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We developed a novel approach for the preparation of N-doped TiO2 photocatalysts by cal-
cining ammonium titanium oxalate at different temperatures. The structures of N-TiO2

were characterized by powder X-ray diffraction, infrared spectroscopy, thermogravimetric
analysis, N2 adsorption-desorption isotherms, X-ray photoelectron spectroscopy, diffuse re-
flectance UV-Vis spectroscopy, and scanning electron microscope. The N-doped TiO2 pho-
tocatalysts calcined below 700 ◦C are the pure anatase phase but that calcined at 700 ◦C
is a mixture of anatase and rutile phases. The doped N locates at the interstitial site of
TiO2 which leads to the narrowing of bad gap of pure anatase N-TiO2. Among all photo-
catalysts, N-TiO2 photocatalysts calcined at 600 and 400 ◦C exhibit the best performance
in the photodegradation of methyl orange under the UV light and all-wavelength light il-
luminations, respectively; however, because of the perfect crystallinity and the existence of
anatase-rutile phase junctions, N-TiO2 photocatalyst calcined at 700 ◦C exhibits the highest
specific photodegradation rate, i.e., the highest quantum yield, under both the UV light and
all-wavelength light illuminations.
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I. INTRODUCTION

Titanium dioxide (TiO2), as a low cost, nontoxic,
long-term stability photocatalyst, is one of the most
promising materials for many photochemical applica-
tions such as the photocatalytic degradation of organic
pollutants, the purification of the air, the splitting of
water for the H2 production, etc. [1−3]. However, be-
cause of the wide band gap of TiO2 (3.2 eV for anatase),
only a small UV fraction of solar light (3%−5%) can be
utilized when TiO2 is used as the photocatalyst. There-
fore, great efforts have been devoted to the preparation
of efficient TiO2 photocatalysts responsive to the visible
light.

A promising approach to expand the optical response
of TiO2 to the vislble light spectrum range is to modify
TiO2 with non-metals, such as N [4], S [5], F [6], B [7], I
[8], and C [9]. Since the pioneer work of Asahi et al. that
some substitutional N in the TiO2 lattice could lead to
the photocatalytic activity of the N-TiO2 under visible
light illumination [4], the N-doped TiO2 has received
great interests. Many methods have been developed to
prepare visible-light-active N-doped TiO2, such as sput-
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tering [4, 10, 11], ion implantation [12−14], spray py-
rolysis [15], controlled hydrolysis or sol-gel [16−18], and
chemical treatment of bare TiO2 [4, 19]. The N-doped
TiO2 photocatalysts prepared by different methods ex-
hibit some different properties. Asahi et al. attributed
the visible-light activity of N-doped TiO2 film prepared
by the sputtering method to the narrowing of the bad
gap of TiO2 by the mixing of substitutional N2p states
with O2p states [4]. Irie et al. prepared the substi-
tutional N-doped TiO2 by calcining the anatase TiO2

powder in NH3 and proposed the formation of an iso-
lated N2p narrow band above the O2p valence band
which is responsible for the response to the visible light
[20]. Diwald et al. found that treating the anatase
TiO2(110) single crystal in a NH3 flow at 870 K could
introduce N species to the interstitial sites of TiO2 and
that the interstitial N species could also narrow the
band gap of TiO2 [21]. Burda et al. developed a di-
rect amination method to synthesize TiO2−xNx at room
temperature whose maximum N doping content could
reach 8% [22]. Ihara et al. proposed O vacancies formed
at the grain boundary of N-doped TiO2 to be respon-
sible for the visible-light activity for the degradation of
the acetone [23].

In our previous work [24], we reported the synthe-
sis of mesoporous N-doped TiO2 by the precipitation
of titanyl oxalate complex [TiO(C2O4)2]2− with am-
monium hydroxide at a low temperature followed by
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the calcination at different temperature. The precursor
of N-doped TiO2 consisted of Ti(OH)4, TiOC2O4 and
crystalline (NH4)2C2O4, and all N-doped TiO2 photo-
catalysts exhibited nice photocatalytic activity for the
degradation of methyl orange degradation under both
UV and all wavelength light illuminations. On basis
of these results, we consider that N-doped TiO2 photo-
catalysts might be directly prepared by the controlled
thermal decomposition of pure ammonium titanium ox-
alate ((NH4)2TiO(C2O4)2, ATO).

