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NHj3 plasma, N; plasma, and annealing in flowing NH; were used to prepare N doped TiO,, respectively.
XRD, UV-vis spectroscopy, N, adsorption, FT-IR, Zeta-potential measurement, and XP spectra were used
to characterize the prepared TiO, samples. The nitridation procedure did not change the phase compo-
sition and particle sizes of TiO, samples, but extended its absorption edges to the visible light region.
The photocatalytic activities were tested in the degradation of an aqueous solution of a reactive dyestuff,
methylene blue, under visible light. The photocatalytic activity and stability of TiO, prepared by NH3

Ilfgi/t‘;‘::(;iflsi;rogen plasma were much higher than that of samples prepared by other nitridation procedures. The visible
Tio, light activity of the prepared N doped TiO, was improved by increasing the lattice-nitrogen content

Photocatalysis
Stability
Post-treatment

and decreasing adsorbed NH; on catalyst surface. The lattice-nitrogen stability of N-doped TiO, samples
improved after HCI solution washing. The possible mechanism for the photocatalysis was proposed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanocrystalline TiO, has great potential for many applications
such as photocatalysis, solar energy conversion, and gas sensor
[1,2]. However, with a wide band gap energy of 3.0-3.2 eV, TiO,
cannot be activated to generate photoexcited electrons and holes
to promote redox reaction unless it is irradiated by ultraviolet. This
hinders the application of TiO, as a photocatalyst with response to
solar light or even indoor light. Therefore, it is highly desirable to
shift the absorption edge of TiO, to the visible light region.

In 2001, Asahi et al. [3] prepared nitrogen doped TiO; films by
sputtering TiO, in a Ny/Ar gas mixture, and concluded that the
doped N atoms narrowed the band gap of TiO, by mixing N 2p and
O 2p states, therefore demonstrating the activity for the decom-
position of acetone and methylene blue. Since then, N-doping has
become a hot topic and been widely investigated. Heating TiO,
powders in N, and/or NH3 at elevated temperatures is the con-
ventional method to prepare nitrogen-doped TiO- [3]. Besides the
energy waste, the treatment at such high temperature usually
results in the low surface area due to grain growth, which would
decrease the number of photoactive sites. Therefore, new strategies
for preparing nitrogen-doped TiO,, such as sputtering [4], sol-gel
[5], ion implantation [6], pulsed laser deposition [7], hydrothermal
synthesis [8], and plasma treatment [9] have been proposed more
recently.
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Non-thermal plasma is composed of atoms, ions and electrons,
which are much more reactive than their molecule precursors.
Plasma is able to initiate a lot of reactions, which take place effi-
ciently only at elevated temperatures and high pressures, under
mild conditions. So far, some literatures on preparation of N doped
TiO, by plasma treatment have been reported [9-13]. Yamada et al.
[9-11] investigated the photocatalytic activity of TiO, thin films
prepared by plasma treatment using N, as nitrogen source. They
suggested that the substitutional N-doping contributed to the band
gap narrowing, therefore absorbing visible light and demonstrating
the photocatalytic activity. Abe et al. [12] prepared N doped TiO,
by NH3(10%)/Ar plasma. The influence of the NH3/Ar gas pressures
(50, 300 and 1000 Pa) on the physical and photocatalytic property
of the powder was investigated. Miao et al. [13] reported the struc-
tural and compositional properties of TiO, thin films prepared by
N,-H; plasma treatment. HRTEM results indicated that the prim-
itive lattice cells of anatase TiO, films are distorted after plasma
treatment in comparison with that of bulk TiO,, which confirmed
the N doping by N,-H; plasma.

