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Controllable synthesis and surface modification of TiO; crystals with specific exposed facets using fluoride
as ashapedirecting agent have drawn a great deal of attention in the photocatalytic field. Both the exposed
facets and surface F ions are known to have a great influence on the photocatalytic performance of TiO,
crystals, while these two factors are usually considered and discussed separately. Here, we investigated
the influence of surface F ions on the carrier migration when the surface F ions are present on anatase
TiO, crystals with predominant {001} or {101} facets by using the H,O photo-oxidation and NH3 photo-
oxidation as the probe reactions. We observed a remarkable synergistic effect between {001} facets
and surface F ions on the photogenerated hole migration. The {001} facets provide hole-trapping sites
and the electrostatic effect of surface F anions attract and accelerate the holes migration to {001} facets,
which synergistically promote the electron-hole pair separation and thus significantly enhance the photo-
oxidation activity. However, no synergistic effect was detected between {101} facets and the surface F
ions. This finding provides a new insight into the photogenerated charge migration on fluorinated TiO,
with specific exposed facets.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Nanocrystalline TiO, is a chemically stable nontoxic photocat-
alytic material that has been widely studied because of its potential
application in water and air purification, H, evolution from water,
etc [1-4]. In particular, anatase phase TiO, has been undoubt-
edly proved to be the most photoactive among the various TiO,
crystallographic phases [1,2,5,6]. The reactivity of anatase TiO,
photocatalyst with a wide band gap (3.2 eV) is attributed to pho-
togenerated electrons (e~) and holes (h*), located at the crystal
surface, where they initiate various redox reactions of the adsorbed
substances [2,6]. During the transportation processes of photo-
generated carriers, a substantial portion of carriers are lost due
to electron-hole recombination. Trapping of photogenerated holes
by H,O or trapping of photogenerated electrons by O, is appar-
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ently a crucial step in the process of charges separation [1,2,6,7].
Among the various factors affecting the migration of charges, the
surface properties of TiO, such as crystal facets [8-10], surface
defects [11-13], and surface adsorbed anion or cation [14,15] exert
a dominant influence.

Modification and morphological control of TiO, crystal facets
has drawn much attention since the synthesis of anatase TiO, with
high percentage of exposed {001} facets was first achieved [9], and
intensive efforts have been made to controllably synthesize anatase
TiO, with specific exposed facets [16-21]. Recently, an increasing
number of reports suggest that the photocatalytic activity is closely
related to the specific exposed facets [22-29]. For instance, Han
et al. [26] found that {001} facets show higher photodegradative
activity for organic pollutants than {101} facets, while Pan et al.
[27]. pointed out that {101} and {010} facets exhibit photo-activity
superior to {001} facets for the H, evolution reaction. Convention-
ally, anatase TiO, favors the exposure of {101} facets because of its
low surface energy (0.44 ]/m?). The {001} facets (0.9 ]/m?)is consid-
ered to be 100% 5-fold coordinated titanium atoms (Tis.) compared
with 50% Tis. on the {101} surface, which tends to be high photocat-
alytic activity [9]. It is also be pointed out that the specific exposed
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facets of TiO, nanocrystals greatly affect the trapping and inter-
facial transfer of photogenerated charges. {001} facets of anatase
TiO,, favor the trapping of holes as oxidative sites, while {101} facets
incline to trap electrons as reductive sites [30,31].

By using fluoride as a shape directing agent during the synthe-
sis of anatase TiO, with different exposed facets, surface F ions are
inevitably introduced into anatase TiO,. It has been documented
that introduced surface F ions also modify photocatalytic activ-
ity by acting as electron-trapping sites [32,33], by promoting the
adsorption of oxygen [34], or by accelerating the holes movement to
TiO, surface [35]. Very recently, Chen et al. [36] found that surface
H, O are greatly oxidized by photogenerated holes when terminal
F and lattice F replacing surface bridging oxygen coexist on {101}
facets of anatase TiO,. However, in previous reports, the effects
of specific exposed facets and surface F ions on charges migration
were usually investigated and discussed separately. It remains to be
demonstrated whether the influence of F ions on the carrier migra-
tion and also on photocatalytic activity is dependent on the exposed
facets of TiO, crystals.