In this paper, we report the successfully preparation
of N-doped TiO2 by the controlled thermal decomposi-
tion of ATO. The structures and photocatalytic activi-
ties of N-doped TiO2 have been investigated in detail.

II. EXPERIMENTS

A. Catalyst preparation

Three solutions were firstly made including 6.806 g
titanium tertabutoxide in 40 mL ethanol, 2.521 g ox-
alic acid in 70 mL ethanol containing 0.72 mL distilled
water, and 2.842 g ammonium oxalate in 70 mL dis-
tilled water. Then the titanium tertabutoxide solution
was added to oxalic acid solution under continuous stir-
ring, forming a white precipitate (TiOC2O4). Then the
ammonium oxalate solution and 210 mL distilled wa-
ter were added to the solution containing the TiOC2O4

precipitate. After the vigorous stirring, the TiOC2O4

precipitate was observed to dissolve gradually and even-
tually a clear solution formed. The clear solution was
evaporated at 70 ◦C and the white ATO powder was
obtained.

The N-doped TiO2 photocatalysts were prepared by
calcining ATO at different temperatures (T ) in air for
2 h. The obtained catalysts were denoted as N-TiO2-T ,
for example, N-TiO2-400 denotes the N-doped TiO2

photocatalyst by calcining ATO at 400 ◦C in air for
2 h.

B. Catalyst characterizations

Thermogravimetric analysis (TGA) was performed
on a Shimadzu TGA50 DTA50 analyzer with a heat-
ing rate of 10 ◦C/min in an air flow. Powder X-ray
diffraction (XRD) patterns were recorded on a Philips
X’Pert PROS diffractometer using a nickel-filtered Cu
Kα (0.15418 nm) radiation source with the operation
voltage and operation current being 40 kV and 50 mA,
respectively. Microscopic experiments were performed
on X-650 scanning electron microscope. N2 adsorption-
desorption isotherms were measured on a Micromerit-
ics ASAP 2020 M+C system. The sample was de-
gassed at 473 K in N2 for 4 h prior to the measure-
ment. The pore size distribution of mesoporoes in the
samples was analyzed with the BJH method. Infrared
spectra were measured with a MAGNA-IR 750 fourier

transformed infrared spectrometer capable of measur-
ing the far-infrared spectrum. Diffuse reflectance UV-
vis spectra were acquired on a DUV-3700 DUV-Vis-
NIR recording spectrophotometer. X-ray photoelectron
spectroscopy (XPS) measurements were performed on
an ESCALAB 250 high-performance electron spectrom-
eter with monochromatized Al Kα (hν=1486.7 eV) as
the excitation source. The likely charging of samples
was corrected by setting the binding energy of the ad-
ventitious carbon (C1s) to 284.5 eV.

C. Photocatalytic activity measurements

0.1 g photocatalyst was added to 80 mL methyl or-
ange solution (methyl orange concentration: 20 mg/L).
The suspension was stirred in dark for 1 h to reach
the adsorption equilibrium and then illuminated by the
lamp. Two kinds of 8 W lamps were used: one was a UV
lamp with wavelength ranging from 320 nm to 400 nm
and the maximum intensity at 365 nm, the other was
an all-wavelength light lamp with the wavelength rang-
ing from 380 nm to 700 nm that simulated the sun light
spectrum. About 4 mL of the suspension was collected
every 2 h and centrifuged. The concentration of methyl
orange in the centrifuged aqueous solution was deter-
mined by measuring the absorption spectrum of methyl
orange at 464 nm on a Shimadzu UV-2450 UV-Visible
photometer, from which the photocatalytic activity was
evaluated.

