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a b s t r a c t

N-containing ZnO photocatalyst was prepared by decomposition of zinc nitrate at different heat treatment
conditions. The photocatalyst was characterized by DRS, XRD, TG-DTA, XPS, and BET analysis. The results
show that the optimum preparation condition for N-containing ZnO is at 350 ◦C for 3 h, and the sample
eywords:
-containing ZnO powder
hotocatalyst
eat treatment

shows higher photocatalytic activity. The photo-absorption wavelength range of the samples is shifted to
long wavelength. Compared with pure ZnO, the samples show higher visible-light photocatalytic activity.
However, under UV irradiation, the photocatalytic reduction activity of the N-containing ZnO is higher
than that of pure ZnO, and the photocatalytic oxidation activity of the N-containing ZnO is much lower
than that of pure ZnO. It is proposed that the change of photocatalytic activity of the sample should be
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. Introduction

ZnO has been widely used as a photocatalyst, owing to its high
ctivity, low cost and environmentally friendly feature [1–7]. How-
ver, the photocatalytic activity of ZnO is limited to irradiation
avelengths in the UV region because ZnO semiconductor has
wide band-gap of about 3.2 eV and can only absorb UV light
ith wavelengths below 387 nm. Some problems still remain to be

olved in its application, such as the fast recombination of photo-
enerated electron–hole pairs. Therefore, improving photocatalytic
ctivity by modification has become a hot topic among researchers
n recent years [8,9]. Changing the optical absorption properties

ill be necessary to attain this goal. One successful approach is to
ope transition metal ions into a semiconductor photocatalyst by

on implantation or co-precipitation [10–13]. The other approach
s to dope non-metallic elements such as nitrogen, fluorine, sulfur,
arbon, etc. into the substitutional sites in the crystal structure of
photocatalyst [14,15]. It was reported that N-doping into the sub-

titutional sites of TiO2, Ta2O5, or LaTaO4 by calcination in an NH3
r N2 atmosphere is effective for band-gap narrowing and visible-
ight photocatalysis [16–18]. Similar results are also expected for

nO since it has almost the same band-gap energy as TiO2.

Recently, nitrogen-doped ZnO sample has been synthesized
y grinding the ZnO and urea mixture and the subsequent cal-
ination at 400 ◦C [19]. The synthesized sample has exhibited

∗ Corresponding authors. Tel.: +86 561 3806611; fax: +86 561 3803141.
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duction. The doped nitrogen atoms in a ZnO crystal lattice will probably
ion of the sample from n-type to p-type.

© 2008 Elsevier B.V. All rights reserved.

hoto-absorption in the region of visible-light wavelength. In addi-
ion, the sample has shown excellent photocatalytic ability. Li and
aneda [20] synthesized colored N-containing ZnO powder with
igh surface area. Ultraviolet–visible spectra indicated that the
hotocatalyst powder could absorb not only ultraviolet light like
ure ZnO powder, but also part of the visible-light. The photocat-
lytic performance of N-containing ZnO powder was superior to
hat of a pure ZnO sample under visible-light irradiation. Addi-
ionally, a visible-light absorption feature was also observed on
-doped ZnO thin films [21]. These results indicated that the doped
itrogen atoms in a ZnO crystal lattice could significantly improve
he optical absorption properties of ZnO.

However, for the nitrogen-doped zinc oxide and nitrogen-doped
itanium dioxide photocatalysts [16–21], the photocatalytic oxida-
ion activity of the photocatalysts was studied extensively, while
he photocatalytic reduction activity of the photocatalyst was rarely
eported. The results showed that, when the doped nitrogen con-
ent is higher than a certain amount, the photocatalytic oxidation
ctivity of the photocatalysts will reduce gradually. In this paper, N-
ontaining ZnO was prepared by means of a novel, quick and simple
ethod. The photocatalytic activity of the photocatalyst was evalu-

ted comprehensively by photocatalytic reduction of Cr2O7
2− and

hotocatalytic oxidation of methyl orange (MO) under both UV and
isible-light irradiation. A significant result was obtained. Namely,

nder UV irradiation, the photocatalytic reduction activity of the
-containing ZnO is higher than that of pure ZnO, and the photo-
atalytic oxidation activity of the N-containing ZnO is much lower
han that of pure ZnO. The effect of the heat treatment condition
n the photocatalytic activity of the photocatalyst was investigated.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:chshifu@hbcnc.edu.cn
dx.doi.org/10.1016/j.cej.2008.08.039
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he possible mechanisms for the change of photocatalytic activity
f the sample were also investigated.

