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The  particular  role of  reactive  facets  TiO2 on photocatalytic  NOx  removal  was  systematically  explored.
The  photo  selective  catalytic  reduction  (photo-SCR)  of  NOx  was  studied  using  titania  nanosheet  photo-
catalysts.  The  titania  nanosheets  were  synthesized  by  hydrothermal  method  with  titanium  n-butoxide
(TBOT)  and  hydrofluoric  acid  (HF).  The  synthetic  pathway  of transformation  from  TBOT  (Ti precursor)  to
TiO2 nanosheet  was  clearly  revealed  that  TiOF2 is the  intermediate  during  the  hydrothermal  process.  The
NO conversion  of titania  nanosheets  was  found  to  be  higher  than  the  conversion  of commercial  P25 and
iO2 nanosheet
001) Reactive facet
Ox abatement
hotocatalyst
eaction pathway

TiO2 synthesized  by  the  sol-gel  method.  Moreover,  one  of the  titania  nanosheets,  FT1.5,  displayed  the
highest  efficiency  of NOx  removal  at  393  K, but  there  was  a trade-off  relationship  between  NO  conversion
and  NO2 selectivity.  Our  results  suggest  that  the  optimal  synthetic  process  for  highest  efficiency  of TiO2

nanosheet  in  photocatalysis  is  to use  TBOT  and  HF with  the  F/Ti  atomic  ratio = 1.5  (FT1.5)  at  453  K  for  24  h.
In  summary,  the  synthesized  TiO nanosheet  exhibits  great  potential  to  be applied  in  NOx  abatement.
. Introduction

Nitrogen oxide (NO(g)) is one of the main components in flue gas
mitted from stationary sources during the combustion processes.
t is recognized as one of the tropospheric air pollutants, and it

ould be easily oxidized by ozone or radicals to generate nitro-
en dioxides (NO2(g)) in the atmosphere [1,2]. Since NO2 has been
roved to bring about respiratory system problems such as asthma
3], or even lead to pneumonia or lung cancer [4] of human beings, it
as been listed as one of the criteria pollutants as shown in Table 1.
urthermore, NO2 can participate in the complicated photochemi-
al reaction, forming ozone (O3) under the sunlight irradiation [5].
t was also reported that NOx (NO + NO2) has a strong correlation

ith the formation of atmospheric particulate matter (PM) that
ave a diameter less than 2.5 micrometers (PM2.5) [6]. Note that
oth O3 and PM also belong to criteria pollutants as listed in Table 1,
ue to their confirmed health effects on mankind [7,8]. It clearly
hows that among six kinds of criteria pollutants, half of them can
e directly or indirectly generated from NOx. Thus, research in the

eld of NOx abatement has grown significantly recently.

Among de-NOx technologies, photo-assisted selective catalytic
eduction (photo-SCR) is an advanced technology which can be
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operated at a relatively low temperature in comparison with the
traditional selective catalytic reduction (SCR) which requires a high
temperature. So far the main concern of photo-SCR has been its
low GHSV (gas hour space velocity) that made it difficulty applied
in the industry [9]. Accordingly, the GHSV was  set at 10000 h−1 in
this study to meet the requirement of stationary emission sources
[10]. In general, there are three kinds of reductants in the photo-
SCR process, including ammonia (denoted as NH3-photo-SCR) [11],
hydrocarbons (HC-photo-SCR) [12], and carbon monoxide (CO-
photo-SCR) [13]. In this work, the HC-photo-SCR was  deliberately
chosen to simulate the conditions in the industry, such as power
plants, where the remained hydrocarbons exist in the flue gas emit-
ted through the combustion processes [14].

Anatase TiO2 with a high percentage of reactive (001) facets, so-
called titania nanosheet due to its shape, was reported in 2008 [15].
The (001) surface with a surface energy of 0.98 J m−2, which has
been demonstrated to have a higher reactivity than (101) surface of
0.49 J m−2 or (100) surface of 0.58 J m−2 [16,17]. Titania nanosheet
and its derived materials have been applied in diverse categories of
photocatalysis with outstanding performance, including organics
degradation [18,19], H2 production [20,21], CO2 reduction [2,22].
Although the (001) surface has a very high surface energy, maxi-

mizing the percentage of exposed (001) area might not be a good
direction. There exists an optimal ratio of the exposed (001) and
(101) facets under certain conditions [2]. Based on the calculation
results of density functional theory (DFT), a suitable ratio of the

dx.doi.org/10.1016/j.apcatb.2017.07.077
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
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Table  1
National Ambient Air Quality Standards (NAAQS, the table was reproduced according to latest announcement of EPA).

Pollutant Primary/Secondary Averaging Time Level

Carbon Monoxide (CO) primary 8 h 9 ppm
1  h 35 ppm

Lead (Pb) primary and secondary Rolling 3 month average 0.15 �g/m3

Nitrogen Dioxide (NO2) primary 1 h 100 ppb
primary and secondary 1 year 53 ppb

Ozone (O3) primary and secondary 8 h 0.070 ppm
Particle  Pollution (PM) PM2.5 primary 1 year 12.0 �g/m3

secondary 1 year 15.0 �g/m3

PM10 primary and secondary 24 h 35 �g/m3
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Sulfur Dioxide (SO2) primary 1 h 

secondary 3 h 

xposed (001) and (101) facets could avoid the electrons and holes
ccumulate on the (101) facets or overflow to the (001) facets. The
ptimal ratio of exposed (001) and (001) facets can improve the
igration of electrons and holes between (101) and (001) facets so

hat photocatalytic activity is enhanced [2]. Therefore, this study
ntends to find an optimal synthetic recipe for titania nanosheet to
fficiently remove NOx.

