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In this study, we report that nitrogen doped TiO, could be achieved via thermal treatment of Degussa
P25 TiO, in NO atmosphere directly (P25-NO). The samples were characterized with XRD, XPS, and
FT-IR. The characterization results suggested that nitrogen species were interstitially doped in P25-NO
during the NO thermal treatment process. In comparison with P25, the P25-NO exhibited significantly
enhanced photocatalytic activities under visible light irradiation (A >420nm) for gaseous NO removal.
On the basis of electronic band structure theory, we proposed a possible mechanism for the enhanced
visible light driven photocatalytic oxidation process over the interstitial N doping P25-NO samples. This

NO work could not only deepen understanding of the enhanced photoactivity originated from interstitial

Photocatalysis

Visible light energy applications.

N doping in TiO,, but also provide a facile route to prepare nitrogen doped TiO, for environmental and

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, increasing interest has been dedicated to photo-
catalysis owing to its potential applications in both environmental
and energetic fields. TiO, has been the most important catalyst
extensively employed in environmental remediation, photoelec-
trolysis of water, and in dye-sensitized solar cells because of being
inexpensive, chemically stable, and nontoxic [1-4]. For TiO;, the
bottom of the conduction band and the top of the valence band con-
sist of empty Ti** d orbitals and O 2p atomic orbitals, respectively.
As is well-known, the electron (e~)-hole (h*) pairs are generated
when TiO; is irradiated by photons with an energy greater than
or equal to the band gap energy, and these charge carriers can
then migrate to the surface to initiate various redox reactions of
the adsorbates through some reactive species, such as the photo-
generated e~ and h*, superoxide (*O, ), and hydroxyl radical (*OH).
However, with a band gap of 3.0-3.2 eV, TiO, can only absorb rel-
atively little (4-5%) of the solar spectrum. Therefore, considerable
efforts have been made to extend the absorption of TiO, into the
visible light region by using doping technique [5]. Cationic dopants
may result in localized d-levels deep in the band gap of TiO,, which
often serve as recombination centers for photogenerated charge
carriers [4-6]. Thus, anion doping is a more appropriate method
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for the enhancement of visible light photoactivity, because the
related impurity states of anion ions are supposed to be close to
the valence band maximum. Recently, a growing number of publi-
cations reported the doping of TiO, with anions such as nitrogen,
carbon, sulfur, and fluorine [7-11]. Among these anion approaches,
nitrogen doped TiO, (N-TiO;) in particular has received the great-
est attention [12-17].

The visible light response for N-TiO, was first reported by Sato.
He attributed the sensitization of the visible light to the NO, impu-
rity [18]. Later Asahi et al. [1] reported that N doping could reduce
the band gap via the hybridzation of N 2p with the O 2p states. Since
then, the enhanced visible light photocatalytic activity of N-TiO,
was usually attributed to the decrease of the band gap through
hybridization of the N 2p states with O 2p states on the top of
the valence band [1] or the creation of a N-induced mid gap level
just above the O 2p valence band maximum (VBM) [15,19]. How-
ever, recent electronic structure calculation indicated that there
was virtually no shift of the upper edge of the O 2p valence band
for the nitrogen doped TiO,. Instead, occupied N 2p localized states
appeared slightly above the valence band edge [20]. Among current
debates on the mechanistic explanation of the nitrogen species in
N-TiO, materials, two main mechanisms were generally proposed
and accepted. One involves substitutional doping where O atoms
are partially substituted by N atoms [21]. The other is interstitial
doping, in which N species are located in interstitial sites [12]. In
the substitutional model, as the nitrogen atom is bound to three
Ti atoms and replaces lattice oxygen in TiO,, this nitrogen atom is
in a negative oxidation state, giving the covalent character of the
bond [1,22]. In the interstitial model, the nitrogen atoms are bound
to one or more oxygen atoms and therefore are in a positive oxida-
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tion state which could range from the typical state of a hyponitrite
species (NO™) to that of nitrite (NO, ) and nitrate species (NO3~)
[12,23].

