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ABSTRACT (ontrolled crystal growth determines the shape, size, and exposed facets
of a crystal, which usually has different surface physicochemical properties. Herein we
report the size and facet control synthesis of anatase Ti0, nanocrystals (NCs). The exposed
facets are found to play a crucial role in the photocatalytic activity of Ti0, NCs. This is due to
the known preferential flow of photogenerated carriers to the specific facets. Although, in
recent years, the main focus has been on increasing the surface area of high-energy
exposed facets such as {001} and {100} to improve the photocatalytic activity, here we
demonstrate that the presence of both the high-energy {001} oxidative and low-energy
{101} reductive facets in an optimum ratio is necessary to reduce the charge

recombination and thereby enhance photocatalytic activity of Ti0, NCs.
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esign and fabrication of TiO, nano-
Dstructures have attracted much at-

tention because of their extensive
uses in photocatalysis,' > dye-sensitized
solar cells,*® self-cleaning agents,” ~® elec-
tronic devices,'® hydrogen production,'"'2
and supercapacitors.'”> The properties of
nanomaterials are known to vary with the
shape and size, which thereby have strong
implications on their performances in po-
tential applications. In the solution-based
synthesis process, anatase TiO, crystals grow
as truncated tetragonal bipyramidal shapes
enwrapped with a large area of thermo-
dynamically stable low-energy {101} and a
small area of high-energy {001} exposed
facets." The high surface energy of {001}
facets is considered to be due to the 100%
5-fold-coordinated titanium atoms (Tis.) as
compared to 50% Tisc on the {101} sur-
face.">® Moreover, {010}/{100} facets also
have 100% Tis. atoms, making it as another
reactive facet."*'” The order of the aver-
age surface energies is as follows: y{001}
(0.90 J/m?) > {100} (0.53 J/m?) > y{101}
(0.44 J/m?).'® Thus extensive efforts have
been made to synthesize TiO, crystals with a
large area of high surface energy facets,
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particularly {001} facets."*'®%° Yang et al.
successfully synthesized micrometer-size
TiO, crystals with exposed {001} facets
using hydrofluoric (HF) acid as a capping
and shape-controlling agent.?’ Thenceforth
several reports demonstrated the synthesis
of shape-controlled TiO, crystals using
HF.'62022=25 However, HF is an environ-
mentally unfriendly and extremely corro-
sive chemical. Therefore it is desirable to
synthesize TiO, crystals with exposed reac-
tive facets using a fluorine-free process.
Recently, TiO, nanocrystals (NCs) with di-
verse shapes have been synthesized using
a fluorine-free strategy.'**%~2® However
there is no report on the fine control of
different facets of cuboid TiO, NCs using
any synthesis technique. Herein, we demon-
strate the fine control of different facets
of cuboid TiO, NCs by varying the reac-
tion duration using a fluorine-free shape-
controlling reagent, i.e,, diethanolamine (DEA).

Although {001} and {100}/{010} facets
of TiO, crystals are known as the most re-
active and energetic facets because of
their high surface energy,?'?*%° their sole
role in heterogeneous photocatalysis is still
ambiguous.?® Recently, Pan et al. confuted
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that the high-energy {001} TiO, facets are the reason
behind the photocatalytic efficiency of TiO, NCs.'®
They showed that {010} facets have the highest
photoreactivity and explained it on the basis of the
cooperative mechanism of surface atomic structure
(the density of undercoordinated Ti atoms) and sur-
face electronic structure (the power of photoexcited
charge carriers). One of the main aspects of photo-
catalytic activity is to reduce the recombination of
photogenerated carriers. It has been found that aniso-
tropic semiconducting crystals have a lower charge
recombination than that of spherical particles.3®*" This
is due to the spontaneous separation of charge carriers
toward different crystal facets.>? In the case of anatase
TiO,, {001} and {101} facets have been demonstrated
as oxidative and reductive sites, respectively, by single-
molecule fluorescence probe®® and photochemical
deposition study.>* Further, Liu et al. recently con-
firmed the improved photogenerated carrier separa-
tion by selectively depositing Pt on the exposed {101}
facets.>® Theoretical studies by Li et al. report detailed
comparisons on the effect of shape, size, and surface
structure on the photocatalytic behavior of anatase
TiO, in an aqueous environment.*¢~>2 Therefore, it is
important to explore the effect of physicochemical
properties of different facets of TiO, NCs and their
exact role in the photocatalytic behavior.