Itis shown from the above literatures that N, and NH3 were usu-
ally used as nitrogen source to prepare N doped TiO, under plasma
treatment. However, few literature on the comparison of N, and
NH3 plasma treated TiO, were reported. In this work, NH3 plasma,
N, plasma, and annealing in flowing NH3 were used to prepare N
doped TiO,, respectively. The structural and optical properties of
prepared N doped TiO, were compared. The photocatalytic perfor-
mance was evaluated in the degradation of methylene blue under
visible light. The possible mechanism for the photocatalysis was
proposed.
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2. Experimental
2.1. Preparation and characterization

The doping of TiO, was conducted in a dielectric barrier
discharge (DBD) reactor, consisting of a quartz tube and two
electrodes. The high voltage electrode was a stainless-steel rod
(2.5mm), which was installed in the axis of the quartz tube and
connected to a high voltage supply. The grounding electrode was
an aluminum foil, which was wrapped around the quartz tube. For
each run, 0.4 g commercial TiO, powder (P25) was charged into the
quartz tube. At a constant NH3 flow (40 mlmin~'), a high voltage
of 9-11 kV was supplied by a plasma generator at an overall power
input of 50V x 0.4 A. The discharge frequency was fixed at 10 kHz,
and the discharge was kept for 15 min. After discharge, the reactor
was cooled down to room temperature. The obtained TiO, sample
was denoted as TO-Pnp, . When N, was used to replace NH3 follow-
ing the same procedure in the preparation of TO-Pny;,, the product
is denoted as TO-Py, . For comparison, P25 was calcined under NH3
flow (40 mlmin—1) for 15 min at 500 °C. The obtained sample was
denoted as TO-Cnwj,.

XRD patterns of the prepared TiO, samples were recorded on a
Rigaku D/max-2400 instrument using Cu Ko radiation (A =1.54 A).
UV-vis spectroscopy measurement was carried out on a Jasco
V-550 spectrophotometer, using BaSO4 as the reference sample.
FT-IR spectra were obtained on a Nicolet 20DXB FT-IR spectrom-
eter in the range of 400-2300cm~!. The zeta-potential of the
catalyst was measured at room temperature on Zetasizer Nano
S90 (Malvern Instruments). The pH was adjusted by dropwise
addition of dilute HCI or NaOH solution. Photoluminescence (PL)
spectra were measured at room temperature with a fluorospec-
trophotometer (FP-6300) using a Xe lamp as excitation source.
XPS measurements were conducted on a Thermo Escalab 250 XPS
system with Al Ka radiation as the exciting source. The binding
energies were calibrated by referencing the C1s peak (284.6eV) to
reduce the sample charge effect.

2.2. Photocatalytic reaction

Methylene blue (MB) was selected as model compound to eval-
uate the photocatalytic performance of the prepared TiO, particles
in an aqueous solution under visible light irradiation. 0.1g TiO,
powders were dispersed in 100 ml aqueous solution of MB (initial
concentration Cy=50ppm, pH 6.8) in an ultrasound generator for
10 min. The suspension was transferred into a self-designed glass
reactor, and stirred for 30 min in darkness to achieve the adsorption
equilibrium. The concentration of MB at this point was considered
as the absorption equilibrium concentration Cy. The adsorption
capacity of a catalyst to MB was defined by the adsorption amount
of MB on the photocatalyst (Cy — Cy ). In the photoreaction under
visible light irradiation, the suspension was exposed to a 110 W
high-pressure sodium lamp with main emission in the range of
400-800 nm, and air was bubbled at 130 mlmin~! through the
solution. The UV light portion of sodium lamp was filtered by 0.5 M
NaNO, solution [14]. The light intensity is 130 mW cm~2. All runs
were conducted at ambient pressure and 30 °C. At given time inter-
vals, 4ml suspension was taken and immediately centrifuged to
separate the liquid samples from the solid catalyst. The concentra-
tions of MB before and after reaction were measured by means of
a UV-vis spectrophotometer at a wavelength of 665 nm. It is the
linear relationship between absorbance and concentration of lig-
uid sample in the experimental concentration range. Therefore, the
percentage of degradation D% was determined as follows:
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Fig. 1. XRD patterns of P25 and prepared N-doped TiO, samples.

where Ag and A are the absorbances of the liquid sample before and
after degradation, respectively.

