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Optical properties and photocatalytic activity of Nd-doped ZnO powders
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Abstract: To improve the photocatalytic activity of zinc oxides, ZnO powders doped with different neodymium (Nd) concentrations
were prepared via hydrothermal method. X-ray diffraction (XRD) together with X-ray photoelectron spectroscopy (XPS) patterns
revealed that Nd atoms were successfully incorporated into the ZnO lattice. XRD pattern also showed some anisotropy of the
powders. The photoluminescence (PL) spectrum demonstrated a strong and broad peak in the visible light region, and the intensity of
visible light emission was enhanced by Nd-doping. The photocatalytic activity was evaluated by the degradation of methyl orange
solution. It is shown that doping of Nd into ZnO induces an increase of the photocatalytic activity and it attains to optimum at 3%
(mole fraction) doping concentration. The intense visible light emission and the enhanced photocatalytic activity were explained by
the increase in electron hole pairs and induced defects like antisite oxygen O, and interstitial oxygen O;, due to the doping of Nd.
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1 Introduction

Various metal oxide semiconductors, such as TiO,,
Zn0O, WO; and SnO,, have been studied and applied as
photocatalysts. Among them, TiO, is considered the
most efficient photocatalyst due to its abundant
availability, cost-effectiveness and chemical stability.
However, recent researches have shown that ZnO can be
used as a more efficient photocatalyst compared with
TiO, [1,2], as it is also a wide bandgap (3.37 eV)
semiconductor of abundant availability, cost-
effectiveness and no secondary environmental pollution.
An important characteristic is that ZnO contains various
intrinsic defects. Introducing defects into ZnO structure
can not only narrow the band gap to increase the solar
light harvesting capability, but also bring many split
energy gaps to set up a possible catalytic systems which
sense and shoot environmental contaminants [3,4].

Doping of metal and nonmetal elements is an
effective way to introduce defects to modify the optical
property of ZnO [5,6]. Rare-earth (RE) ions [7,8] have
been recognized as excellent candidates for

luminescence centers of the doped ZnO nanocrystals due
to their optical advantages. Doping [9] can effectively
improve the photocatalytic performance of the
semiconductors, through extending the light absorption
wavelength. Nd as one element of lanthanide has gained
focus of numerous investigations because of its particular
optical properties [10,11] and promising applications in
optoelectronic [12,13] and magnetic devices [14]. In the
present work, Nd-doped ZnO particles were prepared by
hydrothermal method. The effects of Nd-doping and its
concentration on the the photoluminescence (PL) and
photocatalysis properties were investigated.

2 Experimental

The Zn;_Nd,O powders (x=0, 1%, 3%, and 5%;
mole fraction) were prepared via the hydrothermal
method. All the chemical reagents used in the experiment
were in analytical grade without further purification. The
mixture of zinc acetate (Zn(CH3COO),:2H,0) and
neodymium nitrate (Nd(NOs);-6H,0) of 0.55 mol/L were
dissolved into deionized water with vibration in a
magnetic stirrer to get the solution A. 0.55 mol/L
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hexamethylene tetramine (HTMA) was dissolved into
deionized water in the same way to form solution B.
Then solution A was dissolved into solution B to form
the final reagent solution in a sealed Teflon-lined
stainless steel autoclave which was then heated at 95 °C
for 16 h in an oven and cooled to room temperature. The
obtained product was washed with deionized water and
centrifuged several times and dried at 50 °C in the oven
to become white powder, which was then further sintered
at 600 °C for 2 h in a furnace to form the final Zn,_ ,Nd,O
powders.

X-ray diffraction was applied to determining the
phase structure, performed on a D/max-Rigaku XRD
diffraction spectrometer with a Cu K, line of 1.5417 A
and a monochromator at 50 kV and 300 mA. XPS
spectra of the ZnO powders were obtained by an
ESCALABMk II (Vacuum Generators) spectrometer
using un-monochromatic Al K, X-rays (240 W). Cycles
of XPS measurements were done in a high vacuum
chamber with a base pressure of 1.33x10°° Pa. The PL
spectra  were measured by a  fluorescence
spectrophotometer using a He—Cd laser with a
wavelength of 325 nm as the excitation light source at
room temperature.

