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Controllable Synthesis and Photocatalytic Activity of Anatase TiO, Single
Crystals with Exposed {110} Facets
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Abstract: Anatase TiO, single crystals with a high percentage of the high surface energy {110} facets have been successfully synthesized in
a simple and economical way using a modified hydrothermal technique in the presence of hydrogen peroxide and hydrofluoric acid. The
morphology and structure of the TiO, single crystals were characterized by X-ray diffraction, scanning electron microscopy, and Raman
spectroscopy. The photocatalytic activity of the TiO, crystals for the degradation of methylene blue dye was investigated by ultraviolet light
irradiation. The effects of the amounts of HF and H,O, on the morphology of TiO, have been studied. The reaction time and temperature
have also been investigated. In the TiO, single crystals, the {001} and {110} facets are present at the same time. The results indicated that a
high yield of single crystals with exposed {110} and {110} facets could be obtained by adjusting the reaction time, reaction temperature, and
amounts of HF and H,0O,. The anatase TiO, single crystals with exposed {110} facets showed higher photocatalytic activities than those
without.
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Fig. 2. Slab models of anatase TiO, (001) and (110) surfaces. (a) Unrelaxed (001) surface; (b) F-terminated (001) surface; (c) Unrelaxed (110) sur-

face; (d) F-terminated (110) surface.
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Fig. 3. SEM images of TiO, crystals synthesized with different acids. (a) HCI; (b) H,SOs; (¢) HF; (d) H,SO4+ HF.
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Fig. 5. SEM images of the TiO, single crystals.
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Fig. 6. SEM images of TiO, single crystals prepared with different amounts of HF at 150 °C for 10 h. (a) 0.06 ml; (b) 0.08 ml; (c) 0.10 ml; (d) 0.12

ml.
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Fig. 7. SEM images of TiO, single crystals prepared in the presence of different concentrations of H,O, at 150 °C for 10 h. (a) 0.0 ml; (b) 1.5 ml; (c)
3.0 ml; (d) 6.0 ml.



1748 b

Eird Chin. J. Catal., 2012, 33: 17431753

& 8 TH&F‘mFTFﬁH TiO; *inu B SEM HGH
Fig. 8. SEM images of TiO; single crystals synthesized at different temperatures. (a) 140 °C; (b) 150 °C; (c) 180 °C; (d) 200 °C.

9 AR ESE R TIO =¥ SEMB R
Fig. 9. SEM images of TiO, single crystals synthesized at different reaction time. (a) 3 h; (b) 10 h; (c) 20 h.
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Fig. 10. The photocatalytic properties of TiO, single crystals with

and without {110} facets for methylene blue (MB) degradation under
UV irradiation (MB, Cy = 10 mg/L).
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Titanium dioxide (TiO,) is an attractive material because
of its useful properties. It has applications in environmental
protection [1], paints [2], sensors [3,4], ceramics, and solar
cells. In particular, among the TiO, crystalline phases, ana-
tase has proved to be the best in applications such as photo-
catalysts [5—8] and solar cells [9—11]. Besides its crystallin-
ity, size, and morphology, the exposed surfaces are also
important factors that influence the properties of TiO,
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[12,13]. Tt is well known that the {001} facets are highly
reactive, and the average surface energies of anatase are: 1.09
J/m’ for the {110} facets, 0.90 J/m” for the {001} facets, 0.53
J/m’ for the {100} facets, and 0.44 J/m” for the {101} facets
[13,14]. Usually high surface energy crystal planes grow
quickly and disappear during the crystal growth process
because of the minimization of total surface energy. There-
fore, anatase TiO, single crystals with exposed {001} facets
are rarely observed, and anatase is dominated by the ther-
modynamically stable (101) surface. In 2008, Lu and
co-workers [15] synthesized anatase TiO, particles with
exposed {001} facets by using hydrofluoric acid (HF) as a
capping agent under hydrothermal conditions. Since then,
several research groups have also prepared anatase TiO,
single crystals with exposed {001} facets[16-28].