There are usually four methods reported for the synthesis
of N-TiO,: (1) sputtering and implantation techniques [24]; (2)
high-temperature sintering of TiO, under nitrogen-containing
atmospheres generated by ammonia and urea[12,13]; (3) solution-
based strategies such as precipitation, sol-gel, and solvothermal
treatment [14,16,17]; and (4) direct oxidation of the dopant-
containing titanium precursors (such as TiN) [16]. The parameters
of preparation methods, starting Ti precursors, and nitrogen
sources strongly affect nitrogen species in the resulting N-TiO,,
and therefore influence the final photocatalytic activities. Herein
we report a new and facile approach to prepare nitrogen doped TiO,
via thermal treatment of commercial P25 in NO atmosphere for the
first time. We systematically characterize the resulting nitrogen
doped TiO, and explore the reason for of its enhanced visible light
photoactivity.

2. Experimental
2.1. Sample preparation

TiO, (P25, Degussa, Germany) was obtained from Sigma Hong
Kong. All reagents were used without further purification. The
N-TiO, samples were prepared by thermal treatment of P25 in a
tubular furnace equipped with a gas flow controller in NO atmo-
sphere. Typically, 1g of P25 powder was loaded in a ceramic
crucible, and then placed into the middle of quartz tube, which was
connected to the NO atmosphere. The NO gas was acquired from
a compressed gas cylinder at a concentration of 48 ppm NO (N,
balance, BOC gas) with traceable National Institute of Stands and
Technology (NIST) standard. The initial concentration of NO was
diluted to 10 ppm by the air stream supplied by a zero air genera-
tor (Thermo Environmental Inc. model 111). N-TiO, samples were
obtained by NO treatment of P25 at temperatures ranging from 500
to 700 °C for 2 h. The temperature was slowly increased and cooled
down at a rate of 3 °C/min during the heating and cooling process.
After cooling to room temperature, the samples were taken out for
further investigations. The as-prepared samples obtained at 500,
600, and 700°C were labeled as P25-NO-500, P25-NO-600, and
P25-NO-700, respectively. For comparison, P25 was also thermally
treated in pure N, atmosphere at 500 °C for 2 h, the obtained sample
was labeled as P25-N,-500.

2.2. Characterizations

X-ray diffraction (XRD) patterns were obtained on a Bruker D8
Advance X-ray diffractometer with Cu Ko radiation (A = 1.54178 A).
X-ray photoemission spectroscopy (XPS) with Al Ka source
(hv=1486.6eV) operated at 150W (15kV, 10mA) (XPS: Thermo
ESCALAB 250, USA) was used to investigate the surface properties
and to probe the total density of the state (DOS) distribution in the
valence band. The shift of the binding energy due to relative surface
charging was corrected using the C1slevel at 284.8 eV as an internal
standard. Raman spectra were collected in a LabRAM HR High Reso-
lution 880 UV Confocal Raman Microscope. For the measurements,
a green laser (He-Ne 532.14nm), 600line/mm, 100x objective,
20mW, and 100 . pinhole was used. FT-IR spectra were recorded
on a Nicolet Nexus spectrometer with the standard KBr pellet
method. UV-vis diffuse reflectance spectra (DRS) were recorded
at room temperature with the Cary 300 UV-vis spectrophotometer
equipped with an integrated sphere. The nitrogen adsorption and
desorption isotherms at 77 K were measured using a Micrometrit-

ics ASAP2010 system after samples were vacuum-dried at 473 K
overnight.