In the present work, in addition to the size-
controlled synthesis of TiO, NCs, we synthesized NCs
with either entirely high-energy {001} and {100}/{010}
exposed facets or low-energy {101} exposed facets, or
with a different percentage of {001}, {100}/{010}, and
{101} facets. Then we demonstrate that not only more
reactive {001} and {100}/{010} facets but also the
presence of less reactive {101} facets are important
for the improved photocatalysis. This is because of the
preferential carrier transport to different facets of the TiO,
crystal, thereby reducing the charge recombination3*
The photocatalytic property of as-synthesized TiO, NCs is
studied by the degradation of an organic contaminant in
the presence of ultraviolet (UV) light.

RESULTS AND DISCUSSION

Surface Morphology. Figure 1 shows the field-emission
scanning electron microscope (FE-SEM) images of
TiO, NCs obtained by the hydrothermal synthesis
method at 225 °C by varying the reaction duration
(12 to 72 h) using titanium tetraisopropoxide (TTIP,
3 mmol) as a precursor and diethanolamine (20 mL,
200 mmol) and tetrabutylammonium hydroxide
(TBAH, 20 mL, 80 mmol) as solvents. Here, DEA and
TBAH are used as a shape-controlling agent and a
bridging ligand, respectively. Insets of Figure 1la—e
show the respective magnified FE-SEM images. The
surface morphology of TiO, NCs is found to be uniform
throughout the product, and their size distribution
varied from smaller to larger with an increase in the
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Figure 1. FE-SEMimages of TiO, NCs obtained in (a) 12 h, (b)
24 h, (c) 36 h, (d) 48 h, and (e) 72 h, using the hydrothermal
synthesis. Insets show the magnified FE-SEM images of the
respective samples. (f) Size distribution of TiO, NCs ob-
tained with different reaction durations.

reaction duration of the hydrothermal synthesis, as
shown in Figure 1f. Figure 1a shows an FE-SEM image
of TiO, NCs of size in the range 30—100 nm across the
diagonal obtained in 12 h. In this case, the percentage
of smaller TiO, NCs of size 30—50 nm (65%) is found to
be higher than that of larger TiO, NCs (50—100 nm)
(Figure 1f). Magnified images show these TiO, NCs are
near-perfect cube-shaped. With increasing the reac-
tion duration to 24 h (Figure 1b), the density of smaller
TiO, NCs is found to be decreased, whereas the density
of larger TiO, NCs (50—110 nm) increased. The magni-
fied image in the inset of Figure 1b shows the reduc-
tion in sharpness on the edges and corners of these
cube-like (cuboid) NCs. Figure 1c shows the cuboid
TiO, NCs obtained in 36 h reaction. In this case a
maximum percentage of cuboid TiO, NCs (45%) is
found in the size range of 80—120 nm, which is larger
than that for the NCs obtained in 12 and 24 h. On
further increasing the reaction duration to 48 h, not
only is the average size of cuboid TiO, NCs found to be
increased, but also they have a narrow size distribution;
80% cuboid TiO, NCs are in the size range of 150 to
170 nm. Besides the size, it is also important to note
the change in the shape of the cuboid TiO, NCs on
increasing the reaction duration. Upon careful obser-
vation, it is noticed that the sharp edges of TiO, NCs
become blurry and flattened with increasing the reac-
tion duration of the synthesis. This suggests that the
reaction duration plays an important role in the shape,
size, and distribution of TiO, NCs. However, the syn-
thesis performed for 72 h produced ellipsoid and
distorted cuboid TiO, NCs, as shown in Figure 1e. The
length and width of these ellipsoids are measured to
be 100—350 nm and 80—250 nm, respectively. The
distorted cuboid TiO, NCs are found in the size range of

VOL.7 = NO.3 = 2532-2540 = 2013 @M\Q)

Y

WWww.acshano.org

2533


http://pubs.acs.org/action/showImage?doi=10.1021/nn305877v&iName=master.img-001.jpg&w=193&h=195

Figure 2. TEM images of TiO, NCs synthesized by hydrothermal process at 225 °C with a reaction duration of (a, b) 12 h, (c) 24 h,

(d) 36 h, (e) 48 h, and (f) 72 h.

