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Abstract: The nitrogen and fluorine co-doped TiO, polycrystalline powder was synthesized by calcinations of the hydrolysis product of tetra-
butyl titanate with ammonium fluoride . Nitrogen and fluorine co-doping causes the absorption edge of TiO, to shift to a lower energy region.
The photocatalytic activity of co-doped TiQ, with anatase phases was found to be 2.4 times higher than that of the commercial TiO,
photocatalyst Degussa P25 for phenol decomposition under visible light irradiation. The co-doped TiO, powders only contain anatase
phases even at 1000°C . Apparently, ammonium fluoride added retarded phase transformation of the TiO, powders from anatase to rutile.
The substitutional fluorine and interstitial nitrogen atoms in co-doped TiO, polycrystalline powder were responsible for the vis light response

and caused the absorption edge of TiO, to shift to a lower energy region.
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Introduction

Titanium dioxide ( TiO, ) has been extensively
investigated for 1ts catalytic properties based on iis wide
applications as environmentally harmonious photocatalysts

1972; Asahi, 2001 ). Nevertheless, Ti0,
becomes active only by irradiating with ultraviolet{ UV) light.

{ Fujishima,

The modification of Ti0, sensitive to visible light is one of the
current topic in photocatalyst field. In previous studies, the
doping with various transition metals has been intensively
employed to extend the light absorption to the visible region.
Iwasaki et al. ( Twasaki, 2000) substituted Co®** at lattice
positions of Ti** in TiQ, by sol-gel method. They observed
that TiO, doped with Co’" ions has highly photocatalytic
activities under vis light irradiation, and considered that the
photocatalytic activity under vis light irradiation strongly
depends on the valence state of Co ions in the dopant and its
concentration rather than the specific surface area and the
crystallinity of anatase. Except for a few cases ( Yamashita,
1999: 2001), however, the photocatalytic activities of the
calion-doped Ti0, decreased even in the UV region. This is
because the doped oxides suffer from a thermal instability or
an increase in the carrier-recombination centers( Choi, 1994;
Herrmann, 1984) .

Recently, there are some reports that films and powders
of anion doped TiQ, have photoactivity under visible light.
Asahi et al. ( Asahi, 2001) insisted that the oxygen sites
were substituted by nitrogen atoms and that these nitrogens
were responsible for the vis light sensitivity by theoretically
calculating the band structure of the nitrogen-doped TiO,
powders and thin films. In addition, Asahi concluded that
the vis light sensitivity of the nitrogen-doped TiO, was due to
the narrowing of the band gap by mixing the N 2p and O 2p
states. Umebayashi et al.(Umebavashi, 2002) reported that
the S-doped Ti0, was synthesized by oxidation annealing of

titanium disulfide ( TiS, }. They concluded the S doping
caused the absorption edge of Ti0, to be shifted into the
lower-energy region by mixing of the S 3p states with the
valence band according to the theoretical analyses using ab
initio band caleulations . Carbon doped Ti0, was reported as a
water oxidation material under vis light irradiation. Khan et
al .{Khan, 2002) asserted that carbon atoms substituted for
some of the lattice oxygen atoms. Yamaki et ol . { Yamaki,
2002; 2003) reported that the Ti0,, F, was synthesized by
ion implantation technique, and they concluded that the F
doping gave rise to modification of the electronic structure
around the conduct band edge of Ti0, by using the FLAPW
method caleulations .

It is clear that N, C, S, and F-doping for oxygen in
Ti0, could narrow the band gap, possibly leading to new
visible light-driven photocatalysts. However, 1o our
knowledge, the effects of nitrogen and fluorine elements co-
doping and heat treatment on photocatalytic activity and
microstructures of nanocrystalline TiO, powders have not been
reported . In this study, we ineorporated nitrogen and fluorine
into Ti0, by hydrothermal synthesis using tetra-butyl titanate
(Ti(OBu),) as the titanium source in the ammonium fluoride
(96¢% ) solution. With the calcination temperature rising
from 250°C to 1000°C, only pure anatase phases were
obtained . The photocatalyst was found to be very active for
phenol decomposition under visible light irradiation compared
to commercial TiQ), photocatalyst Degussa P-25(P25). We
concluded that the nitrogen and fluorine atoms in TiQ, were
shown to contribute to the band gap narrowing and enhance
the photocatalytic activity for phenol decomposition under
visible light ( wavelength < 700 nm). In comparisen with
conventional synthesis reaction, the present synthesis method
is mild, convenient and easy to handle. This work may