UV-Vis spectrophotometer was
examine the absorption spectrum and to analyze the
photocatalysis degradation of the powder. Photocatalysis
experiment was done by catalyzing the 30 mL solution
containing 15 mg/L methyl orange. 30 mg of the
as-synthesized Zn;_.Nd,O power was put as catalysis
into the solution and the degradation was realized under
a UV-Vis light source. The degradation efficiency was
estimated by the light absorption of the solution
measured by the UV-Vis spectrophotometer by the
following equation:

1= (co—c.)/cox 100%=(Ag—A,)/ Ay 100%

employed to

where ¢, Ay and ¢, A, are the concentration and
absorption of methyl orange solution at original moment
(0) and instant time (#), respectively.

3 Results and discussion

3.1 Characterization of Zn, Nd,O powder

Figure 1 shows the XRD patterns of the
as-synthesized Zn;_,Nd,O (x=0, 1%, 3% and 5%). All
diffraction peaks match with those of wurtzite structure
ZnO (JCPDS: 36—1451) and no extra peaks of other
substance are detected, indicating the synthesis of
Zn;,Nd,O as expected. As random powder, it should
hold isotropy XRD spectrum. For the isotropy
polycrystalline wurtzite structure ZnO powder, the (101)
plane has the maximum diffraction, and the (100) and
(002) planes are the second and third (see JCPDS:

36—1451). However, the present samples show that the
(002) plane has the maximum diffraction peak, namely,
the powders show anisotropy, that is, more c-axis planes
than random are exposed to the X-ray in a heap of the
ZnO powder.
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Fig. 1 XRD patterns of Zn;_Nd,O powders with different Nd
concentrations

Figure 2 shows the FESEM images of Zn; ,Nd,O
powder samples (x=1% and x=5%). Many plate-like ZnO
crystals are observed and the plate surface should be the
(002) plane of wurtzite structure ZnO, according to the
XRD patterns shown in Fig. 1. As the Nd concentration
increases, the ZnO crystals tend to reunite with each
other. Meanwhile, the quantity of plate-like crystals
(with (002) plane as the surface) decreases, which is also
proved by the relative reduction of the diffraction
intensity of the (002) plane with Nd concentration
increasing as shown in Fig. 1.

Figure 3 shows the XPS survey spectra of the
as-obtained Zny 9sNdy ¢sO particles. Figure 3(a) shows the
whole spectrum where the bind energies of Zn, Nd, O
and C elements are labeled. Figures 3(b), (c) and (d)
show the amplificatory spectra of Zn 2p, O 1s and Nd 3d
peaks, respectively. In the XPS spectra, the binding
energies have been calibrated by taking the C 1s peak
(285.0 eV) [15] as reference. Figure 3(b) shows the Zn
2p3/2 (1021.4 eV) peak and Zn 2p1/2 (1044.5 eV) peak,
respectively. They are assigned to the lattice zinc in zinc
oxide [16—18]. The O 1s can be fitted through
Lorentzian—Gaussian by two peaks located at 530.2 eV
and 531.8 eV, The former with lower banding energy
corresponds to the intrinsic O*" in ZnO, i.e., the Zn—O
bonds. The peak at 531.8 eV is attributed to the
chemisorbed oxygen of the surface hydroxyl, —CO;,
absorbed H,0, absorbed O, or mainly due to the surface
contamination [19,20]. The spectrum of Nd 3d region is
depicted in Fig. 3(d). The peaks 0of 976.4 ¢V and 1011.6
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Fig. 2 FESEM images of Zn,_,Nd,O particles with x=1% (a) and x=5% (b)
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Fig. 3 XPS spectra of Nd-doped ZnO particles (a), Zn 2p (b), O 1s (c) and Nd 3d (d) for Zn,_Nd,O at x=5%

eV represent 5/2 and 3/2 spin-orbit double components
of Nd 3d core level photoemission respectively, which
reveals that Nd ions exist in trivalent state in comparison
with Nd ions in Nd,O; [21,22]. So, Nd atoms were
successfully incorporated into the ZnO lattice, and they
would cause the local oxygen deficiency as every two Nd
atoms combined three oxygen atoms.

