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a  b  s  t  r  a  c  t

Eu-doped  ZnO  nanomaterials  with  different  morphologies  were  successfully  synthesized  with  vari-
ous  mineralizing  agents  by the  mild hydrothermal  method.  The  mineralizing  agent  was  found  to  have
strong  effect  on the crystal  structures,  morphologies  and  photoluminescence  properties  of  the  samples.
Transmission  electron  microscopy  and  scanning  electron  microscopy  images  showed  the  Eu-doped  ZnO
nanorods,  nanoneedles  and  cactus-like  microspheres  based  on nanosheets  can  be  fabricated  by  choosing
NaOH,  C6H12N4 and  (NH2)2CO  as the  mineralizing  agents,  respectively.  The  results  from  X-ray  diffraction
and  X-ray  photoelectron  spectroscopy  indicated  europium  ions  with  trivalent  valence  were  successfully
ineralizing agent
ydrothermal method
hotoluminescence properties

doped  into  the crystal  lattice  of ZnO  matrix.  In the  PL  spectra  from  the  Eu-doped  ZnO  nanomaterials  syn-
thesized  with  mineralizing  agents  of  NaOH  or (NH2)2CO,  three  separated  red  emissions  can  be  obviously
observed,  which  can  be attributed  to  the  4f–4f  intrashell  transitions  of 5D0 → 7F0, 5D0 → 7F1 and 5D0 → 7F2

of  Eu3+ ions,  respectively.  The  intensity  of red  emission  was  found  to be related  with  the  concentration
of  intrinsic  defects,  especially  O-vacancies,  which  could  assist  the  energy  transfer  from  the  ZnO  host  to
the  Eu3+ ions.
. Introduction

ZnO is a major potential candidate for optoelectronic appli-
ations due to its wide bandgap energy of 3.37 eV at room
emperature and large exciton binding energy (60 meV) [1–3]. The
bility of emitting visible light turns it to be a promising material
or the flat panel displays, florescence labels for biological imag-
ng, and so on. As well as we known, the possibility of practical
pplication of any semiconductor lies on the effective manipula-
ion of its physical properties. No doubt, doping selective elements
nto ZnO matrix offers an effective method to realize it. To date,
nO has been widely used as a host matrix for the visible and
nfrared emission of various rare-earth ions [4,5]. For instance,
rivalent europium ion as one of famous rare earth (RE) ions can
e introduced into ZnO nanomaterials to produce red emission
6–8]. In addition, the synthesis of nanomaterials with special size

nd morphology has attracted more attention due to their poten-
ial applications in various fields such as photoelectronic devices,
iological diagnostic probes, catalyst, etc. [9–11]. Up to now, vari-
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ous techniques have been developed for controlling shape, size and
structures of such nanomaterials [12–19].  Moreover, the sponta-
neous emission probability of rare-earth doping nanoparticles can
be significantly modified by changing the particle size, shape and
surrounding medium [20–25]. However, the investigation about
the Eu-doped ZnO nanomaterials with different morphology, in
particular, the effects of various mineralizing agents on their mor-
phologies and photoluminescence properties are limited [26,27].
Therefore, developing a suitable method to synthesize the Eu3+-
doped ZnO nanostructures with various morphologies for tuning
their optical properties is still a challenge.

In this paper, Eu-doped ZnO nanomaterials with different mor-
phologies are synthesized by the mild hydrothermal method
with adding various mineralizing agents, and their morphologies,
growth mechanism and photoluminescence properties are dis-
cussed in detail.

2. Experimental

Analytical pure Zn(NO3)2·6H2O, Eu2O3, NaOH, C6H12N4 (HMT) and (NH2)2CO

were used as initial materials. Firstly, appropriated amounts of europium oxide
(Eu2O3) were dissolved in concentrated nitric acid, and then heated at 120 ◦C for
1  h. A certain amounts of distilled water was added to the above mixture to form
the  0.1 mM of Eu(NO3)3 solution. Secondly, Zn(NO3)2·6H2O was dissolved in deion-
ized water, and appropriated amounts of Eu(NO3)3 solution were added to the above

dx.doi.org/10.1016/j.jallcom.2011.08.021
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jhyang1@jlnu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.08.021
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ig. 1. XRD of ZnO:1%Eu nanomaterials with different mineralizing agents: (a) sam-
les A, B and C and (b) precursor Zn5(OH)6(CO3)2 of sample C before annealing.

olution, then the mineralizing agents (NaOH, HMT  and (NH2)2CO) were added to
he  above solution. Finally, the mixed solution was  transferred into a 60 mL  Teflon-
ined stainless steel autoclave, which was heated at 155 ◦C for 24 h. After growth,
he system was  allowed to cool down to room temperature and the product was
ollected, washed with deionized water and ethanol for three times, separated by

 centrifuge, and then dried in an oven at 60 ◦C for 1 h under air atmosphere to get
hite powder. The final product was annealed at 400 ◦C for 2 h in Ar gas atmosphere
hen (NH2)2CO used as the mineralizing agent.

