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Abstract

ZnO nanoparticles with diameters of 20-50 nm were initially prepared by solvothermal route using ZnCl, and ethylene glycol as raw
materials. With the as-prepared ZnO nanoparticles as precursor and melamine as N source, N-doped ZnO nanoparticles were then
successfully obtained by a simple, efficient, and environmentally-friendly vacuum atmosphere method. Both the undoped and N-doped
ZnO nanoparticles have been characterized by X-ray diffraction, scanning electron microscopy, transmission electron microscopy, and
X-ray photoelectron spectrometry. The N-doped ZnO nanoparticles were found to exhibit obviously improved photocatalytic
performance for the degradation of methyl orange under simulated daylight irradiation in comparison with the undoped ZnO
nanoparticles. The extending light absorption towards the visible-light region and increased crystallinity of the N-doped ZnO
nanoparticles contribute equally to the improved photocatalytic performance. The present vacuum atmosphere method opens up a new
strategy for preparing other N-doped oxide semiconductors such as TiO,.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Oxide semiconductors are important for many environ-
mental and energy issues, because they can utilize solar
energy to eliminate harmful pollutants present in air and
water [1-4]. Since the discovery of water splitting by TiO»,
a wide range of research has been carried out on various
oxide semiconductor photocatalysts including ZnO [5-7],
TiO; [8-10], WO5 [11-13], In,O3 [14], and SnO, [15], with
emphasis on understanding the fundamental photocataly-
tic mechanism, enhancing the photocatalytic activity, and
widening the scope of applications. Among various func-
tional oxide semiconductors, ZnO is biocompatible, biode-
gradable, nontoxic, and highly stable, making it more
competitive than other semiconducting oxide photocata-
lysts for environmental applications [16-20]. However, the
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photocatalytic efficiency of ZnO is still not high enough
for practical application due to its wide bandgap (3.37 ¢V)
and the rapid recombination of photoexcited electron-hole
pairs [21-22].

Doping of other elements in suitable manner could
extend the light absorption of ZnO from the ultraviolet
(UV) to the visible region by narrowing its bandgap and is
found to be an effective route to enhance its photocatalytic
performance. Cation doping usually produces additional
defects or impurities in ZnO, which could act as recombi-
nation centers of photoexcited electron-hole pairs and
deteriorate the photocatalytic activity [23]. In contrast,
anion elements with small radii are promising candidates
for doping because they could be easily incorporated into
the lattice of ZnO by replacing the O atoms or occupying
the interstitial sites. For example, both the N- and S-doped
ZnO exhibited enhanced photocatalytic activity for the
degradation of organic pollutants compared to that of
pure ZnO under solar light irradiation [24,25]. N-doping of
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ZnO nanotetrapods and ZnO nanowire arrays could also
significantly enhanced their light harvesting in the visible-
light region, making them potential photoelectrochemical
cells for water splitting [26,27]. Up till now, various strate-
gies have been developed for the doping of anion elements
in ZnO, such as spray pyrolysis, combustion technique,
thermal evaporation, as well as the commonly-used ther-
mal nitridation route with ammonia as N source [22,24,27—
29]. These reported methods require either high tempera-
ture or complex procedures or toxic N source and cannot
therefore be appropriate for the practical application. The
search for simple and environmental strategies for prepar-
ing anion elements-doped ZnO still remains a challenge
and is of great importance.

In this paper, we present a simple vacuum atmosphere
method to synthesize the N-doped ZnO nanoparticles
(N-ZnO NPs) with ZnO nanoparticles (NPs) and mela-
mine as precursors without introducing external N source.
At the end of the doping process, the melamine could be
reversibly obtained in the furnace tube and no harmful by-
product remained, making the present method environ-
mentally friendly. The N—ZnO NPs were found to exhibit
obviously improved photocatalytic performance in com-
parison with the undoped ZnO NPs. The present vacuum
atmosphere method shows versatility in preparing other
N-doped oxide semiconductors such as TiO,.

2. Experimental details
2.1. Preparation of ZnO NPs

ZnO NPs were prepared by a simple solvothermal route.
Generally, 1.5 mmol of ZnCl, was firstly dissolved in 2 ml
of ethanol in a beaker to obtain a solution. Then, 1.5 mmol
of NaOH was added to the solution, which was subse-
quently transferred into a Teflon-lined high-pressure reac-
tion vessel of 100 mL capacity. 60 ml of ethylene glycol
were added to the vessel with the precursor solution.
The reaction vessel was finally sealed and heated at
200 °C in a Muffle furnace for 24 h. After natural cooling
to room temperature, the as-synthesized products were
washed thoroughly with distilled water several times, and
finally centrifuged with distilled water, ethanol and acetone,
respectively.