III. RESULTS AND DISCUSSION

The synthesis of ATO was previously reported to fol-
low these reactions [25, 26]:

Ti(C4H9O)4 + 4H2O → Ti(OH)4 + 4C4H9OH (1)
Ti(OH)4 → TiO(OH)2 + H2O (2)
TiO(OH)2 + H2C2O4 → TiOC2O4 + 2H2O (3)
TiOC2O4 + (NH4)2C2O4 ↔ (NH4)2TiO(C2O4)2 (4)

The XRD pattern of the catalyst precursor (Fig.1) can
be well indexed to that of ATO (PDF No.481165). The
IR spectrum of the catalyst precursor (Fig.2) displays
the vibrational bands at 765, 1250, 1400, 1690, 1720,
3130, and 3450 cm−1. The two broad bands centering
at 3450 and 3130 cm−1 could be assigned to the stretch
vibration of O−H and N−H, respectively; the bands at
1690 and 1400 cm−1 could be assigned to the band vi-
bration of O−H and N−H, respectively. The bands at
1720 and 1250 cm−1 arise from different modes of vi-
bration characteristic of the oxalate group. The band
at 765 cm−1 corresponds to the Ti−O stretch vibra-
tion. Therefore, the XRD and IR results confirm the
successful preparation of ATO precursor.

Figure 3 shows the TGA and DTG spectra of ATO
in an air flow. The TGA curve shows three weight loss
steps. The first step between 25 and 180 ◦C corresponds
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FIG. 1 XRD pattern of ATO.

FIG. 2 Infrared spectra of ATO.

to the removal of hydrated/adsorbed water and alcohol,
and the main weight loss occurs between 180 and 340 ◦C
that could be assigned to the decomposition/oxidation
of oxalate and NH4

+, and the third step above 400 ◦C
might be assigned to the oxidation of carbon formed
during decomposition of oxalate. The total weight loss
was measured to be 71.18% in TGA, close to the the-
oretical value (71%) for the decomposition of ATO to
TiO2.

On basis of the TGA results, the following calcina-
tion temperatures were chosen for the preparation of
TiO2 from ATO: 400, 500, 600, 700, and 800 ◦C. Fig-
ure 4 displays the XRD patterns of these TiO2 sam-
ples. N-TiO2-400, N-TiO2-500, N-TiO2-600 show the
typical pattern of anatase TiO2, but N-TiO2-700 shows
the XRD patterns of both anatase and rutile TiO2, and
the XRD pattern of N-TiO2-800 (not shown) is a pure
diffraction pattern of rutile TiO2. There results demon-
strate that the phase transformation occurs at ∼700 ◦C
for TiO2 prepared from the thermal decomposition of
ATO. The average crystallite size of anatase TiO2 was
calculated from the Debye-Scherrer equation and the re-
sults are summarized in Table I. It can be seen that the
average crystallite size of anatase TiO2 increases from

FIG. 3 The TGA (a) and the DTG (b) of ATO in an air
flow. The heating rate is 10 ◦C/min.

FIG. 4 XRD patterns of the prepared N-doped TiO2 cata-
lysts.

TABLE I Structural parameters of N-doped TiO2 catalysts.

Photocatalysts SBET Pore volume Pore size dXRD
a

/(m2/g) /(cm3/g) /Å /nm

N-TiO2-400 86 0.200 67 15.5

N-TiO2-500 50 0.164 90 18.9

N-TiO2-600 29 0.157 157 30.6

N-TiO2-700 10 0.094 273 50.5

a Anatase.

15.2 nm in N-TiO2-400 to 50.6 nm in N-TiO2-700. The
SEM results (Fig.5) also demonstrate the agglomera-
tion of TiO2 nanoparticles at the elevated calcination
temperatures.