3. Results and discussion

It is reported that the phase composition and particle size of
TiO, have significant influence on its photocatalytic activity [2].
The XRD patterns of P25 and prepared N-doped samples (Fig. 1)
indicate that all TiO, samples were mixtures of anatase and rutile
phases. The phase contents and the particle sizes of the samples
were calculated by their XRD patterns according to the method
of Spurr [15] and Debye-Scherrer equation [16], respectively. The
results (Table 1) indicate that there were no remarkable changes in
phase composition and particle sizes.

Up to date, the mechanism of the enhancement by N-doping is
still controversial. Asahi et al. [3] concluded that the doped N atoms
narrowed the band gap of TiO, by mixing N 2p and O 2p states,
therefore demonstrating the activity. Irie et al. [17] argued that the
isolated narrow band located above the valence band is responsible
for the visible light response. Lee et al. [18] suggested that substi-
tutional N-doping would narrow the band gap by the coupling of
the O 2p and N 2p orbitals, while interstitial N-doping would create
an isolated defect state between the conduction band and valence
band. Fig. 2 shows the UV-vis spectra of P25 and prepared N-doped
TiO, samples. Compared with the spectra of P25, obvious red-shifts
of the absorption bands were observed for prepared N-doped TiO,.
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Fig. 2. UV-vis spectra of P25 and prepared N-doped TiO, samples.
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Table 1

Summary of physical properties of P25 and prepared N-doped TiO, samples.
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Sample

Size (nm)

Xa (%)

Sger (m2g~1)

Pore volume (cm3g—1)

Central pore size (nm) Eg (eV)

Nfresh (at-% )b

Nused (at-%)c

P25
TO-Py,

TO-Cpg
TO-P,

28.2
28.5
293
28.1

74.6
74.7
74.4
75.1

43
40
36
41

0.07
0.06
0.05
0.06

3.10
292
3.1 2.75
2.67

0

1.32
1.64
1.95

0

0.76
1.17
1.91

2 X4 represents the phase composition of anatase.
b Npesh represents the lattice-nitrogen content before photocatalytic reaction
¢ Nuysea represents the lattice-nitrogen content after photocatalytic reaction.

The band gap energies of TiO, samples which calculated accord-
ing to the method of Oregan and Gratzel [19] (Table 1) indicate
that the prepared N-doped TiO, samples exhibited much narrowed
band gap energies. According to the previous result[3,18], this indi-
cated that substitutional N-doping existed in the prepared N-doped
TiO, samples. It is shown that the band gap energy decreased in
the order: TO-Py, > TO-Cyn, > TO-Pnn,, Which is probably due
to the different doping N content in prepared N-doped TiO, sam-
ples.Xuetal.[20] prepared N doped TiO, by pulsed laser deposition
and suggested that more absorption edge red-shift indicated higher
nitrogen concentration. Besides, the distinct differences in visi-
ble light absorption are observed between calcination and plasma
treated samples. In the spectrum of TO-Cyp,, the obvious absorp-
tionin400-550 nm is observed, which is a typical absorption region
for N doped TiO, materials. This typical absorption is due to the
electronic transition from the isolated N 2p level, which is formed
by incorporation of nitrogen atoms into the TiO, lattice, to the con-
duction band [21]. However, the spectra of plasma treated samples
are obvious different. The broad absorptions in the whole visible
light region are observed in the spectra of TO-Py, and TO-Pyy;,.
Huang et al. [22] prepared the visible light responsive TiO, by
nitrogen-plasma surface treatment, and found the similar broad
absorption in visible light region. Abe et al. [12] prepared N doped
TiO, by NH3/Ar plasma, and suggested that such broad absorption is
attributed to the presence of Ti3*, which might be formed by plasma
treatment. It is noted that TO-Pny, showed much stronger broad
absorption in visible light region than TO-Py, . This is probably due
to that NH3 plasma consists of not only various active nitrogen
species but excited hydrogen, leading to Ti** reduced easily, thus
more Ti3* were formed. Therefore, according to the conclusion of
Lee et al. [18], it is proposed that substitutional and interstitial N-
doping existed simultaneously in TO-Cnp, which caused the band
gap narrowing and remarkable absorption in 400-550 nm, whereas
only substitutional N-doping existed in TO-Py, and TO-Pny,. The
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Fig. 3. XP spectra of prepared N-doped TiO, samples in the region of N1s.