Among the typical synthetic methods, titanium(IV) butoxide
TBOT) and hydrofluoric acid (HF) are the most common precursors
o provide Ti4+ and F− ion [23]. After the hydrothermal treat-

ent, the anatase titania nanosheets can be well synthesized. In
he reported X-ray diffraction characterizations, besides the main
101) anatase peak of samples, another subtle peak at 2� = 23.9◦,
hich is referred to as a TiOF2 compound in the JCPDS database no.

8-0060, can be observed. Yet people seldom discussed this sub-
le peak in detail. Thus, in the present work, we explored the best
ynthetic conditions, including the ratio of precursors, tempera-
ure, and duration of the hydrothermal process. This method for
ynthesis of titania nanosheets is universally suitable for different
hotocatalytic reactions. Finally, the formation pathway of titania
anosheets is proposed based on our own experience and litera-
ures. How the exposed (001) facets of titania nanosheet affects
he photocatalytic activity in NOx removal, including catalytic per-
ormance and reaction mechanism, was also conducted from the
oint of view of redox abilities of photocatalysts. To the best of our
nowledge, for the first time, the particular role of reactive facets
n photocatalytic NOx removal has been systematically studied.

. Experimental

.1. Preparation of photocatalysts

There were five TiO2 photocatalysts tested in this study, P25,
G, FT1, FT1.5 and FT2 (these labels were explained as followed).
he first one is the commercial P25 TiO2 photocatalyst (Evonik
egussa, Aeroxide

®
P25, >99.5%), a well-known TiO2 photocata-

yst used as a standard to compare with the other photocatalysts.
t would be named as “P25” hereafter. Next, the TiO2 photocata-
yst prepared by the sol-gel method is called “SG”. The synthetic
rocedure was referred to our previous study [24]. The 17.50 g
f precursor titanium (IV) butoxide (TBOT, Alfa Aesar, 99+%) was
dded into 100.0 ml  of 0.10 M HNO3 (J.T. Baker

®
, 65%) drop by drop

t 298 K. Afterward, the solution was vigorously stirred at the rate
f 600 rpm and heated to 353 K for 8 h to complete the hydrolysis
rocess. The as-prepared sol-gel would be calcined at 773 K for 3 h
o form the crystalline phases. Lastly, the powder was ground with

n agate mortar and then the particulate TiO2 could be obtained.
ince this SG sample has been investigated by our previous study
24], it is a candidate of “particulate” TiO2 to compare with the
sheet-like” TiO2 as followed.
nd secondary 24 h 150 �g/m
75 ppb
0.5 ppm

The titania nanosheets were prepared by the hydrothermal
method according to typical procedures from literatures with a
slight modification [18,20,25]. At first, 50.0 g of Titanium (IV)
n-butoxide (TBOT, Alfa Aesar, 99+%) was mixed with different
amounts of hydrofluoric acid (HF, Sigma-Aldrich, 48%), 6.124, 9.186
and 12.248 g. These amounts of HF were intendedly calculated
based on the nominal F/Ti atomic molar ratio which equaled to
1, 1.5, and 2. Therefore, they were named as “FT1”, “FT1.5”, and
“FT2”, respectively. After vigorously stirring in 100 ml  Teflon-lined
stainless steel autoclave for 30 min  at 298 K, the mixed solution
was placed in an oven at 453 K for 24 h. The autoclave was  then
cooled down for 8 h at 298 K after the hydrothermal reaction. Each
sample was  washed with deionized water and ethanol three times,
followed by a drying process at 353 K for additional 8 h. Finally,
the titania nanosheets, FT1, FT1.5, and FT2, were obtained after
grinding.

2.2. Characterization of photocatalysts

A powder X-ray diffractometer (XRD, Rigaku) with Cu-K� radi-
ation (� = 1.5418 Å) at a scanning rate of 10◦ (2�)  min−1 was used to
confirm the crystalline structure and determine the crystalline size
of the photocatalysts. The crystalline size was calculated accord-
ing to the modified Scherrer equation that took every peak in an
XRD spectrum into account. This modified Scherrer equation was
proposed to decrease the systematic error of Scherrer equation
[26]. The surface morphology of the photocatalysts was  observed
by a scanning electron microscopy (SEM, Nova NanoSEM 230)
and a transmission electron microscopy (TEM, JEOLTM JEM-1200EX
II). A high-resolution transmission electron microscopy (HRTEM,
Phillips Tecnai F20 G2 FEI-TEM) equipped with an energy disper-
sive X-ray spectroscopy (EDS) detector was  used to explore the
selected area diffraction (SAED) pattern and d-spacing of the titania
nanosheets. To estimate the particle sizes, a considerable amount
of well-defined titania nanosheets was  counted one by one. For
the precise edge lengths of titania nanosheets, both the width
and length of each rectangular would be measured. The difference
between width and length should be less than 10% to prevent from
the misjudgments. Brunauer-Emmett-Teller (BET) analysis using
a nitrogen adsorption apparatus (ASAP 2010, Micromeritics) was
conducted to acquire the specific surface area of the photocatalysts.
All samples were degassed at 110 ◦C overnight before the mul-
tipoint measurements. A UV–vis spectrometer (Varian Cary 100)
equipped with an integrating sphere was  used to obtain the dif-
fuse reflectance UV–vis spectra of the photocatalysts. The optical
absorption range was measured in 200–800 nm. An X-ray photo-
electron spectroscopy (XPS, Thermal Fisher Scientific Theta Probe)