Here, by means of in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) using H, O oxidation and NH3 oxi-
dation as the probe reactions, we investigated the properties of
photogenerated holes transfer over fluorinated TiO, with specific
exposed facets ({001} or {101}) at room temperature. A dramatic
synergistic effect between the exposed {001} facets and surface
F ions was observed, which greatly promotes the hole migration,
therefore significantly enhancing the photo-activity for the hole-
sensitive reaction, such as H,O oxidation and NH3 oxidation, while
no synergistic effect existed between the exposed {101} facets and
surface F ions.

2. Experimental
2.1. Sample synthesis

The fluorinated TiO, with exposed {001} facets (denoted as
F-T001) was controllably prepared according to a modified HF
hydrothermal method similar to that reported by Han et al. [26] In
a typical synthesis, 4 mL of hydrofluoric acid solution (40 wt.%) was
added dropwise into the prepared Ti(OC4Hg)4 (25 mL) in a 100 mL
Teflon-lined autoclave at room temperature under magnetic stir-
ring, then the autoclave was sealed and heated at 190°C for 24 h.
After hydrothermal reaction, the white precipitate was collected
and washed with ethanol and distilled water several times, and
finally dried overnight in an oven at 60 °C. In order to defluorinate
the F-TO01 sample (labeled as T001), 1g of the obtained F-T001
powder was subsequently washed with 0.1 M NaOH solution.

The octahedral {101} facets-exposed TiO; particles (T101) were
synthesized by a two-step hydrothermal procedure similar to pre-
vious reports [37,38]. In the first step, 1g of P25 was reacted
hydrothermally with 70 mL KOH solution (10 M) in a Teflon-lined
autoclave with a capacity of 100mL at 200 °C for 48 h. The result-
ing precipitate was washed and neutralized using deionized water
and dried at 60°C. In the second step, the prepared potassium
titanate (70 mg) was stirred in distilled water (70 mL) and heated
in a 100 mL Teflon-lined autoclave at 170°C for 24 h. The white
precipitate was washed and dried at 100°C.

The fluorination of T101 (T101-F) was obtained by HF solution
treatment according to a previous report [28].0.5 g of T101 was dis-
persed in HF aqueous solution (5 wt%), and the solution was stirred
for 0.5 h at room temperature. The resulting powder was washed
with deionized water several times and dried at 60 °C for 6 h. T001
was also treated by the same method to obtain TOO1-F.

2.2. Material characterization

Powder X-ray diffraction (XRD) measurements of the catalysts
were carried out on an X'Pert PRO MPD X-ray powder diffrac-
tometer (Japan) using Cu Ka radiation operating at 40kV and
40 mA. The patterns were measured over the 260 range from 10°
to 90° with a scan step size of 0.02°. The specific surface area
of the catalysts was obtained at 77K over the whole range of
relative pressures, using a Quantachrome Quadrasorb SI-MP ana-
lyzer. Field emission scanning electronic microscopy (FE-SEM)
measurements were performed on a SU-8020 electron micro-
scope (Hitachi, Japan). Transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HRTEM)
images were obtained on a JEM-2011 electron microscope (JEOL,
Japan). The surface composition and VB-XPS spectra of the samples
were examined by X-ray Photoelectron Spectroscopy (XPS) using a
scanning X-ray microprobe (AxisUltra, Kratos Analytical Ltd.) using
Al K-o radiation (1486.7 eV). The C1 s peak (284.8 eV) was used to
calibrate the binding energy (BE) values.

In situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) was used to study the photochemical properties
of photocatalysts. A Fourier transform infrared spectrometer (Nico-
let 380) equipped with a MCT detector was used to collect the
infrared spectra in the range of 4000-800cm~! by averaging 32
scans with a resolution of 4cm~! at scanning velocity of 20 kHz.
The reaction cell housing a sample cup was filled with the pho-
tocatalysts. The cover dome has three windows, where two are
ZnSe windows used for entry and exit of the detection infrared
beam. The third quartz window is for the transmission of UV light
during in situ photoreactions. In H,O oxidation experiments, N;
flows (RH 50%, 100 mL/min) were firstly introduced to reach the
adsorption saturation of water on catalyst surface, then the flows
were switched to pure N, for 60 min as the background, finally UV
irradiation was introduced and IR changes were recorded.

2.3. NHj3 oxidation activity test

The photocatalytic experiments for the removal of NH3 were
performed at ambient temperature in a home-made flow reactor.
The cylindrical reactor was made of stainless steel and covered with
a quartz plate. A sample dish containing the photocatalyst powders
was placed in the center of the reactor, and 0.07 g of photocata-
lyst was used for each evaluation experiment. A 500 W commercial
Hg lamp (Beijing TrusTech Science and Technology Co., China) was
used as the light source with an optical filter (A=365-366 nm), and
the average light intensity was 12 mW/cm?. The lamp was vertically
placed outside the reactor above the sample dishes, and the tem-
perature of the sample was kept at 25 °C by water circulation. The
relative concentrations of effluent gas, including NH3, NO, NO, and
N, 0, were continuously measured by an FTIR spectrometer (Nicolet
380) equipped with 2m gas cell and a DTGS detector. The surface
NO5~ deriving from NH3 oxidation was quantified by ion chro-
matography (ICS-2100). The reactant gas circularly flowed over the
catalyst, and the initial reactant gas was 500 ppm NHs, 20 vol% O,
RH 50%, and N, balance.

3. Results and discussion

The crystallographic structures of the as-synthesized samples
were confirmed by XRD measurements. As shown in Fig. 1, all
samples exhibited the standard anatase XRD patterns [JCPDS no.
21-1272, space group: I41/amd (141)]. F-T0O01 showed a broad
{004} peak as well as a narrow {200} peak, indicating that the crys-
tal growth is limited mainly to the {001} axis [39,40]. The stronger
intensities and narrower widths of the XRD peaks in T101 revealed
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Table 1
Physiochemical Properties of F-T001, T001, TOO1-F, T101-F and T101.

Sample Morphology SSA(m?/g) Crystal size ?(nm) Predominant facet " (%) Bandgap ¢ (eV) F content ¢ (atom%)
F-T0O1 nanosheets 86 15.1 68.9 3.23 4.2

TOO1 nanosheets 84 15.9 68.7 3.23 -

TOO1-F nanosheets 82 153 68.2 3.23 3.2

T101-F nanoctahedra 41 48.8 90.2 3.27 2.7

T101 nanoctahedra 43 50.4 90.3 3.27 -

a Crystal size was calculated by the half-width of {101} peaks using the Scherer formula.

b Predominant facet percentage was estimated by SEM images.
¢ Bandgap of samples were measured by UV-vis spectra.
d F content of samples were determined by XPS.

Fig. 1. The powder X-ray diffraction patterns of synthesized samples at room tem-
perature.

the good crystallinity. In addition, it is noteworthy that the process
of defluorination or fluorination has no impact on the XRD patterns
of F-T001 or T101. The crystal sizes of samples were calculated from
the half-width of {101} peaks using the Scherrer formula and the
results are given in Table 1.