. Experimental

.1. Materials

Zinc nitrate [Zn(NO3)2·6H2O] (purity 99.9%), pure ZnO (crys-
allite size is about 30 nm), ethyl alcohol, potassium dichromate
K2Cr2O7), methyl orange (MO), and other chemicals used in the
xperiments were of analytically pure grade. They were purchased
rom Shanghai and other China Chemical Reagent Ltd. without fur-
her purification. Deionized water was used throughout this study.

.2. Preparation of N-containing ZnO powder

Zinc nitrate [Zn(NO3)2·6H2O] was heated at a heating rate of
0 ◦C/min in air to prepare N-containing ZnO powder. Nitrate first
elts at 36 ◦C, and then dehydrates just above 100 ◦C. Nitrate

ecomposition completes at about 350 ◦C. The synthesized N-
ontaining ZnO powder was ground in the agate ball milling tank.
n order to study the effect of the heat treatment condition on
he photocatalytic activity of the photocatalyst, N-containing ZnO
owder was prepared by decomposition of zinc nitrate at different
eat treatment temperatures and time. The powders were vivid and
arkish yellow in color under the preparation conditions.

.3. Photoreactor and procedure

Experiments were carried out in a photoreaction apparatus.
he schematic diagram is shown in Fig. 1. The apparatus con-
ists of two parts. The first part is an annular quartz tube. A
75 W medium pressure mercury lamp (Institute of Electric Light
ource, Beijing) with a maximum emission at about 365 nm and a
00 W Xe lamp (Institute of Electric Light Source, Beijing) with a
aximum emission at about 470 nm were used as UV and visible-

ight sources, respectively. The wavelength of the visible-light is
ontrolled through a 420 nm cut filter (Instrument Company of
antong, China). The lamp is laid in the empty chamber of the annu-

ar quartz tube, and running water passes through an inner thimble
f the annular tube. Owing to continuous cooling, the tempera-
ure of the reaction solution is maintained at approximately 30 ◦C.

he second part is an unsealed beaker of a diameter 12 cm. At the
tart of the experiment, the reaction solution (volume, 300 cm3)
ontaining reactants and photocatalyst was put in the unsealed
eakers, and a magneton was used to stir the reaction solution. The
istance between the light source and the surface of the reaction

ig. 1. Schematic diagram of photoreaction apparatus: 1, lamp; 2, water-cooling
nlet; 3, water-cooling outlet; 4, reaction solution; 5, stirring rod; 6, magnetic agita-
or; 7, light.
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olution is 11 cm. In the experiment, the initial pH of the reac-
ion solution was about 5.0. The amount of photocatalyst used
as 2.0 g L−1; the initial concentrations of Cr2O7

2− and methyl
range (MO) were 2.9 × 10−4 and 1.0 × 10−4 mol L−1, respectively.
he illumination time of each experiment was 20 min. In order to
isperse the photocatalyst powder, the suspensions were ultrason-

cally vibrated for 20 min prior to irradiation. After the illumination,
he samples (volume of each is 5 cm3) were taken from the reac-
ion suspension, centrifuged at 7000 rpm for 10 min and filtered
hrough a 0.2 �m Millipore filter to remove the particles. The fil-
rate was then analyzed. In order to determine the reproducibility
f the results, at least duplicated runs were carried out for each
ondition for averaging the results. The blank test was also carried
ut by irradiating MO (or Cr2O7

2−) homogeneous solution with-
ut photocatalyst under both UV and visible-light irradiation for
hecking the photo-induced self-sensitized photodegradation.