X-ray diffraction (XRD) (MAC Science, MXP18, Japan), X-ray photoelectron spec-
roscopy (XPS) (VG ESCALAB Mark II), scanning electron microscopy (SEM) (Hitachi,
-570), transmission electron microscope (TEM) (JEM-2100HR, Japan), photolumi-
escence spectroscopy (PL) (He–Cd Laser, 325 nm)  and Raman (Invia-UV, UK) were
sed to characterize the crystal structures, morphologies and photoluminescence
roperties of the Eu-doped ZnO nanomaterials.

. Results and discussion

Fig. 1 shows the XRD patterns of the as-prepared ZnO:1%Eu sam-

les. The specific synthesis conditions of the samples can be seen

n Table 1. Compared with the XRD standard pattern of ZnO [28],
he diffraction peaks of all the samples in Fig. 1(a) can be indexed
o the hexagonal wurtzite structure of ZnO, and no other peaks are

able 1
ynthesis conditions of the samples.

Sample Mineralizing
agent

Annealing
temperature

Doping concentrations
(molar ratio)

A NaOH – 1%
B C6H12N4(HMT) – 1%
C (NH3)2CO 400 ◦C 1%
pounds 509 (2011) 10025– 10031

detected from europium oxide or other impurities. Moreover, the
sharp diffraction peaks of all the Eu-doped ZnO nanomaterials indi-
cate that the samples prepared with the present method are highly
crystallized. To clearly understand the growth process with adding
different mineralizing agents, we would like to point out that the
XRD results testify the ZnO:1%Eu samples can be synthesized by
only one step with using NaOH and HMT  as the mineralizing agents.
While, as shown in Fig. 1(b), we  can see that the initial product
with adding (NH2)2CO is not ZnO but the hydroxide zinc carbon-
ate (Zn5(OH)6(CO3)2), which is easily pyrolyzed into ZnO by further
annealing. Thus, the synthesis process of Eu-doped ZnO nanomate-
rials with mineralizing agent of (NH2)2CO consists of two steps, i.e.
hydrothermal reaction and annealing process. The Zn2+ ions first
react with the OH− and CO3

2− originated from (NH2)2CO to form
an insoluble precursor at the bottom of the autoclave, and then
decompose into wurtzite ZnO after further annealing at 400 ◦C.

X-ray photoelectron spectroscopy (XPS) and energy dispersive
spectroscopy (EDS) are used to analyze the compositions of the
ZnO:1%Eu samples. Fig. 2 shows the XPS spectra of ZnO:1%Eu sam-
ples. The binding energies (BE) have been calibrated by taking the
carbon C1s peak (285.2 eV) as reference. As shown in the wide scan
XPS spectra (Fig. 2(a)), the Zn2p3/2, Zn2p1/2, O1s, C1s and Eu3d
have been detected, which indicates the elements of Zn, Eu, O and
C exist in the as-prepared ZnO:1%Eu samples. The double peaks
at 1044 eV and 1021 eV in Fig. 2(b) are corresponding to the core
levels of Zn2p1/2 and Zn2p3/2 of ZnO, respectively. The fitting of
O1s region with two  Gauss functions indicates that at least two
kinds of oxygen species are present in the near surface domain
of three ZnO:1%Eu samples (Fig. 2(c)). The peak at ∼530 eV can
be ascribed to the crystal lattice oxygen of doped ZnO nanocrys-
tals, while the peak at ∼531.7 eV originates from the chemisorbed
oxygen on the nanocrystal surfaces. The concentration of the ele-
ments present in the sample could be estimated using the formula
Cx % = (In/Sn)/