Theoretical studies have demonstrated that the {110} fac-
ets of anatase TiO, particles has the highest surface energy
(1.09 J/m2) [13,14]. However, the synthesis of anatase TiO,
single crystals with exposed {110} facets have rarely been
reported. In our previous work, anatase TiO, single crystals
with coexisting {110} and {001} facets were successfully
prepared for the first time using a facile and economical route
[29]. However, the percentage of {110} facets was relatively
low, and the reactivity of the {110} facets was not clear from
experimental evidence alone. Recently, Pan and co-workers
[30] obtained anatase TiO, single crystals with a low per-
centage of {110} facets via a hydrothermal route. Herein, in
combination with the results of theoretical calculations, we
studied the influence of the experimental conditions on the
synthesis and percentage of {110} facets using a modified
hydrothermal technique. TiO, single crystals with a high
percentage of {110} facets were synthesized and showed
enhanced photocatalytic activity compared with naturally
occurring anatase for the degradation of methylene blue
(MB) dye under ultraviolet (UV) irradiation.

1 Experimental
1.1 Preparation of TiO, crystals

The process for the preparation of the samples was as
follows. Hydrofluoric acid (40 wt%, 0.08 ml) was placed into
a Teflon-lined autoclave containing 0.01 g Ti powder and 27
ml deionized water, and the mixture was stirred vigorously
for 10 min. After the addition of 1.5 ml H,0, (30 wt%) to the
solution, the mixture was maintained at 150 °C for 10 h. The
products were collected by centrifugation, washed with
deionized water several times until the pH of the solution was
neutral, and then dried at 80 °C in air. Finally, the power
sample obtained was heated at 600 °C for 2 h in a static air
atmosphere in a furnace to remove the surface fluorine for
the measurement of its photocatalytic properties.

1.2 Photocatalysis experiments

The photocatalytic activities of the TiO, sample were
evaluated by the degradation of MB in a cylindrical quartz
flask under UV irradiation (peak wavelength: 365 nm) from a
300 W Xe lamp. Typically, 10 mg of sample was dispersed in
100 ml of the aqueous solution containing 10 mg/L. MB, and
then the mixture was stirred for 60 min in the dark. The
suspension was then exposed to UV light, and a sample was
taken every 15 min. The UV-Vis absorption spectra of the
samples were recorded after centrifugation at 8000 r/min for
5 min.

1.3 Characterization

The morphologies of the TiO, samples were determined
using a Hitachi S-4800 scanning electron microscope (SEM).
The crystalline structures of the TiO, particles were analyzed
using a D/Max-TTRIII (CBO) X-ray diffractometer with Cu
K, radiation (4 = 0.15406 nm). Raman spectrum analysis was
conducted on a Renishaw Invia plus spectrometer operating
at 514 nm.

2 Results and discussion
2.1 Theoretical calculations

To fabricate anatase TiO, crystals with high energy sur-
faces, it is necessary to introduce surface stability factors to
reduce the surface energy. Because the high energy surfaces
of anatase TiO, crystals are not stable during synthesis, we
carried out a systematic investigation of 12 non-metallic
atoms (H, B, C, N, O, F, Si, P, S, Cl, Br, or I) using
first-principle calculations to explore the effects of these
adsorbate atoms on the {110} anatase crystal facets. Plane-
wave ultrasoft pseudopotentials, which are widely used to
study the atomic geometry structure of the bulk and surfaces
of materials, were used to calculate the electronic structure.
During the calculation of the energy of the system with dif-
ferent surface atomic termination structures, the PWO9l
scheme of the generalized gradient approximation (GGA)
was used. The results indicated that the energy of the trun-
cated plane-wave (E.,) was 380 eV, and the self-consistent
accuracy for each atomic was below 1.0 x 107 eV. In the
process of structure optimization, we used the BFGS algo-
rithm until the energy of each atom was within 2 x 107 eV.
The vacuum layer thickness was 1 nm, and the K point grid
size was 2 x 3 x 1. A cubic unit cell with @ =b=c=1nm was
used during the construction of single atoms and two dimer
models. All atoms were allowed to fully relax.