2.3. Photocatalytic NO removal experiments

The photocatalytic experiments of NO removal were performed
atambient temperature in a continuous flow reactor. The volume of
the rectangular reactor which was made of stainless steel and cov-
ered with saint-glasswas4.5L(10cm x 30cm x 15cm (H x L x W)).
One sample dish (diameter, 12cm) containing the 0.1g of sam-
ple was placed in the middle of the reactor. A 300 W commercial
tungsten halogen lamp (General Electric) was used as the simu-
lated solar-light source. The lamp was vertically placed outside
the reactor above the sample dish and a glass filter was placed to
remove light below 420 nm. To obtain visible light, we remove the
UV light with a glass filter, whose transmissivity of the UV zone
(200-420 nm) was less than 1%. Four mini-fans were fixed around
the lamp to avoid the temperature rise of the flow system. The NO
gas was acquired from a compressed gas cylinder at a concentra-
tion of 48 ppm NO (N, balance, BOC gas) with traceable National
Institute of Stands and Technology (NIST) standard. The initial con-
centration of NO was diluted to about 400 ppb by the air supplied
by a zero air generator (Thermo Environmental Inc. model 111).
The desired humidity level of the NO flow was controlled at 70%
(2100 ppmv) by passing the zero air streams through a humidi-
fication chamber. The gas streams were premixed completely by
a gas blender, and the flow rate was controlled at 4Lmin~! by a
mass flow controller. After the adsorption-desorption equilibrium
among water vapor, gases, and photocatalysts was achieved, the
lamp was turned on. The concentration of NO was continuously
measured by a chemiluminescence NO analyzer (Thermo Environ-
mental Instruments Inc. model 42c¢), which monitors NO, and NO,
with a sampling rate of 0.7 L/min. The reaction of NO with air was
ignorable according to the results of control experiments in dark
or under visible light in the absence of photocatalyst. The removal
efficiency (1) of NO was calculated as Eq. (1):

C

(%) = (1 _ CT;) « 100% 1)

where C and Cy were the concentrations of NO in the outlet stream
and the feeding stream, respectively.
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Fig. 1. XRD patterns of P25, P25-N,-500, and the P25-NO samples obtained at
different temperature.
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Fig. 2. XPS spectra of P25 TiO; and the as-prepared P25-NO samples: (a) survey; (b) high resolution XPS of N1s; (c) Ti 2p; (d) O1s; and (e) valence band XPS spectra.

3. Results and discussion
3.1. Characterization

The XRD patterns of pure P25 and the as-prepared N-TiO, can
be indexed to TiO, in the anatase and rutile phases (Fig. 1). The
phase content of the samples can be calculated from the integrated
intensities of anatase (10 1), rutile (11 0) and brookite (12 1) peaks
according to Zhang and Banfield’s report (Egs. (2-4)) [25].

kAAA

Wp= —— ——————
A kaAa + Ag + kpAg

AR

Wp= —7——F7—— 3
R kAAA + AR + kBAB ( )

ksAg

- M 4
B kaAa + AR + kpAp )

In Eq. (2-4), Wy, Wk, and Wp represent the weight fractions of
anatase, rutile, and brookite, respectively. A4, Ag, and Ag are the
integrated intensities of anatase (10 1), rutile (110), and brookite
(121) peaks, respectively. The variables k4 and kg are two coeffi-
cients. It was reported that k4 =0.886 and kg =2.721 [25]. Anatase
and rutile in P25 were calculated to be 81.4% and 18.6%, respec-
tively. The estimated phase contents of anatase and rutile in



364 Z. Ai et al. / Journal of Hazardous Materials 192 (2011) 361-367

P25-N0O-500 are 80.7% and 19.3%, respectively. As higher thermal
treatment temperature could lead to the transformation of anatase
torutile, P25-N0O-600 consisted of about 72.9% of anatase and 27.1%
of rutile, while the content of rutile was further increased to 90.5%
in P25-NO-700.