.4. Characterization

UV–vis diffuse reflectance spectroscopy (DRS) measurements
ere carried out using a Hitachi UV-365 spectrophotometer

quipped with an integrating sphere attachment. The analysis
ange was from 300 to 650 nm, and BaSO4 was used as a reflectance
tandard.

In order to determine the crystal phase composition and the
rystallite size of the photocatalysts, X-ray diffraction (XRD) mea-
urement was carried out at room temperature using a DX-2000
-ray powder diffractometer with Cu K� radiation and a scanning
peed of 3◦/min. The accelerating voltage and emission current
ere 40 kV and 30 mA, respectively. The crystallite size was calcu-

ated by X-ray line broadening analysis using the Scherrer equation.
The specific surface area (BET) was determined by N2

dsorption–desorption isotherms at liquid nitrogen temperature
77 K) using a Quantachrome NOVA 2000e adsorption instrument.
hermogravimetric (TG) and differential thermal analysis (DTA) of
he precursor were carried out at a heating rate of 10 ◦C/min in static
ir (TA Instruments, SDT 2960, USA).

X-ray photoelectron spectroscopic (XPS) examination was car-
ied out on a Thermo ESCALAB 250 multifunctional spectrometer
VG Scientific UK) using Al K� radiation. All XPS spectra were
eferenced to the C 1s peak at 284.8 eV from the adventitious hydro-
arbon contamination.

.5. Analysis

The concentration of Cr2O7
2− in solution was determined by

pectrophotometer using diphenylcarbazide reagent as a devel-
per. The concentration of MO in solution was determined by
pectrophotometer.

The photoreduction efficiency of Cr2O7
2− and the photoxidation

fficiency of MO were calculated from the following expression:

% = (C0 − Ct)
C0

× 100

here � is the photocatalytic efficiency; C0 is the initial con-
entration of reactant; Ct is the concentration of reactant after
llumination time t.

. Results and discussion
.1. Characterization of N-containing ZnO photocatalyst

.1.1. TG-DTA analysis
The simultaneous TG-DTA curves of zinc nitrate [Zn

NO3)2·6H2O] are shown in Fig. 2, The strong endothermic
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Fig. 2. TG-DTA curve of Zn(NO3)2·6H2O.

TA peak can be clearly seen at about 42.6 ◦C; the weight loss
oes not occur in the temperature range, which corresponds to
he crystal water melting of zinc nitrate. The TG curve shows that
hermal decomposition of the zinc nitrate at temperatures below
50 ◦C proceeds via two steps. The first step starts at about 56.8 ◦C,
ith a broad endothermic DTA peak centered at 125.7 ◦C and a little

ndothermic DTA peak centered at about 230 ◦C. It is attributed
o the partial dehydration of Zn(NO3)2·6H2O and thermal decom-
osition to basic zinc nitrate of variable composition. The second
tep takes place between 258.2 and 344.1 ◦C, corresponding to the
ecomposition of the intermediates to ZnO [22]. From the results
f TG analysis, it is known that Zn (NO3)2·6H2O can be decomposed
ompletely into ZnO below 350 ◦C.

.1.2. XPS analysis
Fig. 3 shows higher resolution scanning XPS spectra of Zn 2p

f pure ZnO and Zn 2p, N 1s, O 1s of the sample, respectively. The
ample was prepared at 350 ◦C for 3 h.

From the higher resolution scanning XPS spectra of Zn 2p3, it
an be seen that, the photoelectron peak of the sample for Zn 2p3
ppears clearly at the binding energy of 1022.5 eV. And for pure ZnO,
he binding energy of Zn 2p3 is at 1021.5 eV. At the same time, it has
een reported that, for undoped nitrogen ZnO, the photoelectron
eak for Zn 2p3 appears at the binding energy of 1021.4 eV [23,24].

t is clear that the peak is shifted toward higher binding energy in
n 2p3 spectrum of N-containing ZnO as compared with that of the
ndoped nitrogen ZnO. Lin et al. [25] assigned this peak shift to the
eduction of the surface band bending, and this may be related to
he doping or incorporation of N ions into ZnO powders. The doped
itrogen atoms could have the probability to occupy O sites to form
he acceptor (NO) in ZnO powders.