In order to find that which kind of atom can effectively
reduce the {110} facets energy, we calculated the {110}



www.chxb.cn 5k 2

FA {110} TR BUERT TiO, # & 1 w12 5 S DB AL IR g 1751

facets energies in case of surrounded by different atoms,
which are shown in Fig. 1. Figure 1 indicates that adsorption
of F atoms gives the lowest surface energy of the {110}
facets among the 12 different atoms investigated. In other
words, F atoms are the best selection to stabilize the {110}
facets of anatase, which is in agreement with previous reports
[15].

Figure 2 illustrates the atomic structural models of the
clean and F-terminated (001) and (110) surface of anatase.
The pure (001) surface has 100% unsaturated Tisc atoms,
while the (110) surface is composed of 50% unsaturated Tiyc
atoms and 50% Tigc atoms. The F atoms can adsorb to the
Tisc atoms on the {001} facets and the Tiyc atoms on the
{110} facets, which greatly reduces the surface energies of
both surfaces. Thus, chemicals containing F~, such as HF, can
be used to stabilize the high energy {001} and {110} surfaces
in the synthesis of anatase.

2.2 Morphology and structure of as-prepared TiO,

In this work, anatase TiO, single crystals were obtained by
using different anionic acids as reactants, including HCI,
H,SO,4, and HF. Figure 3 shows SEM images of anatase
prepared using different anionic acids. The process of iden-
tifying single crystal surfaces of anatase has been described
in detail [29,30]. When HCI was used as the reactant (Fig.
3(a)), the surface energy of the {001} facets only slightly
decreased, and the growth of single crystals was in the [001]
direction. Thus, the surface area of the {001} facets de-
creased and spicules were easily produced. In the presence of
H,SO, (Fig. 3(b)), the {001} facets energy decreased more
than with HCI, and the single crystal particles were larger. A
larger proportion of {001} and {110} facets were formed,
and the {110} facets were relatively rough. When HF was
used as the reactant (Fig. 3(c)), the single crystals produced
had smooth {001} and {110} facets. When a mixture of
H,SO,4 and HF was used (Fig. 3(d)), smooth {110} facets
were obtained. The results confirmed the theoretical calcu-
lations that F~ strongly affects the stability of the high energy
surfaces of anatase.

Figure 4(a) shows the XRD pattern of the anatase TiO,
single crystals formed with HF. The synthesized TiO, was
well-crystallized anatase and the main diffraction peaks in
the spectrum were identical with the standard cards (JCPDS
1-562). The reaction was completed as no characteristic Ti
diffraction peaks were present. The Raman spectra (Fig.
4(b)) show that the peaks located at 142, 196, 396, 513, and
636 cm’ correspond to the anatase phase. These results
indicate that the TiO, products were the pure anatase phase.
In addition, TiO, single crystals obtained under different
conditions were also investigated by XRD and Raman, and
all were confirmed to be the anatase phase.

Figure 5 shows the SEM patterns of anatase single crystals
prepared in the presence of HF. As shown in Fig. 5, the two
square planar surfaces at the top and bottom of the TiO,
crystals are the {001} facets [29], and the four diamond
surfaces around the middle of the TiO, single crystals are
{110} facets, which is in agreement with the literature [30].
From Fig. 5(a) to (e), the percentage of the {110} facets
(indicated by circles) gradually increases as the volume of
HF is increased. Therefore, by controlling the reaction pa-
rameters, TiO, single crystals with up to 11% {110} facets
can be obtained (Fig. 5(d) and (e)), which is much higher
than the previous results (about 4%) [29].