2.2. Preparation of N-doped ZnO NPs

N-ZnO NPs was prepared by a vacuum atmosphere
method in a vacuum tube furnace. The as-synthesized ZnO
NPs were firstly mixed with melamine with a weight ratio
of 1:1 by ball milling. The mixture was dispersed on a
quartz plate, which was then located in the central region
of the tube furnace. Before heating, the furnace chamber
was purged using a rotary vacuum pump for 30 min to
receive a certain degree of vacuum. The furnace was
subsequently heated at 380 °C for 2 h to finish the reaction.
Finally, the furnace was cooled down to room temperature

and the powders were collected for further examination.
N-doped TiO, (N-TiO,) NPs were also synthesized by the
same method with TiO, NPs as precursor.

2.3. Characterization

The crystalline structure, morphology, chemical compo-
sition and surface features of the as-synthesized products
were characterized by X-ray diffraction (XRD, D/MAX-
2500, Cu radiation), energy dispersive X-ray spectroscopy
(EDS), transmission electron microscopy (TEM, JEOL
2000FX, operated at 120 kV), high magnification trans-
mission electron microscopy (HRTEM, JEOL JEM 2100,
operated at 200 kV) and X-ray photoelectron spectrometry
(XPS, PHI 5300, Mg kR X-ray source, 1253.6 eV).

2.4. Photocatalytic tests

For the photocatalytic evaluation, methyl orange (MO)
was adopted as typical pollutant. The degradation of MO
by ZnO and N-ZnO NPs was carried out in a photo-
chemical reactor containing a suspension of the photo-
catalysts (20mg) in an MO aqueous solution (50 ml,
10 mg/L) with continuing agitation using a magnetic
stirrer. Simulated daylight irradiation was provided by a
350 W Xe lamp. Prior to the light irradiation, the MO
solutions with the photocatalysts were kept in dark for 2 h
to reach an adsorption—desorption equilibrium. The absor-
bance of MO solutions before and after the photocatalytic
degradation by the photocatalysts was analyzed by UV—vis
diffuse reflectance spectroscopy (U-3010, HITACHI).
The concentration of MO in aqueous solution was deter-
mined by the maximum absorption measurement (around
465 nm of wavelength). The photocatalytic efficiencies
of MO over different photocatalysts are defined by the
equation of ((Co—C)/Cp) x 100%, where C is the concen-
tration of MO aqueous solution after light irradiation, and
Cp is the equilibrium concentration of MO at the equili-
brium adsorption state. For comparison, photocatalytic
properties of TiO, and N-doped TiO, NPs were also
studied.

3. Results and discussions

Fig.1a shows the XRD pattern of the solvothermally-
synthesized sample with ZnCl, as precursor. All the
diffraction peaks could be indexed to hexagonal wurtzite
structure of ZnO (JCPD no. 36-1451), proving that the
resulting sample are pure ZnO. It is obvious that the (100),
(002) and (101) planes possess the highest intensities,
indicative of anisotropic growth of the as-prepared ZnO.
The XRD pattern of the N-ZnO is shown in Fig. Ib.
The diffraction peaks are also in good agreement with
those of hexagonal ZnO (JCPDS card 36-1451) and are
almost identical to that of the pure ZnO, indicating
that the N atoms has been doped in the ZnO crystal and
no new phase was formed. Compared to that of the pure
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ZnO, interestingly, the diffraction peaks of the N-ZnO
became sharper and narrower, revealing increased size and
improved crystallinity.

Fig. 2a is a SEM image of the solvothermally-synthesized
ZnO, which reveals that the ZnO are composed of NPs
with diameters of 20-50 nm. TEM image of the ZnO NPs
indicates that they exhibit semi-spherical morphology and
are agglomerated, as shown in Fig. 2b. HRTEM image
(Fig. 2c) demonstrates that the ZnO NPs are structurally
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Fig. 1. XRD patterns of (a) ZnO and (b) N-ZnO NPs.
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uniform and are adhered to each other with clean and clear
interface. The lattice spacing is measured to be 0.25 nm,
corresponding to the (101) plane of the hexagonal ZnO.
The SAED pattern (Fig. 2e) recorded in Fig. 2¢ exhibits
bright spots, indicating that the ZnO NPs are single
crystalline. Fig. 2d shows a typical SEM image of the as-
prepared N-ZnO NPs, which presents similar morphology
to that of the pure ZnO NPs. Notably, however, the ZnO
NPs have been further agglomerated after the N-doping
process, leading to the formation of larger particle. The
fine feature of the ZnO NPs, compared with their corre-
sponding bulk form, make them more likely to absorb
ambient energy upon heating. In this work, agglomeration
of the ZnO NPs within small range only occurs due to the
low reaction temperature and short reaction period.