3.2 Photoluminescence and photocatalysis of

Zn,_,Nd,O powder
Figure 4 shows the photoluminescence (PL) spectra

of Zn ,Nd,O powders at room temperature with different
concentrations as well as the pure ZnO (x=0) for
comparison. These powders show relatively weak UV
emission, but enhanced deep level (DL) emission, which
is obviously different from other samples synthesized by
sol—gel method [23]. The intensity of the DL emission
first increases as the concentration of Nd in the
Zn;,Nd,O powder increases, reaching a maximum at the
concentration of x=3%, which is about 21.8 times the
intensity of UV emission, namely, the ZnO powder
becomes a photoluminescent visible emission source,
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which is quite different from the common ZnO. With
further increasing the Nd concentration, the DL emission
intensity decreases.
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Fig. 4 PL spectra of Zn; Nd,O powders with different

concentrations measured at room temperature

Figure 5 shows the photocatalytic performance of
as-synthesized Zn;,Nd,O. The ZnO powder without
doping also has an acceptable photocatalytic activity as it
degrades about 85% of methyl orange in 45 min. Doping
of Nd in ZnO improves the photocatalytic activity, while
the Zn;_,Nd,O with x=3% has the best degradation as it
degrades all the methyl orange in 45 min. The Zn,_,Nd,O
with more Nd doping (for example, x=5%) has decreased
photocatalytic activity, although it is still better than that
without Nd doping. It is interesting to note that the
intensity of PL in deep level emission reaches the
maximum and the photocatalytic degradation of methyl
orange reaches the best both at the Nd doping
concentration of 3%, which implies that similar effects
should be dominant on the two properties.

The visible light emission illustrates that there are
impurities and defects in the negative-charged interstitial
oxygen ion state [24]. The highest decomposed peaks
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Fig. 5 Absorption and degradation efficiency spectra of
Zn;,Nd,O powders

located at about 520 nm and 540 nm should be aroused
by the intrinsic defects of antisite oxygen Oz, (2.385 eV
or 520 nm) and interstitial oxygen O; (2.296 eV or 540
nm) [25]. Doping Nd atoms would attract more oxygen
atoms around them as a pair of Nd atoms need three
oxygen atoms according to the above XPS analysis;
while in ZnO lattice, each Zn atom needs only one O
atom. So, there should be more interstitial oxygen O; or
antisite oxygen Ogz, nearby doping Nd atoms in ZnO
lattice, which induces the enhanced visible emission at
520—540 nm. Meanwhile, the lattice distortion and other
defects would split the energy gaps to make the emission
spread in a broad wavelength range as shown in Fig. 4.

For semiconductor materials with wide band gap,
the recombination of electron-hole pairs in the redox
processes usually reduces the photocatalytic activity
considerably [26], which is one of the main reasons
limiting  the  photocatalytic
semiconductor materials like ZnO and TiO,. Doping of
Nd induces pretty much defects like interstitial oxygen
O; and antisite oxygen Ogz,, which play important roles in
trapping the charge carriers to prevent them
recombination, and hence enhance the photocatalytic
activity of ZnO. Doping of trivalence Nd in ZnO lattice
(where Zn is bivalence ion) would also provide more
electrons and holes, to promote the photocatalytic
activity.

Over-doping of Nd will not further increase the
visible emission and the photocatalytic activity. It was
reported that the photocatalytic activity of ZnO depends
on the crystalline plane [27]; the exposure of a greater
portion of polar faces ((002) plane) leads to greater
photocatalytic activity as the (002) face has the
intrinsically highest energy among all the faces and
could adsorb OH  ions on it. It is seen from Fig. 1 that
the primary ZnO has good photocatalytic activity.
However, the over-doping of Nd decreases the crystal
size, reunites the particles and reduces the portion of
exposed (002) plane. So, the photocatalytic activity of
71 95Ndg 05O cannot be further increased.

performance  of

4 Conclusions

1) Nd-doped ZnO (Zn,,Nd,O) powders were
prepared by the hydrothermal method and the XRD with
XPS analyses confirmed the doping of Nd into ZnO
lattice.

2) The as-synthesized Zn,Nd,O powders show an
intense and broad visible light (DL) emission centered at
520-540 nm and a relative weak UV emission. The DL
emission peak reaches the maximum for the Zn;_ Nd,O
powder with 3% Nd doping (x=3%). The enhanced
visible emission can be explained by the induced defects
like antisite oxygen Ogz, and interstitial oxygen O;, due to
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the doping of Nd.

3) The as-synthesized Zn;Nd,O powders show
enhanced photocatalytic

activity tested by the

photocatalytic degradation of methyl orange solution,
and the photocatalytic activity also reaches optimum for
the Zn;Nd,O powder with 3% Nd doping. The
improved photocatalytic activity can be attributed to the
increased electrons and hole pairs and the introduce of
intrinsic defects by Nd doping.
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