80—200 nm. These results show that an optimum
reaction duration of 48 h is the most suitable to obtain
uniformly sized cuboid TiO, NCs, whereas with 12 h
reaction duration near-perfect cubic TiO, NCs can be
obtained. It is important to compare the morphology
of DEA-capped with the traditional fluorine (F)-capped
TiO; crystals. The F-capping is normally achieved using
HF, and it produces TiO, crystals in the shape of either
truncated tetragonal bipyramids mainly with exposed
low-energy {101} facets or nanosheets primarily with
exposed high-energy {001} facets depending on the
quantity of HF used in the synthesis.'®'9~2139 A higher
quantity of HF produces nanosheets due to the effi-
cient capping of {001} facets.'”3° The size of the
truncated tetragonal bipyramids is reported to vary
in the range of 1 to 3 um, whereas the nanosheets are
in the range of 10—1000 nm (length) and 3—260 nm
(thickness)."®'9~213° On the other hand, in the present
work we demonstrate cuboid TiO, NCs in the size
range of 30—170 nm using DEA as an efficient capping
agent. Furthermore, the molar concentration of DEA is
found to play an important role in the morphology of
TiO, NGs. At a very low (DEA:TBAH = 1:10) and high
(DEA:TBAH = 10:1) DEA molar concentration, ellipsoid-
like crystals [Supporting Information (SI), Figure S1(a)]
and nanosheets [SI, Figure S1(b)] are obtained at 225 °C
in 24 h of hydrothermal synthesis, respectively.
Microstructure and Structural Properties. Figure 2 shows
the transmission electron microscope (TEM) images of
TiO, NCs synthesized by the hydrothermal process at
225 °C by varying the reaction duration. The TEM
images of the sample obtained in 12 h (Figure 2a,b)
show cubic TiO, NCs with sharp edges and corners. The
size of cubic TiO, NCs varies from 30 to 80 nm along the
diagonal of the cubes. With an increase in the reaction
duration to 24 h (Figure 2¢) and 36 h (Figure 2d), the
average size of the TiO, NCs increases to 50—110 nm
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Figure 3. (a) TEM image of cubic TiO, NCs obtained in 12 h
showing their sharp edges, (b) SAED spots of cubic TiO, NCs
showing the diffracted planes and angle between them, and
(c) the corresponding lattice fringe matching the distance
between (200) planes of bulk TiO, crystals.

and 60— 120 nm, respectively. With a further increase in
reaction duration to 48 h (Figure 2e), the average size
of the cuboid TiO, NCs increases to the size range of
150—170 nm along with a narrow size distribution. The
increase of size and improvement in the size distribu-
tion of cuboid TiO, NCs with an increase in reaction
duration from 12 h to 48 h are in good agreement with
FE-SEM analysis. Furthermore, the edges of TiO, NCs
are found to be flattened with an increase in the reac-
tion duration. Ellipsoid and distorted cuboid TiO, NCs
obtained in 72 h are shown in Figure 2f. The length and
width of ellipsoid NCs are measured to be 100—350 nm
and 80—250 nm, respectively.

Figure 3a,b show the magnified TEM image and
the corresponding selected area electron diffraction
(SAED) pattern of near-perfect cubic TiO, NCs obtained
in 12 h of hydrothermal reaction, respectively. The dif-
fraction pattern of bright intense spots indicates the
single-crystalline nature of the TiO, NCs. The absence
of (101) planes in the SAED pattern indicates that the
cubic TiO, NCs are surrounded by high-energy {001}

VOL.7 = NO.3 = 2532-2540 = 2013 @%{Q}

WWW.acsnano.org

2534


http://pubs.acs.org/action/showImage?doi=10.1021/nn305877v&iName=master.img-002.jpg&w=300&h=200
http://pubs.acs.org/action/showImage?doi=10.1021/nn305877v&iName=master.img-003.jpg&w=200&h=120