The surface compositions of the ZnO NPs and the
N-ZnO NPs are investigated by XPS analysis and the
corresponding XPS spectra are shown in Fig. 3. The
carbon peak (C 1s) at 285¢V is due to the carbon paste
used to stick the samples on the mount. From Fig. 3a, it is
clear that all the peaks of the ZnO NPs are ascribed to Zn,
O, and C elements, and no peaks characteristic of impu-
rities are observed. As for the N-ZnO NPs (Fig. 3b), a
small amount of N could be detected, evidencing the
presence of N in the N—ZnO NPs. Fig. 3c provides the N
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Fig. 2. (a) SEM, (b) TEM, and (c) HRTEM images of ZnO NPs; (d) SEM image of N-ZnO NPs; and (e) the corresponding SAED pattern from Fig. lc.
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Fig. 3. XPS survey spectra of (a) ZnO and (b) N-ZnO NPs; (c) N 1s core-level spectrum; and (d) Zn 2p core-level spectra for ZnO and N-ZnO NPs.

Is core level of the N-ZnO NPs. One peak of binding
energy at about 400 eV can be observed, which is attrib-
uted to the presence of Zn—N bond. EDS result (see
Supplementary material) further proves the doping of N
atoms in the ZnO NPs. Additionally, the ICP-AES results
indicate that the doping amount of N in the N-ZnO NPs is
about 0.8 wt%. The Zn 2p core-level spectra for both the
ZnO and the N-ZnO NPs are shown in Fig. 3d. For the
pure ZnO NPs, the peak positions at 1021.45e¢V and
1044.52 eV corresponds to Zn 2p3/2 and Zn 2pl/2, which
confirms that the Zn mainly exists in the form of Zn>™"
[30]. As for the N-ZnO NPs, the binding energy of Zn 2p3/2
shifts to a lower value, indicating the change of electronic
structure of Zn. Differing from the reported doping ions
such as Bi*™, the N atoms can easily replace the oxygen
atoms in ZnO crystal or enter into the lattice of ZnO
crystal to form the Zn-N bonds, thus increasing the
electron density of ZnO [31]. On the contrary, however,
it is known that the N atoms could also occupy the oxygen
vacancies in ZnO, decreasing the electron density of ZnO
and then increasing the binding energy of Zn>". Here it
can be proposed that the oxygen vacancies were eliminated
before the N-doping process during thermal processing.
As a result, the binding energy of Zn>* decreases in the
N—ZnO NPs.

In comparison with the conventional solid-state process
that usually involves high temperature combined with
complicated steps, the fabrication of oxide semiconductor
nanomaterials via the solution route is relatively mild.

Among various chemical solution strategies, the solvother-
mal method has been widely improved to be an effective
way to prepare low-dimensional nanostructures with pre-
cise control on morphology, structure, and dimension
[32-35]. In this work, the ZnO NPs were successfully
synthesized by the simple solvothermal route without using
any surfactant. It is well-known that ZnO is crystallized by
the hydrolysis of Zn salts that are formed using alkali
compounds such KOH and NaOH [36]. The Na™ ion,
which has smaller ion radius than that of the K ion,
could be attracted by the OH™ around the ZnO nano-
crystals or nuclei and forms a capping layer, inhibiting the
oriented growth of ZnO along the [0001] directions [37].
Finally, ZnO NPs rather than one-dimensional nanostruc-
tured ZnO were formed in this work. The main reactions
involved in the formation of ZnO NPs are illustrated
in the following conventional equations: Zn’* +OH™ «—
Zn(OH),, Zn(OH),+20H™ < Zn(OH);", Zn(OH);~
—ZnO+H,0+20H[38].

Based on the above discussions, the N atoms have been
successfully incorporated into the ZnO NPs. The process
of N-doping in the ZnO NPs with melamine as the N
source could be explained as follows. Firstly, the mela-
mine was transformed to isocyanic acid upon heating at
120 °C. When the temperature reached 380 °C, the iso-
cyanic acid would be reacted with the residual O, or H,O
in the chamber, leading to the formation of NHj3. Then,
the NH; would be reacted with the ZnO NPs accord-
ing to the following equations: NH;«— NH?~+2H™,
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ZnO+xNH?~ & Zn0O, _ N.+xH,O [39]. After 2h of
reaction, the N-doped ZnO NPs were finally obtained. In
addition, the melamine could be reacted with the O, and a
small amount of N, was generated, further favoring the
doping of N in the ZnO through the diffusion of N atoms.
Interestingly, the remaining isocyanic acid can be rever-
sibly transformed to melamine during the cooling process,
which can be collected at both ends of the furnace for the
next use. Although melamine is hazardous to health, no
harmful by-product or impurity remained after the doping
process and the reversibly-obtained melamine could be
recycled, indicating that the present route for N doping is
efficient and environmentally friendly.