From high resolution scanning XPS spectra of O 1s in Fig. 3, it can
e seen that oxygen on the sample surface exists at least in three
orms with the following binding energies: 530.4, 532 and 533.5 eV.
he peak at 530.4 eV is mainly assigned to the oxygen atoms coor-
inated with Zn atoms [26]. The peak at 532 eV corresponds to
xygen in the sample surface adsorption of (–OH) [27,28]. The peak
t 533.5 eV is likely due to irreversibly adsorbed water molecules
n the surface [29–31]. It is just because so much adsorption oxy-
en exists on the sample surface that they become captives of
hoto-generated electron–hole pairs directly or indirectly. There-

ore, recombination of the photo-generated electron–hole pairs is
uppressed, and the quantum efficiency of photocatalytic reaction
s improved [30].

From the higher resolution scanning XPS spectra of N 1s, it
an be seen that there are nitrogen signals in the sample, though

a
a
d
a
r

Fig. 3. High resolution scanning XPS spectra of Zn 2p3, O 1s, and N 1s.

he peak intensity is not strong. The amount of nitrogen is about
.0 at.%. It is known that, the binding energy assignment for N–Zn
onds seems still very controversial. Ma et al. reported a bind-

ng energy of 396.2 eV for N–Zn bonds in N-doped ZnO by radio
requency reactive magnetron sputtering [32], while Joseph et al.
eported 397.84 eV for N–Zn bonds in (N, Ga)-co-doped ZnO films
nd 406.5 eV in N alone doped ZnO [33]. In Maki’s work, the peaks

round 398 eV attributed to Zn–N bond were observed in the N-
oped ZnO single crystal [34]. Based on these previous works and
nalysis, it is proposed that the binding energy peak at 398.8 eV cor-
esponds to nitrogen substitution on the oxygen sublattice (NO),
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also increases with the increase of heat treatment time.

BET surface areas are also given in Table 1. From Table 1, it
is known that the surface area of N-containing ZnO decreases
from 28.5 to 13.9 m2 g−1 and the crystallite size increases from
ig. 4. UV–vis diffuse reflection spectra of the samples: (a) pure ZnO, (b) 300 ◦C, (c)
00 ◦C and (d) 350 ◦C.

he desired location for p-type doping. Asahi et al. [14] proposed
hat the substitutional N (NO) may be related to the active sites for
he photocatalysis. The binding energy peak at 400.5 eV is likely
ssigned to N–O bond in the sample surface adsorption of NOx

ompound [35].

.1.3. UV–vis analysis
Fig. 4 shows UV–vis diffuse reflection spectra of N-containing

nO and pure ZnO powder. The N-containing ZnO powders were
repared at different heat treatment temperatures for 3 h.

From Fig. 4, it is clear that the absorption wavelength range
f N-containing ZnO powder is shifted to long wavelength, com-
ared with pure ZnO powder, and its absorption intensity is also

ncreased. The absorption in the visible range can be attributed to
he nitrogen doping. Li and Haneda [20] assigned the mentioned
bsorption to the nitrogen atoms doped into the oxygen sites of the
nO crystal lattice.

From Fig. 4, it also can be seen that, N-containing ZnO powder
repared at 350 ◦C has maximum absorption intensity, followed
y those that were prepared at 400 and 300 ◦C. It is clear that the
bsorption intensity of samples depends on the heat treatment
emperatures. Generally, a higher nitrogen concentration should
e expected since the Vis photocatalytic activity depends on the
oncentration of doped nitrogen. It is natural that higher heat
reatment temperature gives lower nitrogen content since nitro-
en burns away. However, N-doping cannot occur wholly at a lower
eat treatment temperature owing to the uncompleted decompo-
ition of precursor (zinc nitrate). This analysis coincides with the
G-DTA curves of zinc nitrate. It is clear that the higher nitro-
en concentration should be fulfilled through heat treatment at
moderate temperature. It explains why the absorption intensity
f N-containing ZnO reaches a maximum at 350 ◦C. It also agrees
ith the result of the photocatalytic activity under visible-light

rradiation.