Figure 6(a) shows the N2 adsorption-desorption
isotherms of TiO2 photocatalysts that are the typical
type IV pattern, indicating that the prepared TiO2

are mesoporous materials. The hysteresis loop in the
isotherms is type H2, according to the IUPAC classi-
fication, which could be usually observed in the pores
with narrow necks and wide bodies (ink-bottle pores)

DOI:10.1088/1674-0068/23/01/95-101 c©2010 Chinese Physical Society



98 Chin. J. Chem. Phys., Vol. 23, No. 1 Jing Bu et al.

FIG. 5 The scanning electron microscope photographs of the N-doped TiO2. (a) N-TiO2-400, (b) N-TiO2-500, (c) N-TiO2-
600, (d) N-TiO2-700.

FIG. 6 (a) The N2 adsorption-desorption isotherms of N-doped TiO2 catalysts. (b) The size distributions of N-doped TiO2

catalysts.

[27]. The area of the hysteresis loop in the isotherm of
different samples decreases with the increasing of the
calcination temperature, indicating the shrinking pore
volume. The pore size distributions of various samples
(Fig.6(b)) were analyzed with the BJH method from the
desorption branch of the isotherms. All the photocata-
lysts exhibit the monomodal mesoporous size distribu-
tion, and as the calcination temperature increases, the
pore volume decreases whereas the pore size increases.
The BET surface area, the pore volume, and the average
pore size of various TiO2 samples are also summarized
in Table I.

The surface compositions of TiO2 samples were char-
acterized by XPS (Fig.7). The Ti2p XPS spectra show
a single component with the Ti2p2/3 binding energy at

458.4 eV, corresponding to Ti4+ in TiO2 [28]. The O1s
XPS spectra exhibit two components: the major one
centered at 529.6 eV corresponding to lattice oxygen in
TiO2 and the other centered at 531.0 eV assigned to
surface hydroxyls [28]. The C1s XPS spectra consist
of three components with the binding energy at 284.5,
285.9, and 288.3 eV which could be assigned to the ad-
ventitious carbon, carbon connected with OH group,
and carbonates on the surface of the sample, respec-
tively [28]. The XPS results clearly ruled out the exis-
tence of the doped C species in TiO2 because its binding
energy is located at a relative low position 282 eV [29].

All TiO2 samples exhibit a single N1s XPS peak with
at 399.5 eV. The assignment of the N1s XPS peak in
the N-doped TiO2 has been reported by many research
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FIG. 7 The N1s (a), O1s (b), C1s (c), Ti2p (d) XPS spectra of N-doped TiO2 catalysts.

FIG. 8 Diffuse reflectance UV-Vis spectra (a) and transformed diffuse reflectance UV-Vis spectra (b) of N-doped TiO2

catalysts.

groups. The N2− substituting lattice O in the TiO2

usually gives a N1s binding energy lattice at 396 eV
[30]. Chen et al. assigned the N1s peak at 401.3 eV to
the O−Ti−N structure during the substitutional doping
process and Wang et al. assigned the peak at 399.6 eV
to the nitrogen atoms in the environment of O−Ti−N
linkages [31, 32]. Diward et al. prepared N-doped ru-
tile TiO2(110) by heating in NH3 and observed two N1s
peaks at 396.7 and 399.6 eV. The peak at 399.6 eV
was assigned to N atoms located at the interstitial site
in rutile, and the nitrogen state was responsible for
the red shift of the photochemical threshold of rutile
TiO2(110) down to 2.4 eV [21]. In our previous work
[24], we have prepared the anatase TiO2 doped with
N at the interstitial site whose N1s binding energy ap-
peared at 399.6 eV. Therefore, we assign the N1s fea-
ture at 399.5 eV to the N species at the interstitial site of
TiO2, clearly demonstrating that TiO2 photocatalysts
prepared from the thermal decomposition of ATO are

N-doped. Evaluated from the XPS results, the content
of doped N is 0.37%, 0.25%, 0.37%, and 0.37% in N-
TiO2-400, N-TiO2-500, N-TiO2-600, and N-TiO2-700,
respectively.