provide new insights and understanding on the mechanisms of



No.1 Visible light induced photodegradation of organic pollutants on nitrogen and fluorine co-doped TiO, photocatalyst 77

photoactivity enhancement by nitrogen and fluorine co-doping
into the lattice of TiO, .

1 Experimental

1.1 Photocatalyst synthesis

Eight ml ammonium fluoride{(96% ) solution was added
dropwise into 20 ml tetra-butyl titanate( Ti{ OBu}, ) solution
(99% ) at room temperature under roughly stirring by a
stirrer to carry out hydrolysis. After continuously stirring for
10 min, the precursor was naturally dried in an oven at
1009C for 0.5 h in air. Finally, the Ti0Q, precursor was
calcined at different temperature for 2 h 1o obtain different
TiO, nanoparticles. The color of the sample powder was
changed from white to brown at different temperature. The
color of this photocatalyst in 375°C. was brown and absorbed
visible light intensively. The tetra-butyl titanate and the
ammonium fluoride were obtained from Shanghai Reagent
Corporation, in China. The commercial TiQ); photocatalyst
Degussa P-25 was supplied by Germany Degussa Co. Ltd.
1.2 Characterization

XRD patterns obtained on a Bruker AXS D8 Discover
with GADDS X-ray diffractometer using Cu K_ radiation as X-
ray source were used to determine the erystallite size and
identity. The accelerating voltage and the applied current
were 35 kV and 20 mA, respectively. The average crystallite
sizes of anatase were determined according to the Scherrer
equation using the full width at half maxima{ FWHM) data of
each phase after correcting the instrumental broadening. Sizes
and shapes were observed using transmission electron
microscopy { TEM ) ( JEOL JEM-100CX, Japan ). The
Brunauer- Emmett-Teller( BET) surface area( SBET) and pore
size distribution were determined using a Micromeritics ASAP
2010 nitrogen adsorption apparatus. All the samples were
degassed at 180%C prior to BET measurements, UV-Vis
absorption spectra of TiQ, powders were obtained for the dry
pressed disk samples using a UV-Vis spectrophotometer{ Cary
500 Scan Spectrophotometers, Varian, U. S. A.). XPS
measurement was carried out on a VG Scientific Microlab
310F system using Mg K, (1253.6 eV} radiation as X-ray
source. All the binding energies were referenced to the C 1s
peak at 285 eV of the surface adventitious carbon.

1.3 Photoactivity measurement.

The photocatalytic activity of the N-doped TiQ, powders
was evaluated according to the photodegradation of phenol
aqueous solutions. Phenol is a common chemical used
extensively in a wvariety of industrial and agricultural
applications, and was, therefore, chosen as a model
contaminant. 1000 ml 20 ppm phenol aqueous solution with
0.50 g sample powders was loaded in a glass container and
stirred with a magnetic stirrer under the irradiation of 10600 W
xenon lamp. A 400 nm glass filter was used to assure cutoff

of the UV light. The temperature of the photoreactor was

maintained at 20C. Tt was found that the phenol
concentration had not changed significantly after 30 min. We
then began irradiation. The phenel concentration as a
function of lime was measured using the colorimetric method

UNICO UV-2102PCS

spectrophotometer after filiration under reduced pressure. The

of  4-amincantipyrine  with

photocatalytic behavior of Degussa P-25 ( P25) was also
measured as a reference to that of the synthesized catalysts.
Total organic carbon({TOC} was also measured using Germany
multi N/C 3000 analyzer to evaluate the photomineralization
degree. The measurements were repeated for each catalytic
system, and the experimental error was found to be within the
range of +5% .