Figure 4. (a) TEM image of cuboid TiO, NCs obtained in the
reaction duration of 36 h, (b) SAED spot pattern of the
corresponding sample showing the diffracted planes and
angle between them, and (c) the corresponding lattice
fringe from the edge of a NC matches the spacing between
(101) planes of bulk TiO, crystals.

and {100} facets. The angle between different planes
as designated in Figure 3b exactly matches the theo-
retical values.?> Figure 3¢ shows a lattice image taken
from the edge of a cube. The distance between two
consecutive planes is measured to be 0.19 nm, which
corresponds to the distance between (200) planes of
anatase TiO,. Thus the high-resolution TEM (HRTEM)
study clearly suggests that the cubic TiO, NCs obtained
in 12 h are solely enclosed by high-energy {001} and
{100} facets.

Figure 4ab show the magnified TEM and SAED
pattern of cuboid TiO, NCs obtained in 36 h of hydro-
thermal reaction. The different crystal planes shown in
Figure 4b are matched to the theoretical values.” The
SAED spots clearly suggest the presence of low-energy
{101} facets, indicating incorporation of {101} facets
into the TiO, NCs. The lattice fringe taken from the
edge of a cuboid TiO, NC shows the distance between
two consecutive planes (Figure 4c). The measured
lattice spacing of 0.351 nm indicates the presence
of {101} facets at the edges of TiO, NCs synthesized
in 36 h of hydrothermal reaction.

Figure 5a,b show the magnified TEM and SAED
pattern of cuboid TiO, NCs obtained in 48 h of hydro-
thermal reaction. The contrast difference between the
central and periphery part of the NCs indicates blunt-
ing at the edges of NCs, which is due to the incorpora-
tion of {101} facets. Incorporation of {101} facets
reflects in their SAED pattern (Figure 5b) and lattice
fringe taken from the edge of a cuboid NC (Figure 5c).
The angles between the planes are found to exactly
match the angles between (101) and (002), and (200)
and (101) planes, as shown in Figure 5b. The distance
between the two consecutive planes from the edge of
a NC is measured to be 0351 nm from the lattice
image, which matches the distance between two
consecutive (101) planes of bulk TiO,, indicating that
the edges of NCs have mainly {101} exposed facets.

In order to have a clear view of edges, corners, and
facets of the as-synthesized TiO, NCs at different
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Figure 5. (a) TEM image of cuboid TiO, NCs obtained in the
reaction duration of 48 h, (b) SAED spot pattern of the
corresponding sample showing the diffracted planes and
angle between them, and (c) the corresponding lattice
fringe matching the distance between (101) planes of bulk
TiO, crystals.

durations, we display the magnified FE-SEM image,
TEM image, and schematic of the corresponding NCs in
Figure 6. Near-perfect cube-shaped TiO, NCs (Figure 6a,b)
with wholly high-energy {001} and {100}/{010} exposed
facets are obtained in 12 h, which is in accord with their
HRTEM analysis (Figure 3b,c). With an increase in the
reaction duration to 24 h, the {101} facets are found to
evolve along with the decrease in the surface area of
exposed {100} facets (Figure 6¢,d). On further increas-
ing the reaction durations to 36 and 48 h, exposed area
of {101} facets increases and that of the {100} facets
decreases, as shown in Figure 6e,f and 6g,h, respec-
tively. The relative surface area of different exposed
facets of individual TiO, NCs was carefully calculated
on the basis of magnified FE-SEM images and are
presented in Table 1. The surface area of {101} facets
of individual TiO, NCs increases from 0 to 32%,
whereas that of {100} facets decreases from 58% to
33% with an increase in reaction duration from 12 h to
48 h. On the other hand, the surface area of the {001}
facets of individual TiO, NCs remains almost the same,
irrespective of the reaction duration.