equipped with Al-K� X-ray source (1486.6 eV) was performed to
investigate the chemical status of elements. All of the samples were
pretreated with the same conditions. The powder samples were
tableted, and then their surfaces were cleaned by Ar-gas cluster
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ig. 1. (a) Schematic design of experimental apparatus for photo-SCR. (b) Illustrat
otch.

on source. For peaks deconvolution of Ti element in XPS spec-
ra, the following parameters were applied based on the reference
27], that is, pass energy = 20 eV, FWHM = 1.02 and 1.98 eV for Ti4+

p3/2 and Ti4+ 2p1/2, respectively; the splitting between Ti4+ 2p3/2
nd Ti4+ 2p1/2 = 5.72 eV for the dominant anatase phase of titania
anosheets; Gaussian (33%)-Lorentzian (67%) for Ti element; the
rea below the Ti4+ 2p1/2 curve being half of the area below the Ti4+

p3/2 curve. Dynamic light scattering (DLS, MalvernTM Zetasizer
ano ZS) was used to measure the particle size and particle size
istribution of the photocatalysts. Photoluminescence (PL) spectra

or titania nanosheets were conducted by fluorescence spectropho-
ometer equipped with 150 W xenon lamp (HITACHI, F-7000) to
heck the recombination rates of photo-generated holes and elec-
rons.

.3. Apparatus

The apparatus of photo-SCR experiments is shown in Fig. 1, and
t was slightly modified according to our previous study [28]. The
hotocatalysts of 0.0300 g were placed on central position engraved
ith a cylindrical notch with 15 mm in diameter and 1 mm in

eight. This design is to ensure the photocatalysts evenly disperse
n the photoreactor so that the exposure area of UV light irradiation
an be kept as a constant, 176.63 mm2. The feeding composition of
ll photo-SCR experiments was 400 ppmv NO, 2000 ppmv C4H10,

 v% H2O, 4 v% O2, and N2 balance. The volume flow rate of feed-
ng gas was controlled at 25.0 ± 2% ml  min−1, which corresponds
o gas hour space velocity (GHSV) of 10000 h−1. Note that the NO
oncentration was chosen at 400 ppmv because it is seldom higher
han this value in either flue gases or exhaust gases since the con-
rol of combustion processes and the emission control of NO have
een improved year by year [29]. A mercury arc lamp equipped
ith a filter of 320–500 nm wavelength (EXFO Omnicure S1500,

00 mW cm−2) was used in the experiments. The concentration of
O, NO2, NOx was immediately monitored and recorded by an on-

ine chemiluminescence nitrogen oxides analyzer (Teledyne, Model
00E) every minute. The NO conversion, NO2 selectivity, and NOx

emoval were calculated based on the molar basis as following Eqs.
1)–(3):

O conversion =
(

NOinlet − NOoutlet

NOinlet

)
× 100% (1)
f top-view and side view of plate-shape photoreactor engraved with a cylindrical

NO2 selectivity

=
(

NO2 outlet − NO2 inletNOinlet − NOoutlet
)

× 100% (2)

NOx removal =
(

NOx inlet − NOx outletNOx inlet
)

× 100% (3)

All experiments were carried out in the same procedure. The
total recorded time was  240 min  for each experiment, including
three intervals: (1) The initial 30-min purge to ensure the NO con-
centration was  stable. (2) After the initial 30 min, the UV light was
turned on and the photo-SCR started. The photo-SCR was con-
ducted for 180 min  and then the UV light was turned off. (3) The NO
was kept monitoring in the last 30 min  to confirm the NO concentra-
tion remained the same as the initial value. The photocatalyst was
replaced as a fresh one after each 240-min test. The photo-SCR was
carried out at four conditions of reaction temperature, 313, 353, 393
and 433 K, respectively. For titania nanosheets (FT1, FT1.5, and FT2),
each photocatalyst was  performed three times at different tem-
peratures. For comparison, P25 and SG photocatalysts, which were
reported in previous studies, were carried out one time at different
temperatures [24,30]. Considering to acquire accurate activities of
photocatalysts, in the data processing, all values of outlet concen-
tration (NOoutlet, NO2outlet, and NOxoutlet) were the average of the
last five minutes before the UV light was turned off.

3. Results and discussion

3.1. Characterization of photocatalysts

Fig. 2 shows the diffuse reflectance UV–vis spectra of different
photocatalysts. All of the samples except SG had the main absorp-
tion edge below 400 nm where is the absorption range of UV light.
This result was  also consistent with the observed color of these
samples. SG exhibited a slightly yellowish color, whereas the other
samples exhibited a white color. The slightly yellowish color of
SG can be explained by the doping effect of nitrogen atoms. The
doped nitrogen atoms can narrow the band gap by increasing the
potential of valance band. The lower value of band gap leads to the

red shift in UV–vis spectra. It was  reported that the light absorp-
tion can be shifted to the visible light region when nitrogen atoms
are introduced into TiO2 lattice [31–33]. In the synthesis of SG, the
nitric acid was added into precursor solution to control the pH = 2
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Table  2
The summary of characterizations by different measurements of P25, SG, FT1, FT1.5, FT2 photocatalysts.