.1.4. XRD and BET analysis
Heat treatment is a common method that can be used to

mprove the crystallinity and photocatalytic activities of photocata-
yst. Figs. 5 and 6 show the XRD patterns of photocatalysts prepared

t different heat treatment temperatures and time. It can be seen
hat N-containing ZnO powder exhibits dominant diffraction peaks
f wurtzite phase.

Fig. 5 shows XRD patterns for N-containing ZnO powder pre-
ared at temperatures from 300 to 400 ◦C. A clear sharpening

F
1

ig. 5. XRD patterns of N-containing ZnO prepared at different temperatures for 3 h.
a) 300 ◦C, (b) 350 ◦C and (c) 400 ◦C.

nd attenuation of the peaks can be observed as the tempera-
ure increases, indicating that the crystallinity of the photocatalyst
ncreases with the increase of heat treatment temperature. From
he results of TG-DTA, when the N-containing ZnO powder was pre-
ared at lower temperatures, zinc nitrate cannot be decomposed
ompletely into ZnO, and a few amounts of amorphous phase still
emain in this sample. However, from Fig. 5, it is clear that XRD
attern of the sample prepared at 300 ◦C does not have obvious
morphous phase. Fig. 6 shows XRD patterns of N-containing ZnO
owder prepared at 350 ◦C for different heat treatment time. From
ig. 6, it also can be seen that the crystallinity of the photocatalyst
ncreases with the increase of heat treatment time.

Crystallite sizes of the N-containing ZnO were calculated from
he X-ray peak broadening of the (1 0 1) diffraction peak using the
cherrer formula [36]. The crystal sizes of N-containing ZnO are
hown in Table 1. It can be seen from Table 1 that the crystallite size
f N-containing ZnO increases with the increase of heat treatment
emperature from 300 to 400 ◦C. The crystallite size of the sample
ig. 6. XRD patterns of N-containing ZnO prepared at 350 ◦C for different time. (a)
h, (b) 2 h, (c) 3 h, (d) 5 h and (e) 7 h.
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Table 1
Summary of the properties and heat treatment conditions of samples

Temperature (◦C) Time (h) FWHM value (rad) BET area (m2 g−1) Crystal size (nm)

300 3 0.0039 24.1 36.9
350 1 0.0044 28.5 32.9
350 2 0.0037 21.2 39.5
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50 3 0.0035
50 5 0.0032
50 7 0.0029
00 3 0.0028

2.9 to 50.8 nm. This indicates that the decrease of surface area
s mainly due to the growth of crystallite size. Another important
eason is that with the increase in heat treatment temperature
nd time, the pores of N-containing ZnO powder gradually col-
apse, and that pore is caused by the liberation of a large amount of
ases (NOx) during the heat treatment. From Table 1, it can also be
een that FWHM value of the sample decreases as the heat treat-
ent temperature increases. This indicates that the crystallinity

f the photocatalyst improves with the increase of heat treatment
emperature.

.2. Evaluation of photocatalytic activity of N-containing ZnO
owder

.2.1. Photocatalytic activity under UV irradiation
Effects of heat treatment on the photocatalytic reduction of

r2O7
2− and the photocatalytic oxidation of MO under UV irradia-

ion are shown in Table 2.
From Table 2, it can be seen that, when the heat treatment

emperature is 350 ◦C, the best heat treatment time is 3 h. The pho-
ocatalytic activity of N-containing ZnO powder increases with the
ncrease of heat treatment time up to 3 h. When the heat treatment
ime is longer than 3 h, the photocatalytic activity of N-containing
nO powder decreases gradually with the increase of the heat
reatment time. The photocatalytic activities of N-containing ZnO
repared at different heat treatment temperatures and time are
lso measured. The results show that, when the heat treatment
emperature is 300 ◦C, the photocatalytic activity increases with
he increase of heat treatment time; however, when the heat treat-

ent temperature is 400 ◦C, the photocatalytic activity decreases
ith the increase of heat treatment time.