broad absorptions of TO-Py, and TO-Pny, in the whole visible light
region were due to the presence of Ti3* caused by the N-doping.
XPS is an effective surface test technique to characterize ele-
mental composition and chemical states. According to the previous
literatures [10,11], the peaks around 396 and 400 eV are attributed
to the formation of lattice-nitrogen and other surface N species
such as N-N and N-O bond. The XP spectra in the region of N1s
(Fig. 3) indicated that most N species in prepared TiO, using NHs as
nitrogen source existed in lattice-nitrogen, whereas other surface N
species such as N-N and N-O bond were dominant in TO-Py, which
using N, as nitrogen source. The lattice-nitrogen content calculated
by XPS data were shown in Table 1. The Nges, content decreased
in the order: TO-Pny, > TO-Cnn; > TO-Py,, which indicated that
NHj3 plasma treatment is more effective than another two methods
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Fig. 4. XP spectra of P25 and prepared N-doped TiO, samples in the region of Ti 2p (A) and O1s (B).
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Fig. 5. FT-IR spectra of P25, TO-Cnu, and TO-Pyy;, .

to form lattice-nitrogen. This is probably due to that NH3 plasma
consists of various nitriding species, leading to the formation of
lattice-nitrogen easier [23]. Besides, trace N species, which located
at 395.3 eV were present in TO-Pyy, and TO-Cnp,. Li et al. [24]
prepared N doped TiO, in NH3/ethanol fluid under supercritical
condition, and suggested that the N species with binding energy
at 395.3 eV was attributed to the surface adsorbed NH3; molecules.
In this investigation, the N species located at 395.3 eV only existed
in TO-Pnp, and TO-Cny,, which prepared using NH3 as nitrogen
source. This confirmed the result of Li et al. Furthermore, the peak
intensity of TO-Cnp, at 395.3 eV was obvious higher than that of
TO-Pnp;,, indicating more NH3 molecules adsorbed on TO-Cnp,
surface.

Fig. 4 shows the XP spectra of P25 and prepared N-doped TiO,
samples in the region of Ti 2p and O1s. Compared with the spec-
tra of P25, obvious shifts to lower binding energies were observed
for N-doped TiO, samples in the Ti 2p region (458.4eV) as well as
the O1sregion (529.7 eV). This is probably attributed to the change
of chemical environment after N doping [24]. It is known that the
binding energy of the element is influenced by its electron density.
A decrease in binding energy implies an increase of the electron
density. The electrons of N atoms may be partially transferred from
N to Ti and O, due to the higher electronegativity of oxygen, lead-
ing to increased electron densities on both Ti and O. The peaks
around 530 and 532 eV in the O1s region are attributed to crystal
lattice oxygen (Ti-O) and surface hydroxyl group (O-H) of TiO,. The
ratio of these two peak areas (So_y/Sti_o) represents the abundance
of surface hydroxyl groups. The calculated results indicated that
So-H/Sti-o ratio for TO-Cnp, was 0.06, much lower than that of P25
(0.14). Whereas, So_y/Sti-o ratios for TO-Py, and TO-Pyy, were
0.13 and 0.11, which were slight lower than P25. This indicated the
content of surface hydroxyl groups decreased more drastically after
the calcination procedure under NH3 flow compared with plasma
treatment. Those surface hydroxyl groups are known to play an
important role in photocatalysis. They react with photogenerated
holes, producing active hydroxyl radicals, which are responsible for
the photo-degradation [25].