Representative SEM images of the samples are shown in Fig. 2.
F-TO01 and T0O1 were composed of nearly identical nanosheets,
while T101-F and T101 displayed nearly uniform nanooctahedral.
It is clearly that the defluorination or fluorination process does
not have a significant impact on the morphologies of T101-F and
T101. In order to identify the exposed facets of the prepared sam-
ples, high resolution transmission electron microscopy (HR-TEM)
images were obtained and analyzed (Fig. 3). In the case of the
F-TOO1, the lattice spacing parallel to the top and bottom facets
was ca. 0.235nm, corresponding to the {001} planes of anatase
TiO,, which is consistent with previous reports [19,39,40]. T101-F
showed another set of the lattice fringes with spacing of 0.35 nm,
corresponding to the {101} planes of anatase TiO, [23]. The average
percentages of the {001} or {101} facets were calculated based on
the morphology of the samples. The percentages of {001} exposed
crystal facets for F-T001, TOO1 and TOO1-F were estimated at 69%,
and the percentages of {101} for T101 and T101-F were at around
90%. Considering the variations in particle size and dimensions, the
specific surface area (SSA) of the samples was also measured. As
shown in Table 1, the BET surface areas of nanosheet samples were
calculated to be about 84 m? g1, roughly two times as high as those
of the nanoctahedra samples. Furthermore, the bandgaps of the
samples were measured by UV-vis diffuse reflectance spectroscopy
(Fig.S1). The F-T001, TOO1 and TOO1-F exhibited identical bandgaps
with a value of approximately 3.23 eV, and T101 and T101-F both
showed the bandgaps of 3.27 eV, which are similar with previous

Fig. 2. SEM images of as-synthesized samples. (a) F-T001; (b) TOO01; (c) T101-F; (d) T101.
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Fig. 3. TEM (top) and HRTEM (bottom) images of F-T001 (left) and T101-F (right).

Fig. 4. High resolution F 1s XPS spectra of the samples.

reports [25,38]. The VB position of the nanosheets and nanoocta-
hedral samples are at about 1.9 eV below the Fermi energy and are
nearly identical to each other (Fig. S2). The detailed information
of physiochemical properties of the samples are summarized in
Table 1.

XPS spectra were next performed to obtain the chemical binding
energy of F atoms. As shown in Fig. 4, F 1s peaks at 684.1 eV were
observed in F-T001, TOO1-F and T101-F samples, indicating that F
ions acting as a shape directing agent are strongly bound to the
{001} or {101} surface by forming =Ti—F bonds [32,40]. No signal
of fluorine substituting for surface bridging oxygen (BE 688.5eV)
was detected [36]. The F contents of the samples were calculated
and presented in Table 1. The results show that the F contents in
F-T001, TOO1-F and T101-F was 4.2%, 3.2% and 2.7%, respectively.

Fig.5. IRspectraof F-T001,T001,TO01-F, T101-Fand T101 after 5 min UV irradiation
under N, atmosphere.

DRIFTS has proven to be a powerful tool to monitor the trans-
fer of the photogenerated carriers in semiconductor photocatalysis
[36,41-43]. In the present work, H,O oxidation was first chosen
as a probe reaction to investigate the migration of photogener-
ated holes. On one hand, photogenerated holes can react with
surface adsorbed H,0 while photogenerated electrons cannot. On
the other hand, the accumulation of electrons on the TiO, surface
resulting from H,O oxidation by holes can usually absorb mid-
IR (MIR) light and thus can be monitored using IR spectroscopy.
As shown in Fig. 5, in the presence of H,0O, the UV irradiation
caused no change in the IR spectra of T101 and T101-F, and no
additional adsorption peaks appeared. Intriguingly, in the case of
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the F-T001, the UV irradiation induced a remarkable increase in a
structureless background IR absorbance band ranging from 3000 to
1000 cm~1, which is attributed to electron accumulation in the con-
duction band. In addition, a broad negative absorption band ranging
from 3700 to 3000 cm~! and narrow negative peak at 1628 cm~!
appeared, which are assigned to v (OH) and & (H,0), respectively
[36], indicating that the surface adsorbed H,0 on F-T001 is oxi-
dized and consumed by photogenerated holes under UV irradiation.
In contrast, the electrons accumulation and surface adsorbed H,O
consumption significantly decreased for TO01 due to the removal
of surface F ions. When surface F ions were re-introduced on T001,
H, 0 oxidation clearly recovered on the TOO1-F sample to a large
degree. Our DRIFTS results revealed that no H, O oxidation occurred
on theT101 and T101-F samples under UV irradiation, in which the
electron-hole pairs rapidly recombined. However, when the {001}
facets cooperated with surface F ions, more photogenerated holes
were driven to the surface to oxidize the H,O, resulting in signif-
icant electron accumulation, demonstrating that the separation of
electron-hole pairs was dramatically promoted.