Ohtani et al. [37] have proposed a simple model of the pho-
ocatalytic mechanism. According to their model, a high activity
f photocatalyst should satisfy two requirements, namely, large
urface area for absorbing substrates and high crystallinity to
educe photo-excited electron–hole recombination rate. However,
hese requirements are in general conflict with each other, because
he crystallinity increases with the heat treatment temperature
hile the surface area does decrease. When N-containing ZnO
owders are prepared at temperature 300 ◦C, zinc nitrate is not
ecomposed completely into ZnO. A certain amount of amorphous

-containing ZnO still exists and acts as a site of photo-excited
lectron–hole recombination, which is adverse to the photocat-
lytic activity of N-containing ZnO. Calcination can increase the
rystallinity of the sample; the crystallinity improves as the heat
reatment time increases. Therefore, the longer heat treatment time

able 2
he photocatalytic activity of N-containing ZnO under UV irradiation

alcination time (h) 1 2 3 5 7

1 (%) 24.7 29.3 38.9 30.2 26.7
2 (%) 11.4 16.3 18.2 15.7 11.6

emperature: 350 ◦C �1: Cr2O7
2−; �2: methyl orange (MO).

t
b
f
t
a
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3

a

20.3 40.6
17.5 45.5
14.8 49.0
13.9 50.8

xhibits an advantageous effect on the photocatalytic activity at
ower temperatures. Although N-containing ZnO powder prepared
t temperature 400 ◦C has high crystallinity, the crystal size of the
ample increases with the increase of heat treatment time, and it
ecreases the surface area of the sample. Therefore, the long heat
reatment time exhibits an adverse effect on the photocatalytic
ctivity of high temperatures. From the above results, it is clear
hat the two requirements are only partially satisfied by the heat
reatment at a moderate temperature. This explains why the photo-
atalytic activity of N-containing ZnO reaches a maximum at 350 ◦C
or 3 h in this study. The photocatalytic activity of N-containing ZnO
owder prepared in any other preparation conditions is lower than
hat of heat treatment at 350 ◦C for 3 h. It is proposed that the pho-
ocatalyst not only should have a large surface area, but also a high
rystallinity in this preparation condition. It can be seen that, the
eat treatment temperature and time are the important factors that

nfluence the photocatalytic activity of N-containing ZnO powder.
From Table 2, it also can be seen that, when N-containing

nO is prepared at temperature 350 ◦C for 3 h, the photoreduc-
ion efficiency and photo-oxidation efficiency are 38.9% and 18.2%,
espectively. For comparison, the photocatalytic performance of
ure ZnO is also measured. The results show that, for the pure
nO, the photoreduction efficiency and photo-oxidation efficiency
re 14.3% and 73.5%, respectively. It is clear that the photocat-
lytic reduction activity of N-containing ZnO is greater than that
f pure ZnO. However, the photocatalytic oxidation activity of
-containing ZnO is much lower than that of pure ZnO. It is pro-
osed that the change of photocatalytic activity of N-containing
nO should be attributed to the nitrogen introduction. Accord-
ng to the first-principle calculation of nitrogen-doped ZnO [38],
he doped nitrogen in zinc oxide will cause the appearance of
edundant carrier-hole near the top of valence band. The mutual
xclusion effect between the holes will enable the carrier to form
narrow-deep acceptor level in the energy gap, which causes

he conductivity conversion of N-containing zinc oxide from n-
ype to p-type. The conclusion has been proved by iodometric
itrations [39]. At the same time, it has also been reported that
itrogen-doped into substitutional sites of TiO2 crystal results in
he conductivity conversion of TiO2–xNx photocatalyst from n-type
o p-type [40]. According to the photo-electrochemistry property of
emiconductor, photoexcited holes move to the interior of p-type
emiconductor under irradiation, while photoexcited electrons to
he surface, which is beneficial to the photoreduction reaction
etween photoelectrons and the substances adsorbed on the sur-
ace of the semiconductor. From the above assumption, it is clear
hat the doped nitrogen enhances the photocatalytic reduction
ctivity of ZnO under UV irradiation. Zhu et al. also reported that
-type semiconductor has higher photocatalytic oxidation activ-

ty, and p-type semiconductor has higher photocatalytic reduction

ctivity [41].