The photoeatalytic activity of the N-doped TiO, can be
quantitatively evaluated by comparing the apparent reaction
rate conslants. The photocatalytic degradation generally
follows a Langmuir-Hinshelwood mechanism, with the rate r
being proportional to the coverage @,

r= k0 = kK J(1 + Ko) (1)
where k is the true rate constant which includes various
parameters such as the mass of catalyst, the intensity of light
etec., and K is the adsorption constant. Since the initial
concentration is low ( €, = 20 ppm}, the term K. in the
denominator can be neglected with respect to unity and the
rate becomes, apparently, first order,

r=-de/dt = EK. = k¢, (2)
where k, is the apparent rate constant of pseudo-first-order.
The integral form ¢ = f(t) of the rate equation is

Inc, /e = &k, t. (3)
2 Results and discussion

2.1 X-ray diffraction with N and F co-doped TiO,
photocatalyst

Fig.1 shows the effects of calcination temperature on
phase structures of the co-doped TiQ, powders at 250, 375,
400, 500 and 1000°C . It can be seen that, with increasing
calcination temperature ( From 250 to 1000°C ), the peak
intensities of anatase increase and the width of the (101)
plane diffraction peak of anatase (20 = 25.4°) becomes
narrower. The co-doped Ti0, powders only contain anatase
phases even at 1000°C. Apparently, ammonium fluoride
added retarded phase transformation of the TiO, powders from
anatase to rutile. The average particle size was estimated by
applying the Scherrer formula on the anatase(101) diffraction
peaks. An average size of around 8—38 nm was obtained for
samples A-E. X-ray structure analysis for samples doped
showed the 3753°C samples had typical peaks of Ti0,
polycrystalline anatase nanoparticle without any detectable
dopant-related peaks. The dopants went either into the
interstitial positions or substitutional sites of Ti(}, crystal

structure . The polycrystalline anatase structure was confirmed

by (101), (004}, (200), {(105), and (211} diffraction
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peaks. Its tetragonal Bravais lattice type was also verified by
lattice constant calculated from these peaks. It is considered,
therefore, that the sample annealed at 375°C is the anatase
Ti0, -based polycrystalline powder.

Relative intensity

Fig.1 XRD patterns of N and F co-doped Ti0, powders calcined at ( A)250,
(B)375, (€)400, (D)500, and {(E)1000C

Fig.2 shows TEM photographs of the co-doped TiO,
powders prepared by hydrolysis of tetra-butyl titanate in the
ammonium fluoride solution calcined at 375°C for 2 h. The
size of the primary particle is about 9 + 2 nm, which is in
agreement with the value determined by XRD(8.8 nm) .

Fig.2 TEM photographs of N and F co-doped TiO, powders calcined at
375C for2 h

2.2 BET surface areas and pore structure

Fig.3 shows the pore size distribution curve calculated
from the desorption branch of the nitrogen isotherm by the
BJH method and the corresponding nitrogen adsorption-
desorption isotherms ( inset } of co-doped Ti0O, powders
calcined at 375°C for 2 h. The sharp decline in desorption
curve is indicative of mesoporosity, while the hysteresis
between the two curves demonstrates that there is a diffusion
bottleneck, possibly caused by nonuniform pore size. The
pore size distribution calculated from the desorption branch of
the nitrogen isotherm by the BJH ( Barrett-Joyner- Halenda )
method shows a narrow range of 4.0—25.0 nm with an

average pore diameter of about 15.3 nm. Table 1 shows that

all samples prepared by our method have mesoporous
structures. Such structures are the result of the pores formed
between TiO, particles. The diameters of mesopores are
several to more than 20 nm. These mesopores allow rapid
diffusion of various liquid reactants and products during
photocatalytic reaction and enhance the rate of photocatalytic
reaction. It can be seen from Table 1, the as-prepared TiO,
powders dried at 250°C for 2 h show a very large SBET value
of 157.7 m’/g. However, the surface area and pore volume
all become smaller with increasing calcinations temperature.
Meanwhile, the pore diameter increases due to the growth of
TiO, erystallites .