In order to further confirm the synergistic effect between {001}
facets and surface F ions, we compared the photocatalytic oxida-
tion activities of the samples in the photocatalytic oxidation of
gaseous NHj3. Generally, active species including h*, *OH, *O,~ are
all involved in photocatalytic oxidation reactions and they often
work together [6,44-46]. Among them, *O,~ originates from the
transfer of photogenerated electrons to surface O, and *OH derives
both from H, 0 oxidation by h* and transformation of*O, ~ [6]. Thus,
it is hard to accurately evaluate the migration of photogenerated
h* by direct measurement of *OH, and *O,~ species. Our DFT calcu-
lations results (Fig. S2) show that NH3 cannot be oxidized by *O, .
Previous studies and the NIST database show that the oxidation of
NH3 by *OH is extremely slow due to the low reaction rate constant
[47]. In contrast, the reaction of NH; with a valence band hole on
the TiO, surface has been demonstrated by ESR [48]. According to
previous reports, the rate of surface NH3 photo-oxidation is much
slower than the rate of NH3 adsorption on TiO, [48-53], indicating
that the NH3 photo-oxidation process is the rate-determining step
for this reaction. In addition, TiO, as an acidic oxide can well adsorb
NH3, thus the capacities of NH3 adsorption on above TiO, samples
do not have a strong influence on their activity for NH; photo-
oxidation. Therefore, the NH3 photo-oxidation is a hole-sensitive
reaction, and it can be feasibly applied to evaluate the migration of
photogenerated holes on different samples.

The photocatalytic oxidation of NH3 over the samples was per-
formed in the presence of UV irradiation. Before UV irradiation, NH3
was flowed over catalyst in the dark for 2 h to reach NH3 adsorption-
desorption equilibrium on catalyst surface. The test results are
presented in Fig. 6a. The NH3 conversion was negligible under UV
irradiation in the absence of a photocatalyst. The concentration
ratio log (C/Cq) of NH3 plotted against UV irradiation time in the
presence of catalysts showed a pseudo-first-order kinetics to the
NHj3 concentration, where “Cy” and “C” are the NH3 concentration
before and after irradiation, respectively. Given the differences in
specific surface areas (SSA) among the samples, we calculated the
specific NH3 conversion rate constants (mzcmlyst min)~! accord-

ing to the first-order dynamic equation (dcg'tH 3 = kCnp, ) and the
results are shown in Fig. 6b. As shown in Fig. 6b, the in-situ
synthesized F-TO01 exhibited the highest NH3 oxidation activity
(9.5 x 10~4) among the samples. When the surface Fions of F-T001
were removed (T001), the NH3 oxidation activity greatly decreased.
After surface Fions were re-introduced on TOO01, the activity largely
recovered (TOO1-F). F-TO01 exhibited slightly higher NH3 oxidation
activity than TOO1-F, so this may be due to more surface F ions were
present on F-T001 (Fig. 4). In contrast, T101 presented a very low
NHj3 conversion rate (1.1 x 10~4), and the T101-F showed a nearly

Fig. 6. Photocatalytic oxidation of NH3 (a) log (C/Co) vs reaction time (b) rate con-
stants compare under UV irradiation over F-T001, T001, TOO1-F, T101-F and T101.

identical activity as compared to T101. These results further proved
the presence of a synergistic effect between {001} facets and sur-
face F ions on hole migration. Product analysis was also carried
out for the F-TO01 sample. It is shown that only a small amount of
N,O (7 ppm) was detected in gas phase products (Fig. S4). We fur-
ther measured the NO5;~ species adsorbed on the F-T001 surface by
ion chromatography, and found that about 13 percent of NH3 are
converted into NO3~ species (Table S1). Therefore, the N, selectiv-
ity the F-TO01 sample was calculated to be about 84%, which is in
agreement with the reported results [48-50].