.2.2. Photocatalytic activity under visible-light irradiation
The wavelength of the visible-light (Vis) is controlled through

420 nm cut filter. Effects of heat treatment on the photocatalytic
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Table 3
The photocatalytic activity of N-containing ZnO under visible-light irradiation

Calcination time (h) 1 2 3 5 7

�1 (%) 18.2 21.3 29.1 25.1 21.9
�2 (%) 9.9 14.2 16.0 13.3 9.8

Temperature: 350 ◦C �1: Cr2O7
2−; �2: methyl orange (MO).
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Fig. 7. Proposed energy-band structure model for N-containing ZnO.

eduction of Cr2O7
2− and the photocatalytic oxidation of MO under

is irradiation are shown in Table 3.
From Table 3, it can be seen that, the effect of heat treat-

ent temperatures and time on the photocatalytic activities of
-containing ZnO under Vis irradiation is the same as the results
nder UV irradiation. The best preparation condition is also at
50 ◦C for 3 h. The photocatalytic activity of N-containing ZnO pow-
er prepared in any other preparation condition is lower than that
f heat treatment at 350 ◦C for 3 h.

From Table 3, it can also be seen that, when the N-containing
nO photocatalyst is prepared at temperature 350 ◦C for 3 h, the
hotoreduction efficiency and photo-oxidation efficiency are 29.1%
nd 16.0%, respectively. It is known that the band-gap of pure
nO is 3.2 eV, and it can be excited by photons with wavelengths
elow 387 nm, the pure ZnO has little activity on the photocat-
lytic reduction of Cr2O7

2− and the photocatalytic oxidation of MO
nder Vis irradiation. It is clear that, the photocatalytic activity
f N-containing ZnO is much higher than that of pure ZnO under
isible-light irradiation.

Li and Haneda proposed a mechanism for the visible-light
hotocatalysis of N-containing ZnO powder [20]. The mechanism
scribes to an acceptor level, newly formed by N-doping between
he conduction band (CB) and the valence band (VB) in the ZnO band
tructure. The proposed energy-band structure in N-containing
nO is illustrated in Fig. 7. The electrons generated in the VB of ZnO
y visible-light irradiation could have been first excited to the AL,
nd further transferred to the CB of ZnO. This means that the elec-
ron transition from VB to CB in a ZnO semiconductor, generally
roduced by UV irradiation (hv > 3.2eV), can be fulfilled through
wo-step transitions even with the lower energy of visible-light
rradiation since an AL is formed.
. Conclusions

N-containing ZnO photocatalyst was prepared by decomposi-
ion of zinc nitrate, which shows higher photocatalytic activity.
he optimum preparation condition is at 350 ◦C for 3 h. Under

[

[

Journal 148 (2009) 263–269

he preparation condition, the sample not only has a large sur-
ace area, but also a high crystallinity. The absorption wavelength
ange of N-containing ZnO powder is shifted to long wavelength,

nd its absorption intensity is also increased. Doped nitrogen sig-
ificantly improves the visible-light photocatalytic activity of the
amples. The UV photocatalytic oxidation activity of N-containing
nO is lower than that of pure ZnO. Nevertheless, the UV pho-
ocatalytic reduction activity of N-containing ZnO is higher than
hat of pure ZnO. The change of photocatalytic activity of the
ample should be attributed to the nitrogen introduction, which
auses the conductivity conversion of the samples from n-type to
-type.
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