Entry Item P25 SG FT1 FT1.5 FT2

1 Particle size (from DLS) (nm) − 181.5 214.3 155.8 535.4
2  Particle sizea (from TEM) (nm) − 13.1 44.5 44 79.6
3  Crystalline size (from XRD) (nm) 10.9 16.5 10.2 9.8 10.6
4  Band gapb (eV) 3.22 3.00 3.23 3.24 3.24
5  BET surface area (m2 g−1) 50.0 23.9 95.6 102.2 47.1
6  Ti3+/(Ti3+ + Ti4+) (from XPS) (%) – 3.7 18 20.2 20.8

−No information.
a An edge length for FT1, FT1.5 and FT2 photocatalysts.
b K-M function was  applied.

Fig. 2. The diffuse reflectance UV–vis spectra of P25, SG, FT1, FT1.5, FT2 photocata-
lysts.
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tent with the theoretical value. Likewise, Fig. 5(b) shows the top
ig. 3. The powder X-ray diffraction patterns of P25, SG, FT1, FT1.5, FT2 photocata-
ysts.

here was at the isoelectric point of TiO2 sol-gel. Previous study
lso proved that nitric acid can act as a nitrogen source to synthesize
-doped TiO2 by sol-gel method [34]. However, the color change
as not been observed when fluorine atoms are doped into TiO2

attice [32,35]. This is why only SG showed yellowish color. The
pectra would be further expressed by the Kubelka-Munk (K-M or
(R)) method to calculate the band gap of each sample, as shown in
ig. S1 [36]. All values of the derived band gaps are summarized in
able 2.

Fig. 3 shows the XRD patterns of five photocatalysts with their

orresponding phases. P25 exhibited the typical anatase (JCPDS no.
1-1272) and rutile (JCPDS no. 21-1276) peaks, while SG displayed
ostly anatase peaks with a subtle brookite (JCPDS no. 29-1360)
peak at 2� = 31.56◦. Note that the brookite phase has usually been
found in TiO2 synthesized by the sol-gel method [37]. For all titania
nanosheets (FT1, FT1.5, and FT2), they showed the characteris-
tic anatase peaks at the corresponding positions, 2� = 25.5◦, 38.7◦,
48.7◦, 55.5◦, 63.5◦, 70.5◦, and 76.1◦. Among three titania nanosheets,
the differences of their 2� values for each peak were less than
0.1◦. However, characteristic titanium oxydifluoride (TiOF2, JCPDS
no. 08-0060) peaks were shown simultaneously in these titania
nanosheets. FT2 showed three peaks which can be ascribed to TiOF2
at 2� = 23.94◦, 34.18◦ and 60.38◦. As for FT1, two peaks could be
found at 2� = 23.86◦ and 34.24◦. Lastly, the FT1.5 only exhibited an
extremely small peak at 2� = 23.86◦. Since all of the samples were
prepared and tested under the same conditions in XRD analysis,
it could be determined that the percentage of TiOF2 among these
three titania nanosheets were in the following order arrangement:
FT2 > FT1 > FT1.5. Moreover, the anatase (001) peaks of P25 and
SG were shown at 2� = 26.16◦ and 26.00◦, while the anatase (001)
peaks of FT1, FT1.5, and FT2 were shown at 2� = 25.58◦, 25.46◦, and
25.52◦, respectively. It should be noted that the peaks of dominant
anatase (101) peak for these titania nanosheets had a negative shift
about 0.5◦ in comparison with the same anatase (101) peak of P25
and SG. According to the Bragg’s Law, the d-spacing (d) and diffrac-
tion angle (2�)  are in inverse proportion. Therefore, these negative
shifts of anatase (101) peak could be referred to as the broadening
of d-spacing, revealing the doping effect of F atoms.

The SEM images as shown in Fig. 4 were used to get the morphol-
ogy of photocatalysts. SG exhibited the typical granulated particles
and FT1, FT1.5, and FT2 all looked like stacked sheets. Furthermore,
TF1 and TF1.5 were similar to each other in their sizes while TF2
was evidently larger than TF1 and TF1.5. The particle sizes were fur-
ther estimated by dynamic light scattering (DLS) and TEM images
as summarized in Table 2. The trend of both measurements was  the
same for titania nanosheets that FT2 > FT1 > FT1.5 in sizes. All val-
ues got from DLS measurement were larger than those from direct
TEM observations because DLS cannot distinguish the aggregated
particles from each other, leading the overestimation of particle
sizes. The trend of particle sizes could also be justified by the BET
surface area analysis as shown in Table 2. For FT1 and FT1.5, the BET
surface areas were 95.6 and 102.2 m2 g−1 which were quite identi-
cal to each other. Nonetheless, FT2 was  only half as large as those
two for the value of 47.1 m2 g−1. These values were quite rational
according to the SEM observation that FT2 was  obviously larger
than the other titania nanosheets. The low BET surface area of FT2
might be explained by its crystalline phases which contain a higher
percentage of TiOF2 crystalline phase.