The question then arises as to why the fluorinated TiO, with
exposed {001} or {101} facets displayed such a dramatic dif-
ference in photogenerated charge transfer. Apparently, two key
factors involving surface F ions and facet effect should be taken
into account. In a very recent report, Chen et al. [36] systemati-
cally discussed the roles of surface F ions over {101} facets on the
photocatalytic process. They found that only when terminal F and
lattice F co-exist on {101} facets, the surface H,O can be oxidized
by photogenerated holes under UV irradiation, while terminal F
or lattice F exist alone caused no surface H,O oxidation. In fact,
our XPS results demonstrated that only the surface F ions in the
form of =Ti—F bonds were formed on the F-T001, TOO1-F, or T101-F
samples. Our T101 and T101-F samples both showed no activity for
H, 0 oxidation, which are in agreement with the results reported
by Chen et al. [36]. Surprisingly, TO01 showed a considerable activ-
ity for surface H,O oxidation compared to T101 sample, and the
activity was further greatly enhanced when the terminal F ion was
present on {001} facet. It is clearly suggested that the influence of
Fions on the carrier migration is closely dependent on the exposed
facets of TiO, crystals.

It has been reported that photogenerated holes are inclined
to migrate to {001} facets as oxidative sites, while photogener-
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Fig. 7. Schematic illustration of the likelihood of charges migration on fluorinated
{001} facets (a) and {101} facet (b).

ated electrons tend to migrate to {101} facets as reductive sites
[30], thereby rendering {001} facets more active for photooxida-
tion reactions than {101} facets. Surface F ions, as anions on the
TiO, surface, form a negative electric field, drawing the photogen-
erated holes to move to the surface by the electrostatic force [35].
As illustrated in Fig. 7. When surface F ions are present on {001}
facets, the facets provide more hole-trapping sites, and the sur-
face F ions drive the movement of the positively charged holes
to the {001} surface, resulting in a synergistic promotion effect
between {001} facets and surface F ions on electron-hole pairs sep-
aration. In contrast, when the surface F ions are present on {101}
facets, the effects of {101} facets and the surface F ions on charges
migration are opposite. Photogenerated electrons tend to migrate
on {101} facets; however, the surface F anion electrostatic effect
could suppress the migration of photogenerated electrons, which
favored electron-hole recombination. Related research also found
that surface F anion modification reduced the H; evolution photo-
activity over TiO, crystals [27], which may be due to the decreased
migration of photogenerated electrons by F ions presence. In this
work, we did not detailedly discuss the role of photogenerated elec-
trons since the photogenerated electrons is not a key factor in H,O
and NH3 oxidation. Our recent study have found that *O,~ radical
formed by trapping photogenerated electrons may paticipate in the
subsequent oxidation of NH3 (not first step), and the results will be
reported in our next work.

4. Conclusions

Based on the results of DRIFTS experiments for H,O oxidation
and the testing for hole-sensitive NH3 oxidation over fluorinated
TiO, with specific exposed facets, we found a remarkable synergis-
tic effect between {001} facets of anatase TiO, crystals and surface
F ions on hole migration, while no such a synergistic effect exists
between {101} facets and surface F ions. The {001} facets provide
hole-trapping sites and the electrostatic effect of surface F anions
attract and accelerate the holes migration to {001} facets, thus

significantly enhancing the photo-oxidation activity. This finding
provides a new insight into the photogenerated charge migration
of fluorinated TiO, with specific exposed facets.
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