The structural properties of TiO, NCs were investi-
gated using an X-ray diffraction (XRD) study. Figure S2
shows the XRD patterns of TiO, NCs prepared in 12, 24,
36, 48, and 72 h. The sharp diffraction features ob-
tained from the as-prepared samples clearly indicate
the crystalline nature of TiO, NCs, and the 26 diffraction
positions are matched to the powder anatase TiO, of
the tetragonal crystal system. The individual diffraction
features are assigned as per JCPDS card no. 00-002-
0387. The relative peak height of the (200) planes is
found to increase with an increase in the reaction
duration of TiO, NCs synthesis. This increase in relative
intensity indicates the greater growth of cuboid TiO,
NCs along the [100] direction and thereby the decrease
in the exposed nature of the same facets with reaction
duration. However, the XRD pattern obtained from
the ellipsoid TiO, NCs formed in 72 h shows a mixed
phase, i.e.,, a minor rutile and a major anatase phase.
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Figure 6. Magnified FE-SEM images, TEM images, and schematics of respective TiO, NCs are shown with different facets
hydrothermally synthesized in (a, b) 12 h, (c, d) 24 h, (e, f) 36 h, and (g, h) 48 h. The length of scale bar in all the images is 25 nm.

I
TABLE 1. Exposed Related Surface Area of Different
Facets of Individual Cuboid TiO, NCs Obtained with
Different Reaction Duration

reaction duration % of {101} facets % of {001} facets % of {100} facets

12h 0 L] 58
24h 16 38 46
36h 27 35 38
#8h 32 35 33

The diffraction peak at 26 of 30.8° for the rutile phase is
marked with % symbol.

Growth Mechanism. In the current work, the exposed
facets of cuboid TiO, NCs was controlled by varying
the reaction duration, keeping other parameters such
as reaction temperature and initial molar concentra-
tions of precursor, DEA, and TBAH fixed. For the synthe-
sis of TiO, NCs, precursors play an important role. As
the titanium alkoxide precursors (titanium isopropox-
ide or isobutoxide) are highly reactive toward moist-
ure, the control of crystal growth is somewhat difficult
in the aqueous medium.'**° Therefore, suitable organ-
ic solvents can be chosen not only to control the shape,
facets, and size of TiO, NCs but also to obtain NCs with
narrow size distribution and high crystallinity.'**'4?
The amine compounds are widely used for fabricat-
ing the highly crystalline controlled morphology of
TiO, NCs.*** The amines have dual functions, i.e, as
a bridging ligand facilitating the formation of the
Ti—O—Ti skeleton in a particular direction, and as a
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capping agent inhibiting the formation of the Ti—O—Ti
skeleton three dimensionally. We chose DEA as a
capping/shape-controlling agent because the opti-
mized structure of DEA as per density functional theory
(DFT) calculations (SI, Figure S3) shows that the dis-
tance between ammine-H and hydroxyl-H (0.46 nm) is
closer to the distance between two consecutive 2¢-O of
{001} facets (0.53 nm) than the distance between two
consecutive 2¢-O of {101} facets (0.28 nm) of a TiO,
surface.>**>*> Thus it is obvious that DEA can easily
stabilize the {001} facets of TiO, exclusively through
H-bonding. Such H-bonding onto {001} of TiO, NCs
can hinder the growth along [001] and thereby expose
the thermodynamically unstable energetic {001} fac-
ets. The hydrothermal reaction duration plays a cru-
cial role in controlling the different facets of cuboid
TiO, NCs. In the hydrothermal reaction, initially there
was a sufficient quantity of DEA to cap the energetic
{001} facets, which wholly exposes {001} and {100}/
{010} facets, forming near-perfect cubic TiO, NCs in
12 h of reaction time (Figures 1a and 2a,b). However,
with an increase in reaction duration, the thermody-
namically more stable {101} facets start to evolve and
the relative area of the {100}/{010} exposed facets
decreases as these reactive {100}/{010} facets are not
well capped by DEA. Further increasing the reaction
duration to 72 h leads to NCs with primarily exposed
{101} facets with ellipsoid shape. Thus keeping the
initial concentration of DEA (capping agent) and other
parameters fixed, the increase in reaction duration
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leads to control of the different exposed facets of
TiO, NCs.