∑
In/Sn,  where x is the element and Sn is the sen-

sitivity factor [29]. The O contents are about 63.73%, 81.19% and
59.23% in molarities, from which we can deduce that the concen-
trations of O-defects are 36.27%, 18.81% and 40.77% in molarities
for samples A, B and C, respectively. Concerning the europium, four
peaks of Eu3d are usually presented in the range of 1123–1167 eV.
From Fig. 2(d), two peaks located at 1164.6 eV and 1134.7 eV can
be assigned to the Eu3d3/2 and Eu3d5/2 core levels respectively,
which indicates that the Eu ion has a + 3 valence in Eu-doped
ZnO sample [30]. In comparison with the standard binding energy
of Eu3d5/2 (1135.6 eV), a blueshift of 0.9 eV in binding energy is
observed for the sample C, meaning that the Eu–O distance in doped
ZnO nanocrystals is quite different from that in pure Eu2O3 oxide
[31,32]. Besides these lines, another two peaks are present at char-
acteristic satellite structure, which are mainly attributed to final
state effects and/or charge transfer coexcitations of light rare earth
compounds. The energy separation of 9.8 eV between each satel-
lite and the main spin orbit split component (marked with arrows
shown in Fig. 2(d)) is in agreement with the previous report about
Eu(III) oxides [33–35].  In addition, the XPS data shows the 0.86%
Eu in molarity is detected in the ZnO:1%Eu sample. Meanwhile,
the 0.81% Eu in molarity is also found in the same sample from
the EDS spectrum (Fig. 3), which has a good agreement with XPS
result.

Fig. 4 shows the morphologies of ZnO:1%Eu samples with dif-
ferent mineralizing agents. As expected, the morphologies of the
samples grown with various mineralizing agents are significantly
different. Sample A is composed of nanorods with diameter range
of 12–20 nm,  which can be clearly seen from the TEM image

in Fig. 4(a). As shown in Fig. 4(b), the ZnO nanoneedle-based
microflowers (sample B) are obtained when the mineralizing agent
is fixed with HMT. The length of nanoneedles is 2–3 �m and the tip
diameter is about 100 nm.  Furthermore, TEM image indicates the
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Fig. 2. XPS spectra of ZnO:1%Eu showing the individual (a) wide scan XPS spectra, (b) Zn2p, (c) O1s of three sample and (d) Eu3d peaks of sample C.
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Fig. 3. EDS i
orphology of sample C is the nanosheets with irregular porous
icrostructure (Fig. 4(c)). From the inset of Fig. 4(c), HRTEM image

hows the clear lattice fringes with spacing of 0.267 nm between
djacent lattice planes correspond to the d-spacing of (0 0 0 2) plane
of sample C.
of the Eu-doped ZnO sample, which is different from the undoped
one (0.261 nm). It indicates that Eu3+ ions are successfully doped
into the crystal lattice of ZnO matrix without forming europium
oxides or any other impurities at the surface of ZnO.
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Fig. 4. Morphologies of ZnO:1%Eu nanomaterials with different mineralizing
agents: (a) TEM image of sample A, (b) SEM image of sample B and (c) TEM image
of  sample C.

Fig. 5. SEM images of precursor (sample C) synthesized under different reaction
time in the hydrothermal process: (a) 3 h, (b) 7 h and (c) 24 h.
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ig. 6. A schematic representation for the formation and evolution of sample C by t
 close stacking layer, (b) cactus-like microspheres assembled with single-crystal n

The morphologies of ZnO nanomaterials mainly depend on their
rowth conditions and mechanisms [36]. In our experiment, it is
ound that the obtained ZnO nanomaterials with different mor-
hologies should be related to the release rate of OH− in the solution
ue to the variation of mineralizing agents. The different release
ate of OH− in the reaction process could change the pH values in
he resultant solution, which will decide the growth environment
nder the condition of neutrality or alkalescency. Thus, the crystal
rowth rate and orientation would be strongly influenced, which
nally results in the difference of crystal morphology and body size
or the as-grown ZnO nanomaterials.
In addition, optical properties of ZnO nanostructures are highly

elated to their morphologies [37]. The nanosheets with unique
anostructure may  exhibit novel optical properties which is dis-

ig. 7. Raman spectra of ZnO:1%Eu samples with different mineralizing agents: (a)
ample A, (b) sample B and (c) sample C.

ig. 8. Room temperature PL spectra of ZnO:1%Eu samples with different mineral-
zing agents: (a) sample A, (b) sample B and (c) sample C.
t-step hydrothermal process: (a) ZnO nanosheets connect with each other to form
eets and (c–d) etched process.

