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Abstract N-doped TiO, nanoparticle photocatalysts were prepared through a sol-gel procedure using NH,Cl as
the nitrogen source and followed by calcination at certain temperature. Systematic studies for the preparation pa-
rameters and their impact on the structure and photocatalytic activity under ultraviolet (UV) and visible light irra-
diation were carried out. Multiple techniques (XRD, TEM, DRIF, DSC, and XPS) were commanded to characterize
the crystal structures and chemical binding of N-doped TiO,. Its photocatalytic activity was examined by the deg-
radation of organic compounds. The catalytic activity of the prepared N-doped TiO, nanoparticles under visible
light (1>>400nm) irradiation is evidenced by the decomposition of 4-chlorophenol, showing that nitrogen atoms in
the N-doped TiO, nanoparticle catalyst are responsible for the visible light catalytic activity. The N-doped TiO,
nanoparticle catalyst prepared with this modified route exhibits higher catalytic activity under UV irradiation in
contrast to TiO, without N-doping. It is suggested that the doped nitrogen here is located at the interstitial site of

TiO, lattice.
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1 INTRODUCTION

Since the report of photoelectrochemical decom-
position of water on titanium dioxide electrode in
1972[1], the chemical stability, nontoxicity, and high
photocatalytic reactivity of TiO, has attracted tre-
mendous attention. However, TiO, without doping is
active only by irradiating with ultraviolet light be-
cause of its large band gap of 3.2eV (anatase). This
band gap limits the use of the wide energy window of
sun light because solar energy is the most important
alternative energy source in the future[2]. To shift the
optical response of catalytically active TiO, from ul-
traviolet (UV) to visible light, different studies have
been carried out to modify TiO, to tune the band gap
of TiO, for an absorption of visible light. Among these
studies, nitrogen doping[3—6] is one of the most im-
portant methods for a promising application.

The reported nitrogen doping for TiO, mainly in-
cludes (1) sputtering TiO, target for several hours in
an Ny/Ar gas mixture and then annealing in N,
gas[7,8], (2) treating anatase TiO, powder in an
NHj/Ar atmosphere[7,9—11], and (3) a hydrolytic
process using titanium alkoxide or chloride solution
and an ammonia solution[12,13]. The first method
needs expensive experimental facilities. The second
and third routes are not environmentally friendly be-
cause of their use of ammonia. In principle, the com-
bined sol-gel and calcination is an economic and rea-
sonable method for the preparation of TiO, catalyst.
However, there is an absence of a systematic investi-
gation for the influence of preparation parameters on
the formed crystal structures and the photocatalytic
activity in this preparation strategy. Thus, here we
used a modified sol-gel route for the preparation of
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N-doped TiO, and a relatively environmentally
friendly NH4Cl as nitrogen source. Multiple analytic
techniques were used to monitor the intermediates and
products at different stages of the preparation route.
Preparation parameters including acidity of the solu-
tion of precursor, calcination temperature, and their
impact on crystallization of TiO, xerogel mixed with
NH4CI and photocatalytic activity of the N-doped
TiO, were systematically studied. The dependence of
the formed crystal structure and the photocatalytic
activity on calcination temperature was revealed. The
importance of pH of the precursor solution for the
photocatalytic activity of the formed catalysts was
demonstrated. An optimized preparation route was
obtained, by which the prepared N-doped TiO,
nanoparticle catalyst has obvious catalytic activity
under visible light irradiation. Our studies suggest that
the nitrogen is incorporated into interstitial sites which
contribute to the appearance of catalytic activity under
visible light irradiation and the obvious enhancement
of activity under UV irradiation in contrast to TiO,
without N-doping.

2 EXPERIMENTAL
2.1 Synthesis of N-doped TiO; catalyst

Tetra-butyl titanate [Ti(OBu)s;, Sml, 97%] was
dissolved in 95ml anhydrous alcohol. Into the solution
of Ti(OBu), was added 5ml NH,CI (Imol-L "), drop-
wise, under stirring to carry out hydrolysis. The pH of
the solution with NH4Cl was controlled at a certain
value. The gel was left for aging for one day at room
temperature and subsequently dried at 70°C for several
hours. Finally, the dried material was calcined at dif-
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ferent temperature to obtain N-doped TiO, nanoparticle
catalyst with different doping level of nitrogen.