The photocatalytic degradation of MO solutions under
simulated sunlight was performed in order to investigate
the photocatalytic properties of both the ZnO and the
N-ZnO NPs. Fig. 4a shows the time course of MO
degradation efficiencies over different photocatalysts. For
comparison, MO degradation over TiO, NPs and N-TiO,
under the same condition was simultaneously measured. In
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Fig. 4. (a) Time course of photodegradation efficiencies over different
photocatalysts and (b) changing UV-vis spectrum for MO aqueous
solution in the presence of N-ZnO NPs.

the case of undoped ZnO NPs and TiO, NPs, slightly
photocatalytic performance was observed under simulated
sunlight irradiation. Obviously, the photocatalytic activi-
ties of both the N-ZnO and the N-TiO, have been found
to be better than that of the undoped ZnO and TiO,, and
the N-ZnO phtocatalyst produces the most effective
photocatalytic activity among all the tested samples. The
ultimate MO degradation efficiency over the N-ZnO
photocatalyst is about 3.8 and 1.5 times higher than those
over the ZnO and the N-TiO, photocatalysts, respectively.
Fig. 4b shows that the absorbance of MO solution
gradually decreased during the photodegradation under
visible light irradiation by the N—ZnO NP photocatalyst.
The maximum absorbance of the MO solution decreased
abruptly from 0.8 (inset in Fig. 3b) to about 0.2 for 20 min
irradiation, and the photodegradation efficiency is about
ca. 80%. The adsorption peak corresponding to MO
almost disappeared after about 100 min, indicating the
excellent photocatalytic activity of the N-ZnO NPs.
Oxide semiconductors, especially ZnO and TiO,, have
been widely investigated as photocatalysts for the degrada-
tion of organic pollutants. However, the wide bandgap of
ZnO and TiO, restrict their photocatalytic applications to
the ultraviolet (UV) region. The doping of ZnO and TiO,
with nonmetals such as N, S, and F could increase their
photocatalytic properties by extending their light absorp-
tion from the UV to the visible region [24-27]. The UV-vis
diffuse reflectance spectra of the ZnO and N-ZnO NPs are
shown in Fig. 5. It is obvious that the light-absorption
edge of the N-ZnO NPs exhibits a slight red-shift towards
the visible-light region with respect to that of the ZnO
NPs. The bandgap of oxide semiconductors can be
determined on the basis of the equation: ahv=A(hv—E,)",
where o is absorption coefficient, Av is the incident photon
energy, A is a constant, n value is 1/2 for direct semi-
conductor [40]. According to the linear extrapolation of
the plots of (ahv)"/? vs hv, the bandgap are estimated to be
3.1eV and 2.75¢V for the undoped and N-doped ZnO
NPs, respectively. Namely, the N doping process yielded a
0.35 eV reduction in the bandgap of ZnO. The narrowing
bandgap of N-ZnO should be attributed to the mixed O 2p
and substitutional N 2p states or to the isolated N 2p

N-ZnO

Absorbance (a.u.)

200 300 400 500 600 700
Wavelength /nm

Fig. 5. UV-vis diffuse reflectance spectra of ZnO and N-ZnO NPs.
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narrow band over the O 2p valence band [41,42]. There-
fore, less energy is needed for the generation of charge
carriers under light irradiation, i.e. photoexcited electrons
(e7) and holes (h™). The electrons and holes could be
reacted with OH™ and absorbed O, to form the hydroxyl
radicals (OH ™) and the superoxide radical anions (O, ),
respectively, leading to the degradation of MO under
visible-light irradiation [43]. In addition, the improved
crystallinity of the N-ZnO NPs could suppress the recom-
bination of the photoexcited electrons and holes, contri-
buting equally to the improved photocatalytic properties.
The improved photocatalytic activities of both the N-ZnO
and the N-TiO, phtocatalysts have certainly verify the
versatility of the present vacuum atmosphere method for
preparing the N-doped oxide semiconductors.

4. Conclusions

We have developed a simple, rapid, and environmentally-
friendly vacuum atmosphere method to prepare the N-ZnO
NPs with the solvothermally-synthesized ZnO NPs as
precursor and the melamine as N source. The present
vacuum atmosphere method represents a new general route
for preparing other N-doped oxide semiconductors such as
TiO,. Both the N-ZnO and the N-TiO, NPs were found to
exhibit obviously improved photocatalytic performance for
the degradation of methyl orange under simulated daylight
irradiation in comparison with the undoped ZnO and
TIOZ NPs.
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