Figure 8(a) shows the UV-Vis diffuse reflectance spec-
tra of the N-doped TiO2 photocatalysts. All photocat-
alysts except N-TiO2-700 demonstrate significant ab-
sorption in the visible light region between 400 and
550 nm, a typical absorption region for nitrogen-doped
TiO2 materials. The plots of the modified Kubelka-
Munk function [F (R∞)E]1/2 vs. the energy of absorbed
light E [17] (Fig.8(b)) demonstrate that the band gap of
N-TiO2-400, N-TiO2-500, N-TiO2-600, and N-TiO2-700
is 3.0, 3.1, 3.1, and 3.0 eV, respectively. The band gap of
anatase TiO2 is 3.2 eV, therefore, N-TiO2-400, N-TiO2-
500, and N-TiO2-600 show more or less the narrowing
of band gap that could be reasonably attributed to the
doped N. Since N-TiO2-700 is a mixture of anatase and
rutile TiO2 and the band gap of rutile TiO2 is 3.0 eV,
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FIG. 9 The photodegradation activity of N-doped TiO2 catalysts under the UV light (a) and the all-wavelength light (b)
illumination.

FIG. 10 The photodegradation rate (a) and the specific photodegradation rate (b) of methyl orange catalyzed by N-doped
TiO2 photocatalysts (white: UV-light and black: all-wavelength).

it remains unclear if the narrowing of band gap occurs
for N-TiO2-700.

The photocatalytic activity of various N-TiO2 cata-
lysts was evaluated by the photodegradation of methyl
orange under both the UV light and all-wavelength
light illuminations. The results are shown in Fig.9.
When illuminated by the UV light lamp, all N-TiO2

photocatalysts exhibit a certain photodegradation ac-
tivity, in which N-TiO2-600 shows the best perfor-
mance (Fig.9(a)). However, when illuminated by the
all-wavelength light, N-TiO2-400 shows the best per-
formance (Fig.9(b)). Figure 10 shows the specific pho-
todegradation rate catalyzed by N-TiO2 photocatalysts,
illustrating the inherent photocatalytic activity of these
photocatalysts. It can be seen that N-TiO2-700 ex-
hibit the highest specific photodegradation rate under
both the UV light and the all-wavelength light illumi-
nations, which indicates that the quantum yield of the
photodegradation reaction is the highest in N-TiO2-700.
The quantum yield depends on several processes such
as the excitation, bulk diffusion, and surface transfer of
photoinduced charge-carriers in the photocatalysts. N-
TiO2-700 exhibits a more perfect crystallinity and thus
fewer defects than other three photocatalysts, which
could effectively inhibit the recombination of photoin-

duced charge-carriers. Recently it was reported that
the anatase-rutile phase junctions on TiO2 can effec-
tively enhance the quantum yield of photocatalytic wa-
ter splitting reaction to produce H2 production process
from water splitting [33]. N-TiO2-700 is a mixture of
anatase and rutile TiO2 and the anatase-rutile phase
junctions might also exist on N-TiO2-700. Among
anatase N-TiO2-400, N-TiO2-500, and N-TiO2-600 pho-
tocatalysts, N-TiO2-600 shows the highest specific pho-
todegradation rate under the UV light illumination,
which could be attributed to its perfect crystallinity;
however, N-TiO2-400 shows the highest specific pho-
todegradation rate under the all-wavelength light illu-
mination, which could be attributed to the narrowest
band gap and thus the largest photon absorption ca-
pacity of N-TiO2-400.

IV. CONCLUSION

We have successfully developed a novel approach for
the synthesis of mesoporous N-doped TiO2 by the con-
trolled thermal decomposition of the molecular precur-
sor ATO. The anatase-to-rutile phase transition occurs
at 700 ◦C for N-doped TiO2 photocatalysts. The doped
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N locates at the interstitial site of TiO2 which leads to
the narrowing of bad gap of pure anatase N-TiO2. N-
TiO2-600 and N-TiO2-400 exhibit the best performance
in the photodegradation of methyl orange under the
UV light and all-wavelength light illuminations, respec-
tively; however, because of its perfect crystallinity and
the existence of anatase-rutile phase junctions, N-TiO2-
700 exhibits the highest specific photodegradation rate,
i.e., the highest quantum yield, under both the UV light
and all-wavelength light illuminations.
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