Photocatalytic Properties. The principle of dye degra-
dation by TiO, is based on a solid—liquid surface
phenomenon assisted by UV light irradiation. The UV
light creates electron/hole (e /h™) pairs within the
semiconductor. The generated e /h™ pairs are effec-
tive in the photocatalysis only until their recombina-
tion. Therefore, the surface of a catalyst plays an
important role in not allowing the recombination of
photogenerated e /h* pairs. The different chemical
environment of TiO, NCs facets makes it a unique
material toward photocatalytic activity. On the basis
of the DFT calculations combined with the periodic
continuum solvation model, Li et al. reported that
morphology-dependent photocatalytic activity of the
sharp crystals was much higher than that of the flat
crystals in an oxygen evolution reaction, which is
due to the unique spatial separation/localization of
the frontier orbitals in the sharp nanoparticles.>® The
theoretical results suggested that photocatalytic activ-
ity can be enhanced via nanostructure engineering.>®
In addition, they reported photocatalytic activity is
strongly influenced by the energy position of the
maximum of the valence band and the minimum of
the conduction band. The anatase (101) surface has
a stronger ability to accumulate photoelectrons than
the 0.5 ML H,0O-covered (001) surface, suggesting the
photocatalytic reduction process is favored on the
(101) surface. However, the electronic structures at
the maximum of the valence band are very similar for
the (101) and the H,O-covered (001) surfaces.>” The
surface chemical and electronic properties of TiO, NCs
can be changed by tuning the relative ratios of ex-
posed facets, e.g, {101}, {001}, and {100}/{010}."°
TiO, NCs dominated by {001} facets are known to
show an enhanced photocatalytic property due to
their high surface energy.'®?%** However it remains
questionable whether the presence of only {001} and
{100}/{010} facets can show enhanced photocatalytic
activity.'6204°

Figure 7 shows the extent of photodegradation of
methyl orange (MO) by TiO, NCs obtained at different
hydrothermal reaction durations. Capping agents such
as fluorine and amine on the TiO, surface are known to
influence the photocatalytic behavior.'*62%% There-
fore, the as-synthesized TiO, NCs were first washed
with 0.1 N HCl and then calcined at 400 °C in air for 2 h
to remove the organic moieties (i.e, DEA) capped on
the NCs in order to determine the exact photocatalytic
activity of different facets of TiO, NCs. The X-ray
photoelectron spectroscopic (XPS) study reveals the
presence and absence of the N 1s peak in the as-
synthesized and after-treatment sample (SI, Figure S4),
respectively. This suggests that acid washing and
calcination completely removed the organic moieties
from the TiO, surface. Prior to the photocatalysis, the
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Figure 7. UV-light-assisted photodegradation of MO by
TiO, NCs prepared with different reaction durations as a
function of irradiation time. Inset graph shows the linear
fitting curve of MO degradation.

catalyst—dye solution was kept in the dark for 30 min
to completely saturate the dye adsorption on the
TiO, surface [SI, Figure S5(a)l. Figure S5(b—f) shows
the UV—vis absorption plots of MO as a function of
irradiation time with the TiO, NCs obtained at different
hydrothermal reaction durations. The MO degradation
activity is low, with near-perfect cubic TiO, NCs even
though having primarily high-energy exposed {001}
and {100}/{010} facets, obtained in 12 h (Figures 1a
and 2a,b), and also with ellipsoid NCs with exposed
low-energy {101} facets, obtained in 72 h (Figures 1e
and 2f), as shown in Figure 7. The MO degradation
activity of cuboid TiO, NCs increases [even though the
size of NCs increases and therefore the Brunauer—
Emmett—Teller (BET) surface area decreases form
2436 m?/g (12 h) to 15.33 m?/g (48 h)] with a gradual
increase in the surface area of exposed low-energy
{101} facets and becomes highest with the cuboid
TiO, NCs obtained in 48 h (Figures 1d and 2e). The
exposed surface area ratios of different facets were
examined carefully, and it has been found that the
cuboid TiO, NCs obtained in 48 h show approximately
a 1:1 ratio of high-energy {001} and low-energy {101}
facets (Table 1). The rate constants of MO degradation
were estimated from the linearly fitted curve of In(Cy/C)
vs irradiation time, as shown in the inset of Figure 7,
where “Cy"” and “C” are the dye concentration before
and after irradiation, respectively. The rate constant
values are found to be k5, = 0.009, ks, = 0.014, ksgp, =
0.024, kagn, = 0.031, and kyy, = 0.004 min~". Thus the
highly active cuboid TiO, NC catalyst obtained in 48 h
shows a 7.7 times higher rate of MO degradation than
the TiO, NC catalyst obtained in 72 h. It is important to
note that the BET surface areas of these cuboid TiO,
NCs are much lower than that of a standard Degussa
P25 photocatalyst (BET surface area ~35—65 m?/g)
sample, and therefore a comparison is not made.?
Our present investigation shows that for improved
photocatalysis an equal ratio of low-energy {101} and
high-energy {001} facets is required. This is because
of preferential flow of photogenerated holes and
electrons to the oxidative {001} facets and reductive
{101} facets, on which oxidation and reduction occur,
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Reduction