Table 1 Effect of calcination temperature on phase content, BET surface
areas and pore parameters of N and F co-doped TiO, powders

. Surface Pore Pore
Calcinations Crystallite R
Sample* ) Phase area’,

b volume? , size” ,
emp., C size’,nm

m*/m ml/g nm
A 250 6.3 A 157.7 0.350 8.9
B 375 8.7 A 89.7 0.343 15.3
o 400 9.4 A 79.5 0.302 19.6
D 500 14.3 A 44.5 0.265 23.0
E 1000 37.5 A
p2st 25.5 A(B0% ) + R(20%)

Notes: * Doped TiO, was prepared by 8 ml of ammonium fluoride(96% ) + 20 ml
of Ti(OBu),; by a hydrothermal method;® calculated by applying the Scherrer
formula on the anatase(101) diffraction peak. A for anatase and R for rutile;
¢ BET surface area calculated from the linear part of the BET plot{ P/ P, = 0.05-
0.3); ? total pore volume, taken from the volume of N, adsorbed at about P/P,
=0.996; © average pore diameter, estimated using the adsorption branch of the
isotherm and the Barrett-Joyner-Halenda( BJH) formula; ! see refs( Tahiri, 1996;
Fernandez, 2000; Zieli'nska, 2003)
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Fig.3  Pore size distribution curve calculated from desorption branch of the
nitrogen  isotherm by the BJH method and the corresponding nitrogen
adsorptior-desorption isotherms (inset) of N and F co-doped TiQ, powders
calcined at 375%C for 2 h

2.3 XPS spectra with N and F co-doped TiO, photo-
catalyst

Fig.4 shows the F 1s and N 1s XPS spectra of the co-
doped TiO, annealed at 375°C and raw TiO, powders. As
shown in Fig. 4 (al), a marked peak at 684.5 eV was
observed. Jorda et al.( Jorda, 1998) considered that the
peaks at 685.3 eV was assigned to formation of TiF,. Yamaki
et al.(Yamaki, 2000) concluded the peak at 683.8 eV was
of TiO, . F, (x = 0.0039).
Furthermore, combined with the F 1s binding energy of
K,TiF, (685.00 V) and Na,TiF, (684.90 eV}, it was
determined that the peak at 684.5 eV was attributed to

assigned to formation
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formation of Ti-F band and the oxygen atoms were substituted
by fluorine atoms . In other words, the XPS spectra illustrated
that fluorine atoms had been doped in TiO, lattice. In
contrast, from Fig. 4 (bl), the raw TiO, powders did not
display a peak at 684.5 eV. As shown in Fig.4(a2), the
single peak at 400.3 &V was observed. According to Asahi et
al .( Asahi, 2001), the peak around 400 and 402 ¢V is the

chemisorbed N, molecules. In contrast, from Fig.4(b2), the
air annealed samples did not display a peak at 396 eV or 397
eV and is raw T30,. We concluded that a trace amount of N
atoms would be doped at the interstitial sites. Therefore, it is
considered that the substitutional fluorine and interstitial
nitrogen atoms in co-doped Ti0, polyerystalline powder were

responsible for the vis light response.

s 684.5 eV F 15 XPS spectra

(al)

Counts,a.u

(b1)

Counts,a.u

s 400.3 eV

N 18 XPS spectra

(b2)

4 L 1 | | 1 1 1 1 1

680 682 684 686 688 690 692 694 696 698
Binding energy, eV

390 392 394 396 398 400 402 404 406 408
Binding energy, eV

Fig.4 F s and N 1s XP5 spectra of the (a) N and F co-doped Ti0; and (b} raw TiQ,

2.4 UV-VIS absorption spectra with N and F co-doped
Ti0, photocatalyst

Optical absorption spectra of the samples are shown in
Fig.5. Compared to reference TiQ, (P25), the absorption
edge was shifted to the lower-energy region in the spectrum of
the sample annealed at 375°C . Furthermore, the absorption
that the co-doped TiO, absorb

observably from 400 nm to 800 nm wavelengths, whereas

spectra  show samples

reference Ti0, (P23) samples do not. This clearly indicates a
decrease in the band gap energy of the co-doped Ti0,. The
narrowing of band gap is due to that N and F doping give rise
to a modification of the electronic structure around the

conduction band edge of TiO, .