High-resolution TEM can acquire more information about mor-
phology as shown in Fig. 5. Fig. 5(a) shows the side view of titania
nanosheets and the inset figure clearly displays the d-spacing of
(004) anatase crystalline phase was  0.235 nm which is consis-
view of titania nanosheets and the inset figure demonstrated the
d-spacing was  0.19 nm which corresponds to (200) anatase crys-
talline phase. The above TEM results confirmed the FT1.5 was  the
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Fig. 4. The SEM images of SG, FT1, FT1.5 and FT2 photocatalysts.

patter
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Fig. 5. TEM images for (a) Side view of FT1.5; (b) Top view of FT1.5; (c) SAED 

ltra-thin nanosheets with highly exposed facets along (001) direc-

ion. According to the TEM plots, the particle size and thickness
or FT1.5 were counted, equaling to 44.04 and 3.60 nm,  respec-
ively. The calculated percentage of exposed (001) facet = 73.6%
n of the selected area for FT1.5; (d) SAED pattern of the selected area for FT2.

[38]. Moreover, Fig. 5(c) shows the SAED pattern, and note that

the universally recognized resolution of spot size is 100 nm so all
of the nanosheets which dispersed randomly should be included
in this figure. Consequently, SAED exhibited a ring pattern rather
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ig. 6. XPS spectra of Ti 2p and O 1s for FT1, FT1.5, FT2, and SG photocatalysts.

han a single crystal pattern. Again, the characteristic phases for
T1.5 photocatalysts belonged to anatase phase. For Fig. 5(d), FT2
emonstrated both anatase and TiOF2 ring pattern. Both of the
bservations from FT1.5 and FT2 were consistent with the XRD
attern.

XPS was used to confirm the chemical states of the elements
s shown in Fig. 6. In Ti2p region, the Ti2p3/2 main peak positions
f FT1, FT1.5, FT2, and SG appeared at 458.15, 458.15, 458.45, and
58.15 eV, respectively. The slightly positive shift of Ti for FT2 in
omparison with other samples might due to its higher amount
f TiOF2. The F atoms, whose electron negativity is higher than

 atoms, can attract more electrons from Ti atoms than O atoms
o the Ti atoms in FT2 had this positive shift. Moreover, note that
he asymmetric peaks in Ti region were shown for all samples,
ndicating that not only Ti4+ but also Ti3+ might exist. The deconvo-
ution results are shown in Fig. S2 and the values of Ti3+ percentage
or each sample are summarized in Table 2. All titania nanosheets
xhibited the values of Ti3+ percentage for about 20%, which were
uch higher than the value of Ti3+ percentage for SG photocata-

yst of about 4%. This result demonstrated that adding F atoms in
recursor solution could raise more Ti3+, whose nature of Ti3+ for-
ation has been well explained by using electron paramagnetic

esonance (EPR), XPS and the theoretical calculations from den-
ity function theory (DFT) [39]. Importantly, it was claimed that
i3+ ions can reduce the recombination rate of electrons and holes
enerated by light irradiation [37], and then enhance the photocat-
lytic performance. In O1s region, the main peak positions of FT1,

T1.5, FT2, and SG were emerged at 529.45, 529.40, 529.65 and
29.45, respectively. All positions of peaks in O1s region and in Ti
egion mentioned above have been proved in many studies [40–42].
urthermore, the asymmetric peaks in F1s region are also found
Fig. 7. PL spectra of titania nanosheets.

among FT1, FT1.5, and FT2 titania nanosheets as shown in Fig. S3.
The asymmetric peaks could be separated into two peaks at 684.1
and 685.3 eV which corresponds to surface F− on TiO2 [37,43,44]
and F− in TiOF2 [45,46], respectively. In this study, TiO2 nanosheets
were synthesized without calcination or base-washing step that
both can remove the surface fluorine ions. Lv et al. reported that
surface fluorination can greatly enhance the photocatalytic activ-
ity of TiO2 due to the formation of free •OH radicals which are highly
reactive [47]. There were no peaks found at 688.3 eV, which is the F−

of F-doped TiO2 [37]. The same results have been observed by other
researchers [37,39] owing to the very low concentration of doped
F− which is below the detection limit in XPS analysis. Thus, we con-
cluded that an F− ion atom was inserted into TiO2 to replace an O2−

ion, and a Ti3+ cation could be generated from Ti4+ simultaneously
because of the electron compensation.

Photoluminescence spectra was  used to verify the recombina-
tion rate of electron-hole pairs generated by light irradiation. The
PL signals originated from the surface oxygen vacancies and these
oxygen vacancies are from the defects of TiO2 [48]. The oxygen
vacancies can contribute the bound exciton luminescence, show
the obvious peaks at 464 nm [49]. In the former XPS analysis, the
existence of Ti3+ among TiO2 nanosheets has been observed in the
deconvolution results for Ti 2p. The Ti3+, which relates to the oxygen
vacancy, results from the doped fluorine atoms in TiO2 lattice. The
distortion of the crystal lattice and TiO2 defect can be also induced
by F doping, showing the PL signal. In Fig. 7, the lowest peak of FT1.5
meant it was  with the lowest recombination rate of electron-hole
pairs and highest separation efficiency. This recombination rate
was in the following order arrangement: FT2 > FT1 > FT1.5, which
is related to the photo activities of titania nanosheets.