Figure 8. Schematic of TiO, NCs with different exposed
facets. The surface area of exposed low-energy {101} facets
is found to increase, while exposed high-energy {100}/
{010} facets decrease with increase in the hydrothermal
reaction duration, keeping other reaction parameters fixed
(3 mmol TTIP, 225 °C, 5:2 DEA and TBAH molar ratio). The
incorporation and increase in the surface area of reductive
{101} facets leads to a decrease in charge recombination
rate and becomes a minimum in the case of NCs obtained
in 48 h.

respectively.2*3**>* In particular, Maitani et al. have
shown that the magnitude of electron transfer from
anthracene derivatives to the {001} facet is 10 times
larger than that to the {101} facets of TiO, NCs.*” This
clearly indicates that {001} facets are accumulated
largely with positively charged holes as compared to
{101} facets, thereby making {001} facets more active
for photooxidation than the {101} facets. On the other
hand, Wu et al. have shown an excess of electrons on
the {101} facets and a lower recombination rate of
e~/h™ pairs for the anisotropic TiO, NCs with {101}
facets' Liu et al. have also reported the highest
activity for the TiO, crystals with Pt on the {101} facets.
This was suggested to be due to the lower recombina-
tion rate of photogenerated e /h™ pairs and excess
negative charge on the {101} facets, favoring reduc-
tion. Although holes could be present on all the
surfaces, the previous studies indicate a higher con-
centration of holes and electrons on the {001} and
{101} facets, respectively.3>~3 Therefore, the presence
of both the {001} and/or {100} facets (oxidation site)
and {101} facets (reduction site) allows the photogen-
erated e /h™ pairs to be separated for a longer duration
and makes TiO, NCs more effective in the photocatalytic
degradation of MO. Figure 8 shows the schematic
representation of TiO, NCs with different exposed facets
upon increasing the hydrothermal synthesis duration.
The open and solid circles on the TiO, NCs (Figure 8)
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Figure 9. Efficiency of cuboid TiO, NCs obtained in 48 h of
hydrothermal synthesis for the MO degradation vs UV
irradiation duration with each run spanning 2 h.

indicate the excess holes and electrons on the respec-
tive facets. Irrespective of the small size (thereby larger
BET surface area) and having wholly high-energy ex-
posed facets, i.e, {001} and {100}/{010}, the near-
perfect cubic TiO, NCs obtained in 12 h show poor
photocatalytic activity as compared to larger sized
cuboid NCs obtained in 48 h. This is due to the absence
of reductive {101} facets, which reduces the efficient
charge separation ability in the near-perfect cube-
shaped NCs. Similarly, the absence of {001} and/or
{100}/{010} oxidative sites shows the lowest photo-
catalytic activity in the case of ellipsoid NCs with
exposed {101} facets obtained in 72 h.

Durability Test. It is important to study the reliability
and stability of a catalyst in prolonged use. Five runs
of the MO degradation study were carried out for a
constant 2 h irradiation time for each run with the
catalyst obtained with 48 h reaction duration. Figure 9
shows the efficiency of TiO, NCs obtained in 48 h.
There was only a slight decrease in MO degradation
efficiency after the first cycle, and the efficiency of TiO,
NCs remained almost the same for the rest of the four
cycles (>96%), i.e., after 30 min of UV irradiation in each
cycle. This suggests that the activity and durability of
as-synthesized TiO, NCs are high and not reduced even
after 10 h of UV-light exposure.