The survey XPS spectra reveal that all samples are mainly com-
posed of elements of Ti, O, and C (Fig. 2a). The carbon peak at around
284.5 eV could be attributed to the adventitious carbon on the sur-
face of the sample [7,8,26]. We further measured the XPS spectra for
the core level X-ray photoelectron spectroscopy (CL XPS) spectra of
N1sregion of the samples (Fig. 2b). No peak related to nitrogen was
observed for P25. However, two clear peaks at the binding energies
of around 400 eV and 407 eV were observed for P25-NO. Although
the peak at 400 eV were obvious and broadening for all the P25-NO
samples, the peaks located at 407 eV disappeared on the nitrogen
doped TiO, samples with increasing thermal treatment tempera-
ture from 500 to 700°C. The observed peaks at 400 eV are typical
of interstitial N species doping N-TiO,, which might be resulted
from hyponitrite (NO~) or nitrite (NO, ™) or nitrate species (NO3~)
[14,26,28]. The peaks at 407 eV further confirmed the existence of
nitrite or nitrate species [14,27]. It is worth noting that the signal
at around 396 eV could not be observed, suggesting the absence of
substitutional N in the resulting N-TiO, samples. This result agrees
with Sakthivel’s observation. They observed a nitrogen peak around
404 eV, but did not find the signal at 396 eV [29]. A second peak at
around 401 eV was observed in P25-N0O-700 sample, while this fea-
ture is absent in the N1s spectra of P25 and other P25-NO samples.
The peakat 401 eV could be assigned to the formation of substituted
N in O-Ti-N at a high thermal treatment temperature of 700°C
(P25-N0-700) [30]. As shown in Fig. 2¢c, the binding energy of Ti
2p3), core level for P25 and P25-NO are located at 459 and 458 eV,
respectively, implying the electronic interaction of Ti with anions
is not obviously changed after the thermal treatment in NO atmo-
sphere, suggesting that nitrogen was not incorporated into the TiO,
lattice. Fig. 2d shows the O1s spectra of the samples. In compari-
son with that for P25, a broadening of the higher binding energy
side around 533.5eV is clearly observed for the P25-NO-600 and
P25-NO-700 samples, suggesting the presence of another type of
oxygen. This could be arisen from the presence of NOy located in
the interstitial sites. Recently, Rodriguez et al. [31] measured the
XPS spectra of NO, NO,, and NO3 on a ZnO surface and found that
the N1s peaks for NO and NO, were respectively located at 400
and 405 eV, while the O1s peak for -NO and -NO, was located at
533.5 eV, consistent with our result. Valence band XPS was further
used for the observation of extra electronic states above the valence
band of the samples (Fig. 2e). It can be seen that the valence band
edge has exhibited red shift after nitrogen doping. Combined with
core level XPS results, we conclude that the interstitial N states lies
higher above the O2p valence band edge. This finding is consistent
with the conclusion from recent literature reports [5,28].

Many researchers have proven that N-TiO, exhibit a dramatic
improvement over pure TiO, in their optical absorption below
3.0eV (usually in the range of 2.4-3.0 eV) as nitrogen incorporates
into the TiO, lattice and effectively changes its electronic struc-
ture [1,12,13]. Comparing with P25, the P25-NO samples showed
stronger absorption in the UV region (Fig. 3a). The absorption band
gap energy, Eg, can be determined by the Kubelka-Munk function:
(ahv)*=A(hv - Eg), where hv is the photoenergy, « is the absorption
coefficient, A is a constant relative to the material, n decides the
characteristics of the transition in a semiconductor. In our experi-
ment, as TiO is an indirect semiconductor, the energy band gaps
could be estimated from the tangent line in the plot of the square
root of Kubelka-Munk functions against photon energy. The tan-
gent line, which is extrapolated to («hv)!/? =0, indicated that the
band gaps obtained in plots of the (ahv)!/2 vs the energy of absorbed
light were approximately 2.90, 2.90, 2.88 and 2.86 eV for the sam-
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Fig. 3. (a) UV-vis diffuse reflectance spectra of P25 and the as-prepared P25-NO
samples obtained at different temperature; the inset is the spectra in the range of
420-500 nm; (b) plots of the (ahv)'/2 vs the energy of absorbed light.

ple P25, P25-N0O-500, P25-NO-600 and P25-NO-700, respectively
(Fig. 3b). Among them, P25-NO-700 mainly constituted by rutile
TiO, showed narrowest band gap. This is consistent with the fact
that the resulting P25-NO samples are white in color. Similarly, Ser-
pone and Kuznetsov also observed that N doping did not actually
lead to a significant narrowing of the bandgap energy of the semi-
conductors in their studies [32,33]. In other words, the N dopants
into TiO, does not lead to a significant narrowing of the bandgap
energy of TiO,, but increase the number of oxygen vacancies and
defects, and therefore lead to enhanced absorption in the visible
region [34]. It is worth noting that the absorption of the P25-NO-
500 and P25-N0-600 samples in the A <500 nm region is enhanced
(inset of Fig. 3a). This part of the absorption is thought to arise from
additional N 2p mid gap band level above the valence band edge
[35,36].