3.2. Elucidating the formation of titania nanosheet

It is worthy to pay attention on the formation of TiOF2 during the
synthesize of titania nanosheets. In this study, TBOT and HF were
used as the precursor with different ratios. After vigorously mix-
ing, the hydrothermal treatment was  conducted in an autoclave
at 453 K for 24 h. To understand the transformation mechanism
from precursor solution to titania nanosheets, we  summarized the
literatures using the hydrothermal method with precursor TBOT
(97–98%) and HF (40–48%) in different F/Ti ratios to synthesize tita-
nia nanosheets at different temperatures and durations in Table 3.
The presence of TiOF2 was judged by the XRD pattern at 23.9◦.
For entry 1, all conditions except the duration of hydrothermal
process kept the same, and it could be found that the TiOF2 did
not show in the half-hour hydrothermal process (entry 1-1). When
the duration increased, the peak of TiOF2 started to emerge (entry
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Table  3
Summary of recent literatures using the hydrothermal method with precursor TBOT and HF at different conditions to synthesize titania nanosheets.

Entry Synthetic Conditions Results Ref.

F/T atomic ratio Temp. (K) Duration (h) Calcination aPresence of TiOF2 Edge Length (nm) Thickness (nm) Exposed (001) facets (%)

1−1 0.67 433 0.5 No w/o – – – [50]
1–2 0.67 433 2.3 No Presence – – –
1–3 0.67  433 6 No Trace – – –
1–4 0.67  433 24 No w/o 11 1.6 77
1–5  1 433 24 No w/o 25 2.7 82
2−1  0.8 453 24 No Presence 19 10 38 [51]
2−2 1.6 453 24 No Trace 21 4 68
2–3  2.4 453 24 No Presence 28 3 80
3  1 453 24 No Presence 20–100 20 62 [52]
4  1 453 24 No Trace 50–80 6 75 [20]
5 1 453 24 No Trace – – – [53]
6 1 453 24 No w/o 70–80 8 75 [54]
7 1 453 24 No w/o 50–60 10–15 62–71 [44]
8 1 453 36 No w/o 20–70 4–8 – [55]
9−1 0 453 24 823 K, 1 h w/o – – 11 [2]
9−2 1 453 24 823 K, 1 h w/o – – 49
9−3  1.5 453 24 823 K, 1 h w/o – – 58
9−4  2 453 24 823 K, 1 h w/o – – 72
9−5 3  453 24 823 K, 1 h w/o – – 83
10−1  0.67 453 24 No – 30 7 68 [18]
10−2 1 453 24 No w/o 40 6 77
10−3  1.33 453 24 No – 50 6 80
10−4  0.67 473 24 No – 52 8 76
10−5  1 473 24 No – 60 7 81
10−6  1.33 473 24 No – 130 8 89
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No information.
a Judged by XRD pattern at main TiOF2 (100) peak at 23.9◦ (Presence: can be cle
ith  magnification of on-line printed paper; w/o: cannot be detected).

–2, 1–3) and then disappeared finally (entry 1–4). Therefore, it
ould be concluded that the TiOF2 is the intermediate during the
ransformation of Ti4+ to titania nanosheets (TiO2), and the duration
f the hydrothermal process is one of the key factors to successfully
ynthesize the pure TiO2 titania nanosheets. On the other hand, the
/Ti atomic ratio of the precursor, where F− was from HF and Ti4+

as from TBOT, also played a significant role during the synthesis
ccording to the results of entry 2. Overly low F/Ti ratio (F/Ti = 0.8,
ntry 2-1) or overly high F/Ti ratio (2.4, entry 2–3) was not favorable
o eliminate the presence of TiOF2. There existed the optimal F/Ti
atio to get rid of TiOF2 (F/Ti = 1.6, entry 2.2).

In this study, our result was similar to theirs that FT1.5
F/Ti = 1.5) could suppress the existence of TiOF2, however, a higher
mount of TiOF2 was shown in FT2 in comparison with the fluorine-
ich sample in the literature (entry 2–3). In the other literature
entry 3 to entry 10), some exhibited the TiOF2 peak in XRD pattern
hile some did not, though the synthetic conditions (F/T = 1.0, tem-

erature = 453 K, duration = 24 h) were quite identical. A possible
eason is the ambiguous definition of duration (that is, experiment
escribed hydrothermal treatment for “X hour” but did not men-
ion whether “X hour” includes the temperature-elevating process
r not) and the instrumental difference of the controlled temper-
ture. Since the peak of TiOF2 in most of the papers was  not very
igh so even the slight difference could contribute the presence or
ot the presence of the TiOF2. On the other hand, it should be noted
hat there were no TiOF2 peaks of the samples with calcination pro-
ess (entry 9), so it could be inferred that calcination can transform
iOF2 to titania nanosheet (TiO2) completely. This observation was
roved in Fig. S4 that the TiOF2 could be transformed to anatase
iO2 after the calcination process at 823 K for 1 h. It is also reported
hat using TiO2 nanosheet to conduct the calcination can delay and
uppress the phase change from anatase to rutile at higher tem-

erature [47] since the transformation happens at 873 K typically
6].