CONCLUSIONS

This work reports a fluorine-free approach to pre-
pare highly active anatase TiO, NCs with different per-
centages of exposed {101}, {001}, and {100}/{010}
facets using DEA as a capping and facet-controlling
agent. For the first time, we demonstrate a simple
method to control the size and facets of cuboid TiO,
NCs by varying the reaction duration. With increasing
the reaction duration from 12 to 48 h, the size of cuboid
TiO, NCs is found to increase from the range of
30—50 nm to 150—170 nm. The size distribution of
cuboid TiO, NCs is also found to be narrower with
increasing the reaction duration up to 48 h. The suc-
cessive decrease in the exposed area of thermodyna-
mically less stable {100} facets with reaction duration
is due to the inefficient capping of less stable {100}
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facets by DEA. Thus, reaction duration plays a crucial
role in incorporating and successively increasing the
exposed area of thermodynamically stable {101} fac-
ets. Increasing the reaction duration to 72 h produces
ellipsoid TiO, NCs with primarily exposed {101} facets.
The photocatalytic activity of {101} facets is found
to be lowest among different facets of TiO, NCs and
higher for {001} and/or {100}/{010} facets, but high-
est when both {101} and {001} and/or {100}/{010}

EXPERIMENTAL DETAILS

Materials. All chemicals were analytical grade and used as
received without further purification. Titanium tetraisopropox-
ide (99.999%), tetrabutylammonium hydroxide [(C4Hg)4NOH in
0.1 N aqueous], and diethanolamine were purchased from
Merck, India.

Synthesis of Ti0, NCs. In a typical synthesis, 0.9 mL (3 mmol) of
TTIP was added dropwise to a 40 mL mixture of TBAH (20 mL,
80 mmol) and DEA (20 mL, 200 mmol) at 2—5 °C. The transpar-
ent solution mixture of TBAH and DEA was observed to turn
gummy white in the region where the TTIP drops fell, indicating
the formation of a complex. The gummy, faintly precipitated
solution was stirred for another 5 min. It was then brought to
room temperature naturally and transferred into a 50 mL Teflon-
lined autoclave. The autoclave was sealed and heated at 225 °C
for different durations, i.e., 12, 24, 36, 48, and 72 h, and cooled
naturally to room temperature. The resulting reaction mixture
was centrifuged to collect a white-colored TiO, powder, which
was washed several times with DI water and ethanol. The white-
colored product was dried in air for 24 h at 60 °C. In order to
remove the organic moieties adsorbed on the TiO, surface
during synthesis, first acid treatment (0.1 N HCI) was performed
and subsequently calcination at 400 °C in air for 2 h in a Muffle
furnace with a heating rate of 3 °C/min.

Characterization. The surface morphology of as-prepared
TiO, powder was analyzed by a SUPRA 40 FE-SEM (Germany).
The structural property of the samples was measured with a
PANalytical high-resolution XRD, PW 3040/60 operated at 40 kV
and 30 mA using Cu Ka X-rays. The detailed microstructure of
the TiO, product was analyzed by using a TECNAI G2 TEM (FEI)
and JEM-2100 HRTEM (JEOL) at an operating voltage of 200 kV.
The surface composition of the TiO, NCs was characterized by
XPS using a PHI 5000 VersaProbe Il scanning XPS microprobe
with a monochromatic Al Ko source (1486.6 eV).

Photocatalytic Study. The photocatalytic behavior of as-
synthesized TiO, NCs was studied by degradation of MO dye
in the presence of UV light. The dye solution was prepared by
adding 40 mg of MO to 1 L of distilled water. Then 5 mL (50 uM)
of MO dye stock solution was added to 45 mL of distilled water
containing 20 mg of TiO, NCs and sonicated for 30 min in the
dark at room temperature. The sample solution was then
irradiated with a 6 W UV source (Philips, Poland) at a working
distance of 10 cm from the light source for different durations to
observe MO degradation using UV—uvisible absorption spec-
troscopy (PerkinElmer, Lambda 750).
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facets are present with an equal ratio in the TiO, NCs.
This brings us to conclude that the presence of low-
energy {101} reductive facets is equally important
along with {001} oxidative facets for efficient charge
separation to enhance the photocatalytic activity. In
addition to the removal of pollutants, these newly
synthesized uniform cuboid TiO, NCs can find possible
applications in dye-sensitized solar cells and hydrogen
generation through water splitting.
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