expected to
enhance the current density of DSSCs. However, the charge
recombination between the electrons injected from the excited
dye to the conduction band of the TiO, film and the I~ ions in
the electrolyte will become more serious with increasing of the
film thickness, which is extremely disadvantageous to electron
collection on the back contact, thus limiting continuous
increase of current density.”* The T180-pH3, T180-pHS,
T180-pH7, and P25 samples exhibit the maximum J values at
the TiO, film thicknesses around 16, 14, 17, and 18 um,
respectively.

Contrary to the tendency of the current densities, the open
circuit voltage decreased linearly with an increase in the film
thickness (Figure 10b). The decrease in the open circuit voltage
can be explained as a consequence of increased charge
recombination and restricted mass transport in thicker
films.”> The V,. of T180-pHS was higher than that of other
samples with the same film thickness. The fill factor also
decreased with the increase of the film thickness (Figure 10c).
The increased charge recombination also causes the decrease of
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Table 3. N719 Dye-Adsorption Parameters on the TiO, Nanocrystals

sample K4 (L/mol) I, (mol/m?)
T180-pH3 136 x 10* 1.55 X 1076
T180-pHS 4.82 x 10* 145 X 1076
T180-pH7 5.76 x 10* 1.79 X 1076

“Calculated”” from Nyye(number/ nm?)

correlation coefficient

[y5 (mol/m?) Ny.” (number/nm?)

0.966 124 x 107¢ 0.75
0.995 1.36 X 1076 0.82
0.995 1.70 X 1077 1.02

I'[mol/m?] X N,(number/mol) x 107'¢ at 0.3 mmol/L of N719.
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Figure 10. Dependence of the (a) short-current density (J.), (b) open circuit voltage (V,.), (c) fill factor (FF), and (d) power conversion efficiency
(1) on film thickness (@, T180-pH3; A, T180-pHS; O, T180-pH7; O, P25).

FF. The power conversion efficiency (77) had the similar trend
to J, with the increase of film thickness for all the samples: with
increasing film thickness, 7 values first increase, achieve a
maximum, and then decrease (Figure 10d). The T180-pH3,
T180-pHS, T180-pH7, and P25 samples exhibit the maximum
n values at the TiO, film thicknesses around 16, 14, 17, and 18
um, respectively, which correspond to their maximum J_ values.

For the highest J,. (maximum 7), the photocurrent—voltage
characteristic curves of the DSSCs are presented in Figure 11.
The corresponding photovoltaic parameters are listed in Table
4. The J,. and 7 values increase in the same order of P25, T180-
pH3, T180-pHS, and T180-pH7, namely, n is strongly
dependent on the J; whereas the V. and FF, in an order of
T180-pH3 < P25 < T180-pH7 < T180-pHS and an order of
T180-pHS = T180-pH7 < T180-pH3 < P25, respectively. It has
reported that there are relationships between the DSSC cell
parameters and the sensitizer dye adsorption parameters; the J,.
increases with increasing K4, V. increases with increasing
adsorption density on TiO, surface, and P25 has the N719 dye
adsorption parameters of K,g = 9.3 X 10° L/mol and I'y5 = 7.4
X 1077 mol/m2”" In the present study, the J. increasing order
agrees also with the K4 order of P25 < T180-pH3 < T180-
pHS< T180-pH7 (Table 3). A large value of K,4, meaning a
strong binding strength between the dye and TiO, surface,
would increase the injection rate of excited photoelectrons from
the N719 dye molecule into the TiO, surface, resulting in the

16016

Current density (mA/cm?)

03

04
Voltage (V)

05 06 07 08

Figure 11. Photocurrent—voltage characteristic curves of DSSCs
prepared using (a) P25, (b) T180-pH3, (c) T180-pHS, and (d) T180-
pH7.

enhancement of the J,..*>”° The order of V,_ T180-pH3 < P25
< T180-pH7 < T180-pHS is slightly different from the dye
adsorption density of I'y; order of P25 < T180-pH3 < T180-
pHS < T180-pH7, which may be due to the different TiO, film
thickness and TiO, particle size. The thicker film and smaller
particle size of TiO,, the larger surface area, as causes larger the
charge recombination at interface between TiO, surface and
electrolyte solution, therefore, resulting low V. value.”®

dx.doi.org/10.1021/am503914q | ACS Appl. Mater. Interfaces 2014, 6, 16007—16019



ACS Applied Materials & Interfaces

Research Article

Table 4. Photovoltaic Parameters of DSSCs Based on
Different TiO, Photoanodes

film thickness Jse
(mA/cm?) V.. (V) FF 1 (%)

electrode (um)

P2s 16.6 10.3 0.711 0.600 4.37
T180-pH3 159 11.5 0.708 0.580 4.74
T180-pHS 13.8 12.6 0.739 0.548 5.09
T180-pH7 16.4 13.6 0.736 0.548 5.48

Although reducing the charge recombination could enhance the
FF of DSSCs, it is also affected by other factors, such as the
conductivitg of the TiO, film, which is independent of the dye-
adsorption.”’

The T180-pH7 sample exhibits the highest # value, because
of its highest J,. and relatively higher V.. The {010}-faceted
anatase nanocrystals (T180-pHS and T180-pH?7) exhibit higher
Ji than the [111]-faceted sample (T180-pH3), and much
higher J,. than without specific facet nanocrystals (P25).

4. CONCLUSIONS

Because of the topotactic transformation from the precursor to
TiO, nanocrystals, the morphology and structure depend on
pH as well as temperature of the microwave-assisted hydro-
thermal treatment. The tetratitanate nanoribbons lead to,
preferentially, the formation of [111]-faceted nanorod-shaped
anatase crystals under stronger acidic conditions of pH <3, and
the {010}-faceted anatase nanocrystals with rhombic and
cuboid morphology at pH S, and spindle-shape at pH 7—14.
The photocatalytic activity of these anatase nanocrystals
increased in the order of surface without specific facet <
[111]-faceted surface < {010}-faceted surface. The same
enhancement order was also found for the DSSC performance,
corresponding to the binding strength of the N719 dye on the
TiO, surface.
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