In summary, the chemical reactions of titania nanosheet for-
ation can be proposed. The first step is the hydrolysis reaction
cted without magnification of on-line printed paper; Trace: can be clear detected

of TBOT, forming Ti(OH)4 as shown in Eq. (4) [57–59]. Secondly,
in Eq. (5), Ti(OH)4 can react with HF to produce intermediate TiOF2
through water condensation [57,59]. Lastly, the intermediate TiOF2
can be hydrolyzed again with saturated steam at about 453 K [60],
and pH = 2 [61] as shown in Eq. (6). Note that the stoichiometric
coefficients of both water and hydrofluoric acid through Eqs. (4)–(6)
sum up to zero. That is, both H2O and HF could be consumed and
produced recurrently.

Ti(OC4H9)4 + H2O → Ti(OH)4 + 4(C4H9OH)(hydrolysis) (4)

Ti(OH)4 + 2HF → TiOF2 + 3H2O(watercondensation) (5)

TiOF2 + 2H2O → TiO2 + 2HF(hydrolysis) (6)

3.3. Photo-SCR for NOx removal

The NO conversions at different temperatures are shown in Fig. 8
to check the activities of photocatalysts. The FT1.5 exhibited the
highest NO conversion at every temperature. Additionally, most of
the titania nanosheets were more active than P25 and SG at differ-
ent temperatures expect only one point at 433 K that NO conversion
of FT1 and FT2 was  less than SG. This phenomenon could be owing
to the stability difference of photocatalysts. As shown in Fig. S5, it
can be found that the NO conversion was decreasing (i.e. NO con-
centration was increasing) quickly with reaction time at 433 K for
titania nanosheets, while NO conversion was  decreasing slightly
for P25 and SG. In other words, the photocatalysts for photo-SCR
at 433 K were not as stable as the photocatalysts at other lower
temperatures (313, 353 and 393 K). As mentioned before, the NO
conversion values were calculated based on the last 5 min  before
the light was turned off, so the instability of photocatalysts led to
the lower NO conversion of titania nanosheets. The possible reason
is that since the activity of titania nanosheets was  better than P25

and SG due to its higher exposed (001) facets, the formation rate
of nitrate NO3

− for titania nanosheets at 433 K was  also faster than
the rates of P25 and SG. The NO3

− may  block the active sites of pho-
tocatalysts resulting in photocatalyst deactivation. Furthermore,
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Fig. 8. NO conversion of P25, SG, FT1, FT1.5, and FT2 photocatalysts at different
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Fig. 9. NO2 selectivity of P25, SG, FT1, FT1.5, and FT2 photocatalysts at different
temperatures for photo-SCR reaction (Feed gas compositions: 400 ppmv NO,  2000
ppmv C4H10, 4 v% H2O, 4 v% O2, and N2 balance.).
emperatures for photo-SCR reaction (Feed gas compositions: 400 ppmv NO, 2000
pmv C4H10, 4 v% H2O, 4 v% O2, and N2 balance.).

ccording to the XPS analysis, there existed surface fluorine ions on
he surface of titania nanosheets, but not on the surface of P25 and
G. As mentioned, surface fluorination can generate free •OH radi-
als that promote the oxidation reaction. This can also explain why
ore NO3

−, which were from oxidization of NO, were generated on
itania nanosheets. Therefore, the control of reaction temperature
hould be appropriate to prevent the formation of NO3

−.
The outstanding activity of titania nanosheets, especially for

T1 and FT1.5 could be attributed to the following reasons: high
xposed (001) facets, and high BET surface area. In view of the
G and all titania nanosheets, higher exposed (001) facets and
igher BET surface of titania nanosheets corresponded to the higher
O conversion. Moreover, among FT1, FT1.5, and FT2, the activity
rrangement order was totally consistent with the BET surface area
rder: FT1.5 > FT1 > FT2. Furthermore, the recombination rates of
lectron-hole pairs got from PL spectra showed the same trend with
he photo-activities. To be more specific, the lower the recombina-
ion rate was, the higher the photoactivity would be. On the other
and, considering the main differences between P25 and SG photo-
atalysts were the BET surface area and the crystalline phases. The
utile phase was not efficient for NO conversion because the BET
urface area of P25 was higher than that of SG but NO conversion
f P25 was lower than that of SG.

Since the TiOF2 phase presences in the titania nanosheets, it
s necessary to know its properties and photoactivity. Lv et al.
eported that, even the BET surface area was 23.1 m2 g−1, TiOF2
hotoactivity was quite low which was nearly 150 times lower than
25 in X3B dye degradation experiment [62]. Moreover, previous
esearch demonstrated that the photoactivity of TiO2 nanosheet
ombined with slightly TiOF2 phase was higher than the pure TiO2
anosheet in MB  degradation and H2 production experiments [63].

t can be explained by the better charge separation capability of
iOF2-TiO2 mixed phase that reduces the recombination rate of
lectron-hole pairs. However, high amount of TiOF2 phase in the
iO2 nanosheet would decrease the photoactivity due to the poor
hotoactivity of TiOF2. Our result was well consistent with those
revious researches that FT1.5 with a slightly TiOF2 phase exhibited
igh photoactivity while FT2 with lots of TiOF2 phases exhibited
elative low photoactivity.