According to the Wulff theory concerning the thermody-
namics of crystal growth, the distance from the surface on the
crystal to the center of the crystal is directly proportional to
its surface energy. The direction from the {001} facets to the
crystal center is perpendicular to the direction from the {110}
facets. When the crystal volume is fixed, the distance of one
direction decreases while the distance of the other direction
increases. The {001} facets are stabilized more than the
{110} facets by F™ ions [15], with results in the surface en-
ergy of the {110} facets being lower than that of the {001}
facets in the presence of F~ ions. Thus, the {110} facets form
first and the crystal grows faster in the [001] direction and
becomes thinner. However, when the {001} facets are ter-
minated by F~ ions, the {001} facets have been stabilized and
growth in the [001] direction decreases. This is a contradic-
tion, and only by choosing a balance can the maximum
proportion of {001} and {110} facets be obtained. As shown
in Fig. 5, anatase with different proportions of {110} facets
can be obtained by controlling the experimental parameters.
When the percentage of the {110} facets were 11%, the apex
of the {110} facets along the [001] direction has almost
joined the {001} facets, and the surface area has reached a
maximum.

In this paper, the chemical reactions during the experi-

ments are:
Ti + 6HF — H,TiFs+ 2H, 1 @9)]
H,TiF¢ + H,O0, — Ti,05(OH) , 2)
H,TiF¢ + 4H,0 — Ti(OH)4| + 6HF 3)
Ti(OH), — TiO, + 2H,0 “4)
2H,0, = 2H,0 + O, %)

The influence of some key factors on the formation of
{110} facets, including the amounts of HCI and H,O, and the
reaction temperature and time, were systematically investi-
gated.

2.3 Effect of the experimental conditions on the
percentage of exposed {110} facets of anatase

2.3.1 Effect of HF
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The influence of HF concentration on the formation of
TiO, crystals is shown in Fig. 6. Single crystals were not
obtained when the amount of HF was less than 0.06 ml (Fig.
6(a)). When 0.08 ml HF was added, the {110} facets were
clearly observed (Fig. 6(b)). As the HF concentration was
increased above 0.8 mL, the stability of the F~ adsorbed
{001} facets were further stabilized and growth of the TiO,
crystal in the direction of [001] was inhibited. In contrast, the
surface energy of the {110} facets decreased, and the area of
the surface decreased and finally disappeared (Fig. 6(c) and
(d)).

According to a previous study [15], the {001} facets can
be stabilized by HF and anatase TiO, crystals containing
exposed {001} facets can be obtained in the presence of HF.
In this study, the experimental results show that HF not only
stabilized the high surface energy {001} facets, but also had a
stabilizing effect on the highest surface energy {110} facets.
However, when the amount of HF was high, the stabilizing
effect of HF on the {001} facets were greater than for the
{110} facets, and the {110} facets gradually decreased or
even completely disappeared, which is shown in Fig. 2(a)
and 2(c). The (001) and (110) surfaces are composed of Tisc
(100%) and Tisc (50%), respectively. Due to the existence of
steric effects, F~ adsorbs easier to Tisc than to Tiyc. When the
amount of HF is high, the percentage of {001} facets in-
creases, and growth along the crystallographic [010] and
[100] direction increases, resulting in a decrease of the {110}
facets.

2.3.2 Effect of H,0O,

Figure 7 shows the SEM images of TiO, crystals that were
synthesized with different concentrations of H,0O, at 150 °C.
It is clear that the formation of the {110} facets were influ-
enced by the concentration of H,O,. In the absence of H,0,,
or in an amount greater than 3.0 ml, no {110}) facets were
observed on the TiO, crystals. From Fig. 7(b) and (c), the
percentage of {110} facets on the TiO, crystals was the
greatest when the amount of H,O, was 1.5 ml.

The reaction of H,0, with Ti*' results in the formation of
titanium peroxide polymer, Ti,Os(OH)," " (x = 1-6). The
titanium oxide polymer can further reduce the hydrolysis rate
of the Ti precursor, so F~ has more time to stabilize the high
energy TiO, surfaces, and there is sufficient time for the
growth of TiO, single crystals, which suppresses the forma-
tion of crossed crystals. However, when the amount of H,0,
is high, the water in the reaction system is greater (Eq. (5)).
Thus, the crystal nucleation effect increases, the concentra-
tion of HF decreases, and the crossed crystal phenomenon is
observed.