FT-IR was used to check the existence of nitrogen species on the
surface of P25 during the thermal treatment process in NO atmo-
spheres (Fig. 4). The IR spectra display broad bands at 3420cm™1,
which are believed to be associated with the stretching vibrations
of hydrogen-bonded surface water molecules and hydroxyl groups.
The peak at 1640 cm~! could be assigned to the bending vibrations
of O-H group. The peak found at 2935cm~! could be associated
with vibrations of C-H from the adventitious carbon on the surface
of the samples. Comparing the spectra of the as-prepared P25-NO
samples and P25, the bands at 1385, 1264, and 1050 cm™!, imply-
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Fig. 4. FTIR spectra of P25 TiO; and the as-prepared P25-NO obtained at different
temperature.

ing the existence of hyponitrite and nitrite groups [37], becomes
stronger after the NO thermal treatment of P25. This further con-
firms the existence of nitrogen species.

3.2. Photocatalytic degradation of NO

The photocatalytic activities of P25, P25-NO, and P25-N,-500
were measured through the photocatalytic removal of NO in gas
phase (Fig. 5). It was found from Fig. 5 that NO could not be removed
by direct photolysis under visible light irradiation without the pres-
ence of any photocatalysts. Fig. 5 shows that NO could even be
photocatalytically oxidized on pure P25 under visible light irradia-
tion. This is because P25 is a mixture consisting of anatase and rutile
phase, the oxygen vacancy could thus be created at the boundaries
of anatase and rutile grains, resulting in “oxygen deficiency doping”
[38]. The photocatalytic activity of P25-N,-500 is almost the same
as that of pure P25, indicating that thermal treatment of P25 in N,
atmosphere could not change its photoactivity under visible light.
Impressively, P25-N0O-500 and P25-N0O-600 showed superior pho-
tocatalytic activity to P25 on degradation of NO under visible light.
36% and 35% of NO was photocatalytic oxidized on P25-NO-500
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Scheme 1. Proposed band structure of interstitial nitrogen doped TiO, and the
mechanism for visible light photocatalytic process.

and P25-N0O-600 under visible light (A >420nm) in 10 min of vis-
ible irradiation, respectively. These NO removal efficiencies were
higher than that on the P25 (23%) and even superior to that of BiOBr
nanoplate microspheres (30%) [39,40]. Nevertheless, higher ther-
mal treatment temperature in NO atmosphere would decrease the
activity of the sample. Only 11% of NO was oxidized on P25-NO-
700 in 10 min of irradiation, this could be attributed to its lower
BET surface area and more rutile TiO,.

Generally, the overall photocatalytic activity of a semiconduc-
tor is primarily determined by three factors. The first is the surface
area of the photocatalysts. Large surface area provides more surface
sites for the adsorption of reactants molecules, making the photo-
catalytic process more efficient. The second is the photoabsorption
ability in the available light energy region. More absorption in the
visible region might enhance visible light-driven photocatalytic
activity. The third is related to the separation and recombination
rates of the photogenerated electrons and holes in the catalysts. The
charge transfer and recombination are two competitive reaction
pathways during the photocatalytic process, thus it is important
to suppress the recombination rate and accelerate charge trans-
fer to enhance the photocatalytic activity [40]. Nitrogen sorption
was then used to measure the surface areas of the P25 and P25-NO
samples, it was found that the BET surface areas of P25-NO-500
(23.1 m2/g), P25-N0-600 (22.0 m?/g), and P25-NO-700(18.4 m?/g)
were lower than that of P25 (23.6 m?/g), indicating that the pho-
tocatalytic activity enhancement of P25-NO-500 and P25-NO-600
could not be attributed to increased surface areas. Therefore, the
enhanced visible light adsorption in the visible light region and
charge separation could be the crucial factors for the photocatalytic
activity enhancement of P25-N0O-500 and P25-NO-600 samples.

The experimental evidence suggests interstitial nitrogen species
are formed during the NO treatment process. Di Valentin et al.
attributed visible light response to the occupied 77* character N-O
localized states slightly above the valence band edge in interstitial
N-doped anatase TiO, on the basis of their theoretical calculation
[28]. Therefore, these nitrogen species occupied at interstitial sites
of TiO, could give rise to a mid gap band level between valence
and conduction bands [15,19] of the P25-NO-500 and P25-NO-
600 samples, enabling them to absorb more light in the A <500 nm
region and thus produce more photogenerated electrons and holes.
Meanwhile, the interstitial nitrogen doped TiO, could lose oxygen
to leave oxygen vacancies and electrons much easier than pure
TiO, according to recent theoretical calculations and experimental
results [5,12,14,35].