The selectivity of NO2 is shown in Fig. 9. NO2 is one of the toxic
y-products of the photo-SCR reaction. Based on the result, it was
bvious that increasing temperature was an important factor to

ecrease the NO2 selectivity. Also, we found that NO2 could be
educed to its minimum value at 433 K for all kinds of photocat-
lysts. The reaction pathway was proposed in the previous study
Fig. 10. NOx removal of P25, SG, FT1, FT1.5, and FT2 photocatalysts at different
temperatures for photo-SCR reaction (Feed gas compositions: 400 ppmv NO,  2000
ppmv C4H10, 4 v% H2O, 4 v% O2, and N2 balance.).

that the NO would firstly form NO2 and then NO2 further reduced
to N2 with the help of reducing agent at high temperature [24].
Note that the NO2 selectivity for SG and P25 at every tempera-
ture was lower than for titania nanosheets. This can be clarified by
the nature of the morphology of catalysts. The holes would easily
accumulate on (001) facets while electrons would stay on (101)
facets [2]. This might explain why  the NO2 selectivity of titania
nanosheets was higher than SG and P25. The more (001) facets
exposed, the higher oxidation rate achieved. Moreover, among tita-
nia nanosheets, FT2 exhibited the highest NO2 selectivity while FT1
exhibited the lowest NO2 selectivity at every temperature except
only one inconsistent data point (FT1.5 at 313 K). Again, it could
also be interpreted by its percentage of (001) exposed area. In
the synthesis of titania nanosheets, it is well-known that higher
F/Ti ratio in precursor leads to higher percentage of (001) exposed
area [2,18,50,51]. This is why FT2 with largest exposed (001) facets
would have the highest NO2 selectivity.

With regards to environmental points of view, NO conversion
and NO2 selectivity should be considered together, therefore, NOx
removal is shown in Fig. 10. At 313 K, the values of NOx removal
were low for all photocatalysts due to different reasons. For P25
and SG, it was  owing to the relatively low NO conversion as com-

pared to titania nanosheets. For titania nanosheets, it was because
of their high NO2 selectivity. Nonetheless, the NOx  removal could
be improved by increasing the reaction temperature. Note that it
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Fig. 11. The role of reactive facets on pho

as a trade-off relationship between NO conversion and NO2 selec-
ivity. Increasing the reaction temperature could reduce the NO2
electivity but also decrease the NO conversion. For FT1.5 and FT1,
he NOx removal reached to their maximum at 393 K so it could
e concluded that moderately high temperature was  benefited for
Ox removal in photo-SCR. For the practical applications, photo-
CR can be used in the post-treatment of exhaust gas or flue gas,
hich is emitted at high temperature. The waste heat from exhaust

as flue gas can heat up the photocatalyst to not only get the better
erformance but also prevent water condensation in the pipeline.
verall, it is wholly reasonable to apply at this temperature, 393 K.

.4. Particular role of reactive facets on photo-SCR for NOx
emoval

In conclusion, FT1.5 had the superior photoactivity according
o the results of NO conversion for different photocatalysts. How-
ver, if taking the formation of NO2 into account to check the NOx
emovals for all photocatalysts, both FT1 and FT1.5 exhibited good
erformance. The simplified mechanism was proposed to explain
he role of (001) and (101) facets of titania nanosheets as depicted
n Fig. 11. Oxidation reaction occurred on the (001) facets and
eduction reaction occurred on the (101) facets. FT1.5 with higher
ercentage of exposed (001) facets produced more NO2 than FT1
ith lower percentage of exposed (001) facets. This might explain

hat why FT1 and FT1.5 had the close performance of NOx removal
ven though the photoactivity of FT1.5 was better than FT1. There-
ore, it is suggested that titania nanosheets were not only had good
erformance in photocatalytic water splitting [20], dye degrada-
ion and CO2 reduction [22], but also in NOx abatement. Moreover,
T1.5 seems to be a highly efficient photocatalyst not only in this
tudy, but also in other literature with the similar F/Ti ratio (closed
o 1.5), but different applications which include CO2 reduction and

B degradation [2,51]. Thus, we strongly recommended following
his synthetic process to get the extraordinary titania nanosheet.

. Conclusions

In this study, titania nanosheet photocatalysts are successfully
ynthesized by hydrothermal method. The pathway of transforma-
ion from TBOT to TiO2 nanosheet is clearly revealed and shown
hat TiOF2 is the intermediate during the synthesis process. One of
he best synthetic processes for TiO2 nanosheet is to use TBOT and
F with the F/Ti atomic ratio = 1.5 at 453 K for 24 h in hydrothermal

reatment. The titania nanosheet synthesized under this condition
an get rid of the formation TiOF2. It is worth mentioning that the
ynthesized TiO2 nanosheet exhibits outstanding performance in

hotocatalysis due to its high BET surface area and highly exposed
001) facet in comparison with the TiO2 synthesized by sol-gel

ethod and P25. The NO conversion of titania nanosheets is found
o have a better NO conversion than that of SG and P25, but their

[

[

R over titania nanosheet photocatalysts.

NO2 selectivity is also high because of its highly exposed (001)
facets. To the best of our knowledge, this is the first time the partic-
ular role of reactive facets on photocatalytic NOx removal has been
systematically studied. There was  a trade-off relationship to get the
best performance of photo-SCR using titania nanosheets. Our study
also reveals that FT1.5 displayed the highly efficient NOx removal
at 393 K.
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