The FT-IR spectra of P25 and TO-Pyy, were shown in Fig. 5.
The absorption peak at 1620 cm™! is attributed to bending vibra-
tion of hydroxyl group. The band at around 655cm~! belongs to
O-Ti-0 structure of TiO,. There are three bands at 1402, 1224, and
1070 cm~! which were observed in the spectra of TO-Cnn, and
TO-PnH,, but not in that of P25. The band at 1402 cm~!is attributed
to the surface adsorbed NHs3 species on Bronsted acid sites (-OH)
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Fig. 6. Plots of the zeta-potential as a function of pH for P25 and prepared N-doped
TiO, suspensions in the presence of NaCl (103 M).

[26]. It is known that NH3 can adsorb on Bronsted acid sites (-OH)
located at 1400 cm~"! and Lewis acid sites (Ti%*) located at 1225
and 1190 cm~1[26,27]. However, in Fig. 5, no NH3 adsorbed on the
Lewis acid sites was observed. There are many previous literatures,
which report the FT-IR results of NH3 adsorbed on TiO, materials.
Some of them reported that NH3 adsorbed on both Brénsted acid
and Lewis acid sites [26,27]. Other results showed that only adsorp-
tion on Brénsted acid sites was obtained which is consistent with
the result of Fig. 5 [24,28]. Therefore, it is proposed that the prepa-
ration methods and conditions probably affect the adsorption state,
leading to the adsorption site different from different literatures. It
is known that the TiO, surface is hydrophilic. In this investigation,
TiO, materials were treated under calcination and plasma condi-
tion only for 15 min, leading to most of the H,0 adsorbed on Ti%*
still existed on TiO, surface. It is reported that when Ti** sites are
saturated by hydroxyl groups, NH3 will adsorb mainly on Bronsted
acid sites by the formation of an N- - -HO bond [29]. Therefore, only
adsorption on Bronsted acid sites was obtained. In Fig. 5, the peaks
at 1224 and 1070cm™! could be attributed to the nitrogen atoms
embedded in the TiO, network, which is consistent with XPS result
[28]. These results confirmed the formation of doping N species in
the TiO, lattice.

Fig. 6 shows the plots of the zeta-potential as a function of pH
for P25 and prepared N-doped TiO, suspensions in the presence of
NaCl (103 M).Itis known that the point of zero charge (PZC) of TiO,
is around 3-6, indicating the surface of TiO, particles is positively
charged. Compared with P25, the distinct shifts to lower value of the
PZC were observed for all the N doped TiO,, indicating the positive
charge on TiO, surface decreased. The PZC value decreased in the
order: P25 > TO-Py, > TO-Pnn, > TO-Cnp;,. It is possible that the
lone electron pair of doping N counteract a few of positive charge.
Besides, NH3 readily adsorbed on the catalyst surface during the
nitridation process, due to the numerous acidic hydroxyl groups
on the TiO, surface. The presence of these surface-adsorbed NH3
decreased the number of acidic hydroxyl groups, resulting in lower
PZCvalue of TO-Pny, and TO-Cy, . Furthermore, plasma treatment
caused the NH3 decomposition more drastically, leading to less NH3
adsorbed on TO-Pyy, surface compared with TO-Cy, . Therefore,
the PZC value of TO-Pyy; is higher than TO-Cyj,.

The adsorption of MB on TiO,-based catalysts was measured
by the equilibrium adsorption capacity. The adsorption capaci-
ties of all the N doped TiO, samples were lower than that of P25
(Fig. 7). The BET specific surface area (Sggr), pore volume, and cen-
tral pore size are listed in Table 1. Compared with P25, the Sggr,
pore volume, and central pore size of prepared samples decreased.
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Fig. 7. Adsorption capacity of MB on P25 and N-doped TiO, samples.