On the basis of above theory calculation and our experimental
results, we proposed a possible band gap structure of P25-NO cat-
alysts (Scheme 1). As shown in Scheme 1, if anatase or rutile TiO,
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do not possess any oxygen vacancies, the energy of visible light
(A>420nm) is not sufficient to excite electrons from the valence
band to the conduction band, the process a cannot happen. Actually,
there are many oxygen vacancies in the boundaries grains between
its anatase and rutile phase in commercial P25, electrons can be
excited from the valence band to the O vacancies (O, ) (process b),
leaving holes at the valance band. These holes would react with
surface adsorbed OH~ and water to produce *OH radicals for NO
oxidation (process c). This is the origin of the visible light photo-
catalytic activity of P25 [38]. As for P25-N0O-500 and P25-N0O-600,
process b could take place. While for P25-NO-700, the process b
would be retarded because of its main rutile TiO, phase, this is why
the P25-N0O-700 showed lowest photocatalytic activity on removal
of NO under visible light. Meanwhile, because the interstitial nitro-
gen states (N;) would be produced between valence and conduction
bands in the interstitial nitrogen doping P25-NO samples, the elec-
trons could thus be excited from the N; to the conduction band
(process d) or the O vacancies (process e) under visible light irrdia-
tion. The additional processes (d and e) make the P25-NO samples
easier excited under the visible light irradiation compared with P25.
Therefore, both of the mid gap band level (N;) and O vacancies (O,)
are responsible for the origin of visible light induced photocatalytic
activity of NO treated P25, but only O vacancies (O,) account for
the visible light photocatalytic activity of untreated P25. There are
four fates for these excited electrons: to react with H,O to produce
more *OH radicals (process f) and to recombine with the holes in
the N; levels (process h) or the valance band (process i) as well as to
be energetically favorably trapped by O, (process g). According to
Scheme 1, we proposed a possible visible light photocatalytic oxi-
dation process of NO as follows. First, under visible light irradiation,
electrons would be excited from the valance band of P25 to its O
vacancies, or from the valance band and the N; states mid gap band
of P25-NO to their O vacancies and conduction bands, leaving holes
in the valance band of P25 or in the valance band and N; states mid
gap band of P25-NO (Eq. (5)). H,0 adsorbed on the surface could
produce surface hydroxyl groups (OH~) and H* (Eq. (6)). Then, the
holes and electrons will react with OH~ and molecule O, on the
catalyst surface to form *OH radicals and superoxide anion rad-
icals (*O, ™), respectively (Eq. (7)). The *O,~ radicals would then
react with H,0 adsorbed to produce more *OH radicals (Eq. (8)),
which are known to be the most oxidizing species. Finally, these
*OH radicals react with gaseous NO. As can be seen from Eq. (7) that
the surface hydroxyl groups accept holes generated by visible light
irradiation to form hydroxyl radicals thus prevent electron-hole
recombination. Therefore, it is expected that a greater number of
hydroxyl groups yield a higher photocatalytic activity.

TiOy —N; +vis — h* +ecg™ (5)
H0 — OHgyrpy~ +H* (6)
OH(surfy” +h* — *OH )
ecg” +02— *02” (8)
*Og(surfy” +H20 — *OH + OH™ 9)

4. Conclusions

In summary, we have demonstrated a new and facile approach
to prepare nitrogen doped TiO, via thermal treatment of commer-
cial P25 in NO atmosphere for the first time. In comparison with that
of P25, the NO treated P25 exhibited significantly enhanced pho-
tocatalytic activities under visible light irradiation (A >420 nm) for
gaseous NO removal. On the basis of electronic band structure the-
ory, we proposed a possible mechanism for the enhanced visible
light driven photocatalytic oxidation process over the interstitial
N doping P25 samples. This work could not only deepen under-

standing of the enhanced photoactivity originated from interstitial
N doping in TiO,, but also provide a facile route to prepare nitrogen
doped TiO, for environmental and energy applications.
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