2.2 Analytical methods

The X-ray powder diffraction (XRD) patterns
were recorded on a Shimadzu LabX-600 diffractome-
ter with Cu K, radiation (1=0.1548nm). The size of
the prepared nanoparticles was determined using the
Scherrer formula L=K2/(fcosf), where K is a constant
of 0.89, 4 is the wavelength characteristic of the Cu K,
radiation, f is the full width at half maximum (in ra-
dians), and @ is the angle at which the (100) peak ap-
pears. The mass percent of anatase in the product was
obtained from the equation[14]: XA=[1+1.26(IR/IA)]7I,
where X, is the mass fraction of anatase in the mixture,
I, and Ix were obtained from the peak areas of anatase
(101) and rutile (110) diffraction peaks, respectively.
The morphology and sizes of the particles were ex-
amined using transmission electron microscopy (TEM)
(Philips TECNAI 10 at 100kV). The diffuse reflec-
tance infrared Fourier transform (DRIFT) spectra of
the samples were measured on a Shimadzu IRPres-
tige-21 spectrometer. Thermal analysis was carried out
on a differential scanning calorimeter (DSC) (Shima-
dzu, DSC-60) in N, atmosphere of 60ml'min ' at a
heating rate of 10°C'min ' from room temperature to
600°C. N1s core level of the N-doped TiO, was meas-
ured with VG MultiLab 2000 system using Mg K,
(1253.6eV) radiation as X-ray source. The binding
energies were calibrated with standard method.

2.3 Measurement of photocatalytic activity

The photocatalytic activity of the N-doped TiO,
nanoparticle catalysts was characterized by photode-
gradation of methylene blue (MB) under UV light
irradiation and 4-chlorophenol under visible light irra-
diation. For an examination of the catalytic activity
under UV light irradiation, 100ml 20mg-L71 MB
aqueous solution with 0.05g catalyst was loaded in a
glass container and mixed using a magnetic stirrer.
The solution containing N-doped TiO, catalyst was
left for 30min in a dark box and the solution was irra-
diated with a 30-W mercury lamp. In every 20min,
10ml solution was taken out and filtered through a
0.20mm membrane filter. To determine the catalytic
activity of N-doped TiO, under visible light irradiation,
4-chlorophenol (13mg-L ') was used as a model com-
pound. The visible 500-W xenon lamp was used as a
visible light source upon blacking UV light by a
400nm glass filter. The concentrations of MB and
4-chlorophenol taken from the solution in a sequence
were determined by UV absorbance spectrometer
(751GD, Shanghai Analysis Apparatus Factory).

3 RESULTS AND DISCUSSION
3.1 Catalyst characterization

Figure 1 depicts the XRD patterns of the samples
calcined at different temperatures. The N-doped sam-
ples exhibit an almost amorphous structure at 300°C,
complete anatases structure at 400°C and 500°C, and
mixed structures of both anatase and rutile phases at
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Figure 1 XRD patterns of N-doped TiO, calcined at

different temperatures (A: anatase, R: rutile)
temperature, ‘C: 1—300; 2—400; 3—500; 4—600; 5—700

600°C and 700°C. The temperature evolution shown
in Fig.1 shows that the peak intensity of anatase in-
creases and the width of the (101) diffraction peak of
anatase phase (20=25.28°) becomes narrower with
the increase of calcination temperature (from 400°C
to 500°C). This suggests that the particle size of
N-doped TiO, nanoparticles increases from 400°C to
500°C. Table 1 summarizes the phase structures and
particle sizes of the prepared N-doped TiO, in the
temperature range of 400—700°C. Clearly, calcination
temperature plays a significant role in the formed
crystal structure and particle size. Higher temperature
favors the growth of rutile structure and produces
N-doped TiO, nanoparticles with larger particle size.
Thus, a fine control of calcination temperature is cru-
cial for obtaining a pure phase of N-doped TiO..

Table 1 Influence of temperature on particle size and
crystal phase of N-doped TiO,
Temperature, ‘C  Particle size, nm Crystal phase

300 — —

400 8.2 100% A

500 14.1 100% A

600 26.9(A), 33.3(R)  81.4%(A), 18.6%(R)
700 40.4(A), 66.4(R)  6.7%(A), 93.3% (R)

The particle sizes of the powders calcined at 400°C,
500°C,600°C,700°C examined with TEM are 10—
20nm, 15—30nm, 20—40nm, and 20—90nm, respec-
tively. The obvious increase of particle size from
600°C to 700°C possibly results from aggregation at
high temperature. The particle sizes examined with
TEM are consistent with those calculated from XRD
patterns listed in Table 1. Fig.2 is TEM images of the
N-doped TiO, powders calcined at 500°C,600°C and
700°C.