tinct from that of ZnO nanorods and nanoneedles. Therefore, the
growth mechanism of nanosheets is worth for the further study.
For the nanosheets, the (NH2)2CO is used as the mineralizing agent
in the experiment. As we  know (NH2)2CO as a homogeneous miner-
alizing agent has been widely exploited in synthesizing metal oxide
nanostructures, and the morphologies and structures of nanoma-
terials could be controlled by adjusting specimen concentration,
reaction time, and temperature [38,39].  In our case, we find that the
reaction time plays an important role in controlling the microstruc-
ture of the obtained samples. The SEM images of the as-prepared
precursors under different reaction time in the hydrothermal pro-
cess are given in Fig. 5. As reaction time is 3 h, only partial and
loosely nanosheets aggregate together to build small flower-like
ZnO precursors, which can be seen in Fig. 5(a). It could be regarded
as the early growth stage. With further increasing the reaction time
to 7 h, the small flowers start to grow into larger cluster-like micro-
spheres with more compact nanosheets (Fig. 5(b)). Furthermore,
when the reaction time increases to 24 h, the cactus-like micro-
spheres assembled with single-crystal nanosheets are obtained
(Fig. 5(c)). According to the above growth variation with different
reaction time, the formation mechanism of these nanostructures
can be explained as follows in the schematic diagram (Fig. 6). The
precursor crystallizes in a layered behavior in the (1 0 0) plane, in
which the [ZnO6] octahedra and [ZnO4] tetrahedra connect with
each other to form a close stacking layer, and the neighboring zinc
oxide layers are combined by weak CO3

2− and OH− anions [40,41].
Hence, the nucleation and growth of the nanosheets are more likely
to happen at the edge of each nanosheet, and the nanosheets are
aligned with one another, which would lead to the cactus-like
microspheres assembled with single-crystal nanosheets. Further-
more, the end of petals converts to point and the width of sheets
becomes narrow with the reaction time increasing, which can be
clearly seen in the inset. A possible explanation of this phenomenon
is that the fringes of sheets would be etched due to the further
increase of the pH value in the solution with prolonging the reaction
time.

Fig. 7 shows the Raman spectra of ZnO:1%Eu samples with
different mineralizing agents, which is excited by 514 nm line
from an argon laser. In Fig. 7, the peaks located at 332, 382,
438, and 584 cm−1 can be observed. On the basis of the reported
zone-center optical phonon frequencies in ZnO, the peaks located
at 332 and 382 cm−1 can be assigned to E2H–E2L and A1(TO)
Raman mode, respectively [42,43].  The sharp peak located at
438 cm−1 is attributed to the ZnO nonpolar optical phonons of E2H
mode, which is one of the characteristic peaks of wurtzite ZnO
[44,30]. The Raman peak located at about 584 cm−1 corresponds
to A1(LO) phonon, which is attributed the defects of O-vacancy, Zn-
interstitial, or these complexes in the samples [45]. Comparing the
three Raman spectra, it can be seen that the values of the full width
at half maximum (FWHM) for the E2H peak are different. To ascer-

tain by computation, the FWHM values of E2H peak for samples A, B,
C are estimated to be about 9 cm−1, 11 cm−1 and 15 cm−1, respec-
tively. The value of sample A is minimum, which indicates that the
sample A has the best crystalline quality among the three samples.
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ig. 9. Zoom to area of the defect emission of PL spectra in Fig. 5: (a) sample A, (b)
ample B and (c) sample C.

Fig. 8 shows the photoluminescence spectra of ZnO:1%Eu
amples with different mineralizing agents measured at room tem-
erature. Samples are excited by a He–Cd laser at a wavelength of
25 nm.  As seen in Fig. 8, all the spectra exhibit an ultraviolet (UV)
mission and a defect emission. The UV emission centered at about
86 nm is originated from the recombination of the free excitons in
nO [46–48].  The defect emission ranging from 440 nm to 700 nm
s associated with deep level emission (DLE) in ZnO [4,49],  which is
elated to the intrinsic defects such as O-vacancy (VO) [50–52],  Zn-
acancy (VZn) [53–55],  O-interstitial (Oi) [56], Zn-interstitial (Zni)
57,58], and extrinsic impurities [59]. According to the XPS results,
he Eu ions exist in the ZnO lattices with a + 3 valence. In normal
ase, Eu ions are apt to take the places of Zn ion sites, thus the local
harge balance in ZnO will be broken. In order to maintain the bal-
nce, the concentration of the defects such as VZn and Oi should
e changed for charge compensation, resulting in variation of the
rystalline quality [60]. From Fig. 8, we also can find that the rel-
tive PL intensity ratio of ultraviolet emission (IUV) to deep level
mission (IDLE) of the samples with different mineralizing agents is
uite different. To ascertain by computation [61], the intensity ratio
f IUV/IDLE of samples A, B, C is estimated to be about 6.7, 1.1 and
.8, respectively. The intensity ratio of IUV/IDLE is related with the
rystallization, so the sample A with mineralizing agent of NaOH
hould have much better crystallization according to the larger
ntensity ratio, which has a good agreement with above Raman
esults.