This probably caused the decreased equilibrium adsorption capac-
ity shown in Fig. 7. Besides, it is possibly that such decreased
adsorption of MB is attributed to the coverage of TiO, surface by
excess surface N species. It is noted that the equilibrium adsorp-
tion capacity decreased in the order: P25 > TO-Py, > TO-Pnn, >
TO-Cnn,, which is completely consistent with the order of surface
hydroxyl groups content. This indicated that the content of sur-
face hydroxyl groups influenced significantly on the equilibrium
adsorption capacity. It is shown that equilibrium adsorption capac-
ities of TO-Pnp, and TO-Cny, were lower than TO-Py,, which using
N, as nitrogen source. Besides the lower surface hydroxyl groups
content than that of TO-Py,, large numbers of NH3 molecules
adsorbed on hydroxyl groups of TO-Pny, and TO-Cng;,, caused the
reduced surface sites for adsorbing MB, leading to lower equilib-
rium adsorption capacity than TO-Py,.

The photocatalytic performances under visible light shown in
Fig. 8 indicate that prepared N-doped TiO, samples exhibited much
higher activities than that of P25. Since no obvious change were
observed in phase compositions and particle sizes between P25
and prepared N-doped TiO, samples, the enhanced photocatalytic
activity must result from the doping of nitrogen in TiO,, which
gave rise to the narrowed band gap and thus to the enhanced
absorption in the visible region. Moreover, it is shown that the pho-
tocatalytic activity increased in the order: TO-Py, > TO-Cny, >
TO-Pnn,, which is in agreement with the order of lattice-nitrogen
content (N )- This proved that the lattice-nitrogen significantly
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Fig. 8. Photocatalytic performances of P25 and prepared N-doped TiO, samples in
the degradation MB under visible light irradiation.
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Fig. 9. Photocatalytic performances of TO-Pny,, TO-Pny, (H20), and TO-Pny, (HCl)
in the degradation MB under visible light irradiation.

influenced the visible light activity, which is consistent with the
earlier results of Yamada [10]. On the other hand, the stronger
absorption invisible light region of TO-Pny, caused the visible light
utilization more effectively, thus leading to the much higher activ-
ity than that of TO-Py, and TO-Cnp; - Nyseq is calculated and shown
in Table 1. Obviously, Nyseq 0f TO-Cng, and TO-Py, are much lower
than that of N, whereas lattice-nitrogen of TO-Pny, is relatively
stable. It is reported that the lattice-nitrogen was oxidated by pho-
togenerated holes during the degradation reaction, leading to the
decrease of lattice-nitrogen content [30]. Therefore, it is deduced
that the oxidation of lattice-nitrogen of TO-Pny, is more difficult
than that of another two samples. This difference in lattice-nitrogen
stability is probably due to the different preparation method among
three samples. Besides, Chen et al. [30] prepared N doped TiO; by
heating TiO, powders in NH3 flow and found that the presence
of surface-adsorbed NH3 decreased the number of surface sites
accessible for reactants, resulting in low photocatalytic activity. In
this investigation, compared with TO-Pyy, , more NH3 adsorbed on
TO-Cnn, surface, thus leading to the lower adsorption capacity and
photocatalytic activity of TO-Cnyj,.

To confirm the detrimental effect of NH3, Chen et al. [30]
washed the prepared N doped TiO, with pure water for sev-
eral times to remove adsorbed NHs. The photocatalytic activity
of obtained sample was improved after washing, but still much
lower than that of postcalcination sample (NT400). This is proba-
bly due to that NH3 was not removed completely by washing with
pure water. In this investigation, TO-Pny, was washed with HCl
(0.1 M) to remove the adsorbed NHs, and then cleaned with deion-
ized water. The obtained sample was denoted as TO-Pny, (HCI).
For comparison, TO-Pnp, (H20) was obtained by washing TO-Png,
with deionized water directly. The FT-IR results (not shown) indi-
cated that adsorbed NH3 were removed completely after HCI
washing, whereas residual NHs still existed on TO-Pyy,(H20)
surface. The photocatalytic performances (Fig. 9) show that
the activity increased in the order: TO-Pny, < TO-Pnp,(H20) <
TO-PnH, (HC1), which confirmed NH3 detrimental effect on photo-
catalytic activity.