To understand the evolution of nitrogen source in
the preparation route, DRIFT was used to obtain the
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Figure 2 TEM images of the N-doped TiO,
nanocomposites calcined at 500°C, 600°C and 700°C

vibrational signature of the intermediate before
calcination. Fig.3 presents the DRIFT spectra of TiO,
without calcination and TiO, xerogel mixed with
NHA4CI without calcination. The wide band at 3100—
3500cm ' which appears in the spectrum of TiO, is
because of the adsorbed water and the formed hy-
droxyl group. Compared with TiO, without N-doping,
two new bands at 3132cm ' and 1402cm ', attributed
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Figure 3 DRIFT spectra of undoped-TiO, and
N-doped TiO,
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to NH, [15], appear in the spectrum of TiO, xerogel
mixed with NH4Cl. It shows that the NH; species are
absorbed on the surface of TiO, before calcination and
act as the nitrogen source for incorporation during
calcinations[16]. The band at 450—470cm ' appeared
in the spectra of TiO, and TiO, xerogel mixed with
NH4CI can be assigned to Ti—O stretching mode.

Figure 4 shows DSC curve of TiO, xerogel
mixed with NH4CI without calcination. A big endo-
thermic peak at about 102°C was caused by desorp-
tion of the physisorbed water and alcohol. The rela-
tively small endothermic peak at 303°C possibly re-
sults from the desorption of unhydrolyzed Ti(OBu),
remained in the N-doped TiO, xerogel. The DSC
curve also shows a significant exothermic peak at
about 408°C, which is possibly because of the phase
transformation from amorphous to anatase. There is
no detectable exothermic peak at a temperature higher
than 460°C, showing that TiO, gel prepared from
sol-gel route containing-N has almost been crystal-
lized into anatase upon calcination. Thus, 408°C is
the crystallization temperature of TiO, gel contain-
ing-N from amorphous to anatase. This result is con-
sistent with the Ref.[12] and our XRD analysis de-
scribed earlier.
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Figure 4 DSC curve of N-doped TiO,

Figure 5 illustrates the light absorption properties
of TiO; calcined at 500°C and N-doped TiO, calcined
at 500°C. The visible absorption spectra show that the
N-doped TiO, is a photocatalyst with the capability of
photocatalysis under visible light irradiation. The band
gap of the samples was determined by the equation[17].
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Figure 5 UV-Vis absorption spectra of TiO, (a) and
N-doped TiO, (b) calcined at 500°C
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E, =1239.8/ 4

where E, is the band gap (eV) and 4 (nm) is the wave-
length of the absorption edge in the spectrum. Com-
pared with TiO, without N-doping, the band gap was
changed from 3.20eV to 3.00eV of N-doped TiO,.
This change demonstrates a strategy for shaping
photocatalysis by an atomic-level doping for nano-
catalyst. In addition, the absorption spectra of the
N-doped TiO, samples also showed a stronger absorp-
tion than TiO, without N-doping under UV irradiation,
indicating that N-doping could be a promising ap-
proach for increasing the catalytic activity. The in-
crease of the catalytic activity upon N-doping is dif-
ferent from the previous study[7,18]. This difference
could result from our different preparation route and
nitrogen source. Further study and mechanistic under-
standing is under investigation.

Figure 6(b) depicts the photoemission feature of
the Nls core level of the prepared N-doped TiO,
nanoparticle catalyst. The TiO, without N-doping is
taken as a reference here [Fig.6(a)]. No observable
N1s photoemission feature for TiO, calcined at 500°C,
as shown in Fig.6(a), shows that molecular nitrogen in
air cannot be incorporated into TiO, lattice under cal-
cination at 500°C. This is so though N is a nitrogen
source for the growth of TiO,,N, film by sputtering
TiO, target in No/Ar mixture gas and annealed to high
temperature in N, gas[7,8]. However, the observation
of an obvious peak at about 398.6eV as seen in
Fig.6(b) suggests that nitrogen of NHj is incorpo-
rated into TiO, lattice upon calcination. Notably, a
peak of Nls core level at 396.7eV was reported for
N-doped TiO, by other group using different prepara-
tion route[19]. The doped nitrogen was understood as
a substitute for oxygen atom of TiO, lattice. Com-
pared with the low-binding energy at 396.7eV result-
ing from electron transfer from Ti with low electro-
negativity to N atom, the doped nitrogen of our sam-
ples has a higher binding energy at 398.6eV. This dif-
ference suggests that the doped nitrogen in TiO, pre-
pared with our route has different structural geometry
and chemical binding in TiO, lattice. It possibly ra-
tionalizes the different catalytic activity under UV
light irradiation described earlier in contrast to the
previous studies[7,18]. It is suggested that the doped
nitrogen atoms in our sample are possibly located at
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Figure 6 N1s XPS spectra of TiO, (a) and N-doped
TiO, (b) calcined at 500°C

counts, s !

interstitial sites, which has a weak binding with Ti
atoms. The Nl1s binding energy seen in Fig.6(b) is
consistent with that of NH,-containing compound[20],
indicating that NH, does not completely decompose
into nitrogen atom during calcination.