2.3.3 Effect of reaction temperature

A SEM investigation of TiO, crystals was performed to
gain insight into how the temperature influences the mor-
phology of TiO, crystals (Fig. 8). As shown in Fig. 8, the
crystallization of TiO, was imperfect when the reaction
temperature was 140 °C. The morphologies of TiO, crystals
synthesized at 150 °C were complete, there was a high pro-
portion of the {110} facets, and there was no corrosion. For
reaction temperatures greater than 150 °C the crystal size
became smaller, the percentage of the {110} facets de-
creased, and the degree of corrosion of the {001} facets
became significant. The results of this and previous studies
[31,32] indicate that the {001} facets can be selectively
corroded by HF. When the temperature was high, the amount
of corrosion increased and the nucleation rate became higher,
resulting in the formation of small crystals. In comparison
with low temperatures, the high energy surfaces of TiO, form
more easily at a high temperature. In addition, the {001}
facets are stabilized by F~ and are more prevalent on the
surface of the crystals, crystal growth in [001] direction is
inhibited, and the proportion of the {110} facets decrease.

2.3.4 Effect of reaction time

Figure 9 shows the SEM diagrams of TiO, produced after
different reaction times. When the reaction time was 3 h (Fig.
9(a)), the length of TiO, single crystals in the [001] direction
was 1 pm, while the length in the [100] direction was 500
nm. Furthermore, the {101} and {100} facets cannot be
clearly distinguished, and the {110}) facets were not ob-
served. When the reaction time was increased to 10 h (Fig.
9(b)), the length of the TiO, single crystals in the [100] di-
rection was 700 nm, and there was a larger proportion of
{110} facets. For a reaction time of 20 h (Fig. 9(c)), the
length in the [100] direction reached 800 nm, while there was
no change in length in the [001] direction from the crystals
after 10 h.

Furthermore, the crystal surfaces were smoother with
clearly defined surfaces, and the proportion of the {110}
facets had not significantly changed compared with the
crystals after 10 h. Thus, the crystal growth process can be
proposed. As the reaction progressed, the surface energy of
the (001) surface decreases as it becomes covered by F~, and
a larger proportion of the crystals are {001} facets. The
growth of crystals is mainly along the [010] and [100] di-
rections, and, gradually, the growth becomes perfect and the
interplanar boundaries become clear.

2.4 Photocatalytic activity of anatase TiO, with (110)
surfaces

The photocatalysis experiments were carried out with the
purpose of determining the potential photocatalytic capa-
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bilities of the nanostructures synthesized here. Before ap-
plying these crystals to photocatalytic reactions, the surface
fluorine atoms were removed by calcining at 600 °C for 2 h.
Then, the photocatalytic activities of different catalysts were
estimated by measuring the degradation of MB under UV
irradiation. As shown in Fig. 10, the anatase TiO, single
crystals with exposed {110} facets were able to photocata-
lytically degrade MB, and showed enhanced photoreactivity
compared with anatase without exposed {110} facets, but
with similar size and proportion of single crystal surfaces.

Through the specific activity, the ratio of the reaction rate
constants of k and the specific surface area of Aggr (K/Ager),
anatase TiO, crystals with and without exposed {110} facets
can be compared with the TiO, P-25 photocatalyst which is a
kind of commercial catalyst (Fig. 11). The results indicate
that the specific activity of anatase TiO, crystal with exposed
{110} facets were approximately two times of that P-25, and
was significantly higher than that for only {001} facets or
without {110} facets.

3 Conclusions

Anatase TiO, single crystals with exposed high energy
{110} and {001} facets can be obtained using a simple and
economical hydrothermal method with guidance from theo-
retical calculations. The results show that the amounts of HF
and H,0,, the reaction temperature and time have significant
influence on the crystal morphology of TiO,. By careful
control of the reaction parameters, the percentage of exposed
{110} facets, which have the highest surface energy in ana-
tase TiO, crystal, could be increased to 11%. Moreover, the
specific activity of TiO, single crystals with an increased
proportion of {110} facets in the photocatalytic degradation
of MB was significantly higher than for both commercial
P-25 and TiO, single crystals with only exposed {001} fac-
ets.

Full-text paper available online at Elsevier ScienceDirect
http://www.sciencedirect.com/science/journal/18722067