When TO-Py, and TO-Cny, were used to replace TO-Pyy, fol-
lowing the same procedure as in the preparation of TO-Pny, (HCI),
the product were denoted as TO-Py,(HCl) and TO-Cny,(HCI),
respectively. The photocatalytic performances of TO-Py,(HCL),
TO-Cnn, (HCI), and TO-Py, (HCI) were investigated in three cycles
to check the photocatalytic stability (Fig. 10). It is shown that
the activity of TO-Pnn, (HCI) decreased slightly in 1st reuse and
kept stable in the next two cycles. However, for TO-Py, (HCI) and
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Fig. 10. Photocatalytic stability of prepared N-doped TiO, samples in the degrada-
tion of MB.

TO-Cnp, (HC1), the activities decreased gradually, from 41.8% and
55.1% for fresh catalyst to 30.9% and 49.6% for 3rd reused cata-
lyst. This hinted that the photocatalytic stability of TO-Pny, (HCI)
was much better than TO-Py, (HCl) and TO-Cny, (HCI). It is pro-
posed that this difference in photocatalytic stability is attributed
to the different lattice-nitrogen stability among the three sam-
ples. Therefore, the lattice-nitrogen contents of fresh and reused
TO-Py, (HCI), TO-Cnp,(HCI), and TO-Pnn, (HCI) were calculated
according to the relevant XPS data (Table 2). The lattice-nitrogen
contents of TO-Py,(HCl) and TO-Cnn,(HCl) decreased gradually
from 1.28at.% and 1.62at.% to 0.46at.% and 1.04at.% after three
cycles which confirmed that the lattice-nitrogen significantly influ-
enced the visible light activity. However, lattice-nitrogen content
of TO-Pnn, (HCI) decreased slightly from 1.94at.% to 1.78 at.% for
the 1st reuse, and then kept stable in the next two cycles. This indi-
cated that the lattice-nitrogen atoms in TO-Pny, (HCI) remained
relatively stable.

As mentioned above, Nyseq of TO-Cny, and TO-Py, are much
lower than that of N, Whereas lattice-nitrogen of TO-Pnp,
is stable (Table 1). This difference in lattice-nitrogen stability is
probably due to the different preparation method among three
samples. In order to elucidate why the photocatalytic stability is
different among the samples, the XP spectra of fresh TO-Py, (HCI),
TO-Cnn, (HC1), and TO-Pnp, (HCI) in N1s region after Ar* ion etch-
ing were measured and shown in Fig. 11. Apparently, the surface
adsorbed NH3 species located at 395.3 eV and N-N (N-O) species
located at 400eV were removed after Ar* ion etching to get
rid of the surface layer. Only one peak around 396eV, which
attributed to lattice-nitrogen was observed for all the three sam-
ples. The calculation according to the relevant XPS data revealed
that the lattice-nitrogen content of TO-Py,(HCl), TO-Cny, (HCI),
and TO-Pny, (HCI) were 0.32,0.74, and 1.58 at.%, respectively. Com-
pared with the data of fresh catalyst in Table 2, more than 50% and
75% lattice-nitrogen in TO-Cnn, (HCl) and TO-Py, (HCI) was elimi-
nated after Ar* ion etching. This indicated that a great number of
N atoms doped only into the surface layer of TO-Cny,(HCl) and
TO-Py, (HCI), which were oxidated easily by photogenerated holes

Table 2
Lattice-nitrogen content of fresh and reused TO-Pnw,(HCI), TO-Cnw, (HCI), and
TO-Py, (HCI) determined by XPS data.

Sample Fresh catalyst 1st recycle 2nd recycle  3rd recycle
(at.%) (at.%) (at.%) (at.%)
TO-Pnu, (HCI)  1.94 1.78 1.78 1.75
TO-Cnu, (HCI)  1.62 1.31 1.22 1.04
TO-Py, (HCI) 1.28 1.02 0.75 0.46

N 1s after Ar” etching
5
©
2
2 TO-P,,(HCI)
£
TO-C,,,,(HCI)
TO-P, (HCI)
n 1 n 1 n 1
390 395 400 405

Binding Energy / a.u.