Intensity

N and F co-doped TiO,

/7

TiO4(P25)

L L L il L L

. | i L
400 500 600 700

Wavelength, nm

.
200 300 800

Fig. 5
annealed at 375°C and reference Ti0, { P25)

UV-visible diffuse reflectance spectra of N and F co-doped Ti0,

2.5 Photocatalytic activity studies
Photocatalytic activity was evaluated by measuring

decomposition rates of phenol as a function of irradiation time

under 1000 W Xe light (A > 400 nm), the 400 nm glass

filter was used to assure cutoff of the UV light. Fig.6 shows
the dependence of the apparent rate constants{ %, min"') on
calcination temperature. The photocatalytic activity of the co-
doped TiO, calcinated at 375°C is superior to that of P25
{TiO,) sample and other doped Ti(), samples in the visible
range of irradiation. The sample calcined at 250°C shows
decent photocatalytic activity with a rate constant of 3.01 x
107 . The rate constant increases with increasing caleination
temperature. The enhancement of photocatalytic activity at
elevated temperatures can be ascribed to an obvious
improvement in the crystallinity of anatase{Table 1). At a
calcination temperature of 375°C, the k, reaches the highest
value of 3.80 x 107 . This rate constant is 2.4 times higher
than that of P25(k, =1.11 x 10?), which is recognized as
an excellent photocatalyst { Piscopo, 2001; Tahiri, 1996;
Fernandez, 2000). The high photocatalytic activity of the
375%C sample is partially due to the fact that the co-doped
TiO, caleinated at 375°C has smaller particle size and higher
adsorption area toward the organic substrate, both of which
could be cooperative in making the organic molecular
accessible to the active sites on the Ti0O, surface. Moreover,
the intense absorption in the visible light range and a red shift
in the band gap transition of the co-doped TiO, samples are
indications that more photogenerated electrons and holes can
participate in the photocatalytic reactions. The results of
other samples heated at temperatures higher than 500°C were
not shown in this figure because they displayed very poor
photocatalytic activity. One possible explanation for this
photocatalytic activity decay is that nitrogen and fluorine
atoms in Ti0, lattice were completely substituted by oxygen
atoms with calcination temperature rising. Therefore, we

concluded that 375°C was the transition temperature, at
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which the co-doped TiO, photocatalyst could have suitable
band gap by N and F co-doping and the recombinations of the
light-induced electron(s) {e” ) and hole{s) (A" ) could be
restrained furthest and resulted in the highest vis-activity.
Since P-25 is considered as an excellent photocatalyst, 240%
enhancement is certainly significant for phenol decomposition
under visible light( wavelength <700 nm) .

401 -I—

Rate constant, 103k min-!
- = RN e W
=} Ln [=-3 w (=] n
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250°C 375 400C  500C
I

Fig.6  The dependence of the apparent rate constants ( £, min' ) on

calcination temperature

3 Conclusions

A simple method was developed for the preparation of
highty photoactive nanocrystalline N and ¥ co-doped TiO,
photocatalysts by calcination of the hydrolysis product of tetra-
butyl titanate with ammonium fluoride .

The co-doped Ti0), powders only contain anatase phases
even at 1000°C . Apparently, ammonium fluoride added
retarded phase transformation of the Ti(), powders from
anatase to rutile.

The substitutional fluorine and interstitial nitrogen atoms
in co-doped TiQ), polycrystalline powder were responsible for
the vis light response.

The N and F co-doped Ti0, samplies showed stronger
absorption in the visible range and a red shift in the hand gap
transition .

The photocatalytic activity of N and F co-doped Ti0Q,
powders with anatase phases caleined at 375%C is 2.4 times
higher than that of Degussa P25 for phenol decomposition
under visible light,
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