3.2 Influential factors of photocatalytic activity
3.2.1  Influence of calcination temperature on photo-
catalytic activity

Figure 7 presents the photocatalytic activity of
different N-doped TiO, samples under UV irradiation
as a function of calcination temperature. MB is used
as a probe for determining the catalytic activity under
UV irradiation. The photocatalytic activity of the
samples increases with the increase of calcination
temperature from 300°C to 500°C. At 500°C it reaches
the maxima because of a complete crystallization of
anatase at this temperature. However, the catalytic
activity of N-doped TiO, decreases obviously with the
increase of calcination temperature from 500°C to 700°C.
This is consistent with the fact that anatase is more
photocatalytically active than rutile phase, and more
anatase was converted into rutile phase at a higher
calcination temperature between 500°C and 700°C
(Fig.1 and Table 1). The importance of calcination
temperature is demonstrated here.

0 20 40 60 80 100
time, min

Figure 7 Photoactivity of N-doped TiO, calcined at dif-
ferent temperatures under UV light
temperature, C: m300; @400; A 500; v 600; €700

3.2.2  Influence of pH of the solution of precursor on
photocatalytic activity

Figure 8 shows that the photocatalytic activity of
N-doped TiO, is prepared in a solution of precursor
with different acidity (pH=2—75) and then calcined at
500°C. The photocatalytic activity of N-doped TiO,
nanoparticle catalyst increases when the value of pH
decreases from 5 to 3, at which it reaches a maxima.
The possible reason is that the increase of H™ concen-
tration along with the decrease of pH restrains hydro-
lyzation of Ti(OBu)s and thereby results in the de-
crease of the crystal size of the prepared N-doped
TiO, nanoparticles. However, pH cannot be too low.
Too low pH such as 2 would result in a phase trans-
formation from anatase to rutile[21], supported by the
low photocatalytic activity of the samples prepared at
pH=2.
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Figure 8 Photoactivity of N-doped TiO, prepared at
different pH under UV light
pH: m2; @3; v4; A S

3.3 Visible light activity

The aforementioned systematic investigations
show that the N-doped TiO, exhibits the largest cata-
lytic activity under UV light irradiation at the calcina-
tion temperature of 500°C and pH=3. To explore the
visible light activity of N-doped TiO, nanoparticle
catalyst prepared at this condition, 500-W xenon lamp
with a 400nm cut-off filter was used as a visible light
source. In order to avoid the dye-sensitized effect of
MB, 4-chlorophenol was used as a new probe. The
catalytic activity of undoped-TiO, and N-doped TiO,
nanoparticles was examined (Fig.9). Obviously,
N-doped TiO; can degrade 4-chlorophenol under visi-
ble light (A > 400nm) irradiation with a 63.5 %
conversion upon 6h, whose visible light activity is
little better than the reported activity[22]. TiO, with-
out any doping could not degrade 4-chlorophenol un-
der the same condition. Thus, the TiO, without
N-doping is not catalytically active under visible light
irradiation for this reaction. As implied by XPS data in
Fig.6, the doped nitrogen is possibly located at inter-
stitial sites, it may give rise to a midgap (N-2p) level
slightly above the top of the (O-2p) valence band. The
electron is transferred from the midgap band to con-
duction band of TiO, and thereby induces catalytic
activity under visible light irradiation[4,9].
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Figure 9 Photoactivity of TiO, and N-doped TiO,

under visible light
m N-doped TiO,; A TiO,

4 CONCLUSIONS
N-doped TiO, nanoparticle catalysts exhibiting
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photocatalytic activity under UV and visible light ir-
radiation were successfully prepared by a modified
sol-gel procedure using NH4Cl as nitrogen source fol-
lowed by calcination at a certain temperature. Our
investigations revealed that the acidity (pH value) of
the solution of precursor and the subsequent calcina-
tion temperature have a significant impact on the
crystallization of xerogel and the particle size of the
formed N-doped TiO, nanoparticle catalyst, and the
photocatalytic activity. Systematical studies showed
that N-doped TiO, nanoparticle catalyst prepared at a
solution with pH=3 and calcination temperature of
500°C has the largest photocatalytic activity. It is
suggested that the NH; species were absorbed on the
surface of TiO, gel at low temperature and subse-
quently incorporated into the TiO, lattice during cal-
cination at high temperature. The N-doped TiO, ex-
hibits higher activity than TiO, without N-doping un-
der UV irradiation. N-doped TiO, nanoparticle cata-
lyst has obvious visible light activity, evidenced by the
degradation of 4-chlorophenol under visible light (1>
400nm) irradiation. However, the catalytic activity
under visible light irradiation is absent for TiO, with-
out N-doping. Further studies on the geometric struc-
ture and chemical binding of the doped nitrogen in the
TiO; lattice are in progress.
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