Fig. 11. XP spectra of TO-Py, (HCI), TO-Cnu, (HCI), and TO-Pnn, (HCI) in the region
of N1s after Ar* ion etching.

Table 3
Comparison of lattice-nitrogen stability of N-doped TiO, samples before and after
HCI solution washing.

Sample Fresh catalyst (at.%) 1st reuse (at.%) Retention rate?
TO-Pnn, (HCI) 1.94 1.78 0.92
TO-Cnn, (HCI) 1.62 1.31 0.81
TO-Pn, (HCI) 1.28 1.02 0.80
TO-Pn, 1.95 1.91 0.98
TO-Cnn, 1.64 1.17 0.71
TO-Py, 1.32 0.76 0.58

2 Retention rate is equal to the ratio of lattice-nitrogen content in 1st reused
catalyst to that of fresh catalyst.

during the degradation reaction, leading to the decrease of lattice-
nitrogen content. Therefore, TO-Py, and TO-Cny, exhibited the
poor photocatalytic stability. On the contrary, compared with the
data of fresh TO-Pnp, (HCl) in Table 2, less than 20% lattice-nitrogen
of TO-Pnp, (HCI) was removed after Ar* ion etching. This is probably
due to that the excited hydrogen species produced by NH3 plasma
made the N atoms doped into crystal lattice of deeper layer, thus
caused it oxidated difficulty by photogenerated holes. Therefore,
the photocatalytic stability of TO-Pnp, (HCI) was much higher than
that of TO-Py, and TO-Cng;,.

The retention rate of lattice-nitrogen, which represents the
lattice-nitrogen stability is calculated and shown in Table 3. Com-
pared with the sample before HCl washing, more than 10% and
20% enhancement of retention rate are observed in TO-Cny, (HCI)
and TO-Py, (HCI), whereas only slight decrease of retention rate is
shown in TO-Pyu, (HCI). This indicated the lattice-nitrogen stabil-
ity of N-doped TiO, samples improved after HCI solution washing.
This is probably due to that the surface N species absorbed on
Bronsted acid sites (-OH) were removed by HCI solution, leading
to more surface hydroxy groups are available to trap the photo-
generated holes, thus restrain the oxidation of lattice-nitrogen by
photo-generated holes.

4. Conclusion

NHs3 plasma, N; plasma, and annealing in flowing NH3 were
used to prepare N doped TiO, respectively to investigate the influ-
ence of preparation method, nitrogen source, and post-treatment
on the photocatalytic activity and stability. The photocatalytic
activity increased in the order: TO-Py, < TO-Cny, < TO-Pnp,,
indicating NH3 plasma is most effective among the three
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methods. The lattice-nitrogen significantly influenced the visible
light activity. NH3 which adsorbed on catalyst surface led to the
low adsorption capacity for reactant MB, thus decreased photo-
catalytic activity. After removal NH3; by HCI washing, the obtained
catalysts exhibited much higher activities under visible light, which
confirmed the detrimental effect of NH3. The photocatalytic sta-
bility of N doped TiO, prepared by NH3 plasma was much higher
than that of samples prepared by other nitridation procedures. This
is proposed that the excited hydrogen species produced by NH3
plasma made the N atoms doped into crystal lattice of deeper layer,
which caused it oxidated more difficult by photogenerated holes
than other catalysts, thus leading to the stable lattice-nitrogen.
Besides, the lattice-nitrogen stability of N-doped TiO, samples
improved after HCI solution washing. This is probably due to
that the surface N species absorbed on Brénsted acid sites (-OH)
were removed by HCI solution, leading to more surface hydroxy
group are available to trap the photo-generated holes, thus restrain
the oxidation of lattice-nitrogen. This stable lattice-nitrogen dur-
ing the degradation reaction caused the high photocatalytic
stability.
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