In order to investigate the deep level emission of Eu3+ ion
n detail, three PL spectra have been magnified in the range of
20–660 nm,  as shown in Fig. 9. In the spectrum, the peaks located
t 580, 587 and 614 nm are observed, which can be attributed to the
f–4f intrashell transitions of 5D0 → 7F0, 5D0 → 7F1 and 5D0 → 7F2
f Eu3+ ions, respectively [62]. Comparing three spectra, it can be
een the intensity of the defect emissions of samples A, B and C are
bviously different. Interestingly, the red emissions of Eu3+ ions
re found in samples A and C but disappear in sample B. In ZnO,
he energy level of defects related to green emission is 2.3–2.45 eV
63], which is close to the excited state energy of Eu3+, thus nonra-
iative energy transfer from these defects to Eu3+ ions is favorable.
herefore, the defects related to green emission have a great pos-
ibility to act as the energy storage centers in the energy transfer
rocess. Recently, this deep level emission band had been identified

nd at least two different defect origins (VO and VZn) with differ-
nt optical characteristics were claimed to contribute to this DLE
and [58,64,65].  In our case, Eu elements are doped into the ZnO
pounds 509 (2011) 10025– 10031

matrix, and the results from both XRD and XPS already proves that
the Eu3+ ions take the place of Zn2+ ions. Thus, the possibility to
form VZn will be lowered so that VO may  play the domain role to
contribute the green emission in our samples. So we  believe that
there is a strong correlation between the O-vacancies concentration
and the characteristics of the Eu3+-related red emission. The more
concentration of O-vacancies exists in the samples, the more red
emissions will be stronger. The conclusion can be further proved
by the XPS results. From the XPS results, we  can see the concen-
trations of O-defects are 36.27%, 18.81% and 40.77% in molarities
for samples A, B and C, respectively. The sample B does not have
enough O-vacancies concentration, so the sharp red emission dis-
appears. In addition, when the (NH2)2CO as mineralizing agent is
introduced into the hydrothermal process, the red emissions of
Eu3+ is more obvious (sample C). Therefore, the red emissions might
be attributed to coordination with some anions (CO3

2− or OH−).
The CO3

2 or OH− anions at the nonpolar surface might bring more
oxygen defect and stabilize their levels just below the conduction
band of ZnO, which facilitate the ZnO–Eu3+ energy transfer. From
these results, we can clearly see that more defect appear in the sys-
tem, more efficient and fast energy transfer occurs, especially, the
O-vacancies can assist energy transfer process from the ZnO host
to the Eu dopants.

4. Conclusions

In this work, we have successfully prepared Eu-doped ZnO
nanorods, nanoneedles and cactus-like microspheres based on
nanosheets with different mineralizing agents by a simple
hydrothermal method, and further discussed the morphologies and
optical properties of the samples in detail. The different morpholo-
gies of nanomaterials with various mineralizing agents should be
related to the release rate of OH− in the solution. The sample
grown with mineralizing agent NaOH has much better crystal-
lization according to the Raman and PL results. Moreover, the
as-prepared Eu-doped ZnO nanomaterials with various morpholo-
gies exhibit different optical properties. From the PL results, the
red emissions of Eu3+ is more obvious when the mineralizing agent
is fixed at (NH2)2CO. The intensity of red emission is found to be
related with the intrinsic defect emission and the intrinsic defects
can assist efficient energy transfer from the ZnO host to the Eu3+

ions. More efficient Eu3+ emission is expected by the rational con-
trol of the concentration and type of mineralizing agents. The above
results not only provides a simple hydrothermal method to fabri-
cate Eu-doped ZnO nanomaterials with various morphologies, but
also proves the possibility of realizing efficient RE3+ 4f–4f emission
in ZnO nanostructures which could be utilized in various optoelec-
tric applications.
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