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ABSTRACT

In this study, a facile two-step solution route is demonstrated for the fabrication of Co-doped ZnO
nanorods with diverse doping levels. The combination of XRD, EDS, and XPS measurements reveals that
Coions are successfully incorporated into the ZnO matrix and exist in the host lattice under the 2+ valence
state. The substitution of Co?* for Zn2* does not change the wurtzite structure of ZnO nanocrystals. Co%*
dopant inhibits the dissolution of the intermediate product, thus, allowing a relatively slow and uniform
deposition of the effective ions on the growing tiny rods. As a consequence, the obtained ZnO nanorods
become longer and thinner with the increase in dopant concentration. Homogeneous substitutional dop-
ing is further verified by UV-vis absorption and photoluminescence spectroscopy. An obvious redshift in
the wavelength of the absorption edge is observed in the doped ZnO samples, which can be attributed
to the sp—d exchange interactions between the electrons in the conduction band of ZnO and the local-
ized d electrons of the Co?* cations. A remarkable quenching of yellow-green luminescence that results
from doping is explained by an energy transfer mechanism. Furthermore, the doped ZnO exhibits room-
temperature ferromagnetism, which is greatly suppressed and replaced by paramagnetism at higher

doping levels.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

With a wide band gap of 3.37eV and a large exciton binding
energy of 60 meV, ZnO semiconductor has attracted a great deal of
attention in the material research field. Due to its significant optical
and electronic properties, ZnO has been widely used for fabricat-
ing various nano-optoelectronic devices [1-4]. Over the past few
years, the doping of well-chosen impurities has been extensively
explored as an effective technique to modify the properties of ZnO
nanostructures [5-9]. Transition metal doping of ZnO has become
an active research field ever since it was predicted to improve the
optical and electronic properties of the oxide material, and particu-
larly, lead to room-temperature ferromagnetism. Among these, the
element of Co is considered a potential candidate for incorporating
into ZnO because of its abundant electron states and large solubility
in the ZnO matrix [10].

In recent years, many groups have synthesized Co-doped ZnO
(Co:ZnO)nanostructures and studied the altered performance upon
doping. For instance, Jones and coworkers [11] fabricated Co:ZnO
submicrometer tubes using a polymer based template approach.
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They observed a 25-nm redshift in UV-vis absorption, which orig-
inated from the narrowing of the ZnO band gap (3.22eV) as a
result of Co doping. Wang’s group [ 12] synthesized Co:ZnO nanorod
arrays on a glass substrate via a solution route. They found that
Co doping can effectively adjust the energy level in ZnO nanorods,
lead to variation in the UV emission peak position, and enhance
the luminescence performance in the visible light region. Bahadur’s
group [13] synthesized uniform and transparent Zn;_,CoxO films
by a sol-gel spin coating technique, and revealed that an increase
in Co content in the range 0 <x<0.10 led to a decrease in band
gap energy as well as quenching of the near band edge and blue
emissions. Sharma et al. [14] prepared Co:ZnO nanoparticles by a
co-precipitation technique. The obtained samples showed strong
ferromagnetic behavior at room temperature. However, at higher
doping levels, the ferromagnetic behavior was suppressed and the
antiferromagnetic nature was enhanced. Xu and Cao [15] reported
a hydrothermal method to synthesize Zn;_,CoxO flakes, and found
that the samples exhibited obvious ferromagnetic characteristics
at room temperature. Moreover, with more doping content of
Co?*, the ferromagnetic behavior was suppressed and paramag-
netic nature was observed.

Previous studies have obviously demonstrated that the physi-
cal and chemical properties of the synthesized Co:ZnO samples are
strongly sensitive to its preparative conditions [12,13]. Recently,
much effort has been made to investigate wet chemical methods
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for the synthesis of metal-ion-doped ZnO nanostructures, includ-
ing the sol-gel method [16,17] and various hydrothermal methods
[18,19]. These direct synthetic methods can allow a better control
over chemical composition and dopant incorporation. Here, a two-
step solution route is reported to synthesize homogeneous Co:ZnO
nanorods at a low temperature (100 °C) with no assisted template.
The diversification caused by Co doping on structural, morphologi-
cal, optical, and magnetic properties of ZnO was discussed in detail.
Our results indicate that the current doping process is a poten-
tial method to produce high quality transition metal-doped ZnO
nanocrystals with adjustable properties.

2. Experimental
2.1. Preparation of pure ZnO and Co:Zn0O nanorods

All reagents employed in these experiments, including zinc chloride (ZnCl,,
>98.0%), cobalt chloride (CoCl,, >98.0%), and sodium hydroxide (NaOH, >96.0%),
were purchased from Tianjin Chemical Reagent Company. They were of analytical
grade and have been used without further purification. The reagents were dissolved
in deionized water at room temperature to obtain the standard solutions of 1.0, 0.1,
and 4.0 M, respectively, prior to the synthetic experiments. Pure ZnO and Co:ZnO
nanorods were prepared using a facile two-step solution method as described in the
following: 20 mL of the ZnCl, solution was mixed with different volumes of the CoCl,
solution under vigorous stirring, according to the required Co doping levels. Then,
45 mL of the NaOH solution was added dropwise to the above mixture with water
added to reach a volume of 100 mL of clear solution ([Zn?*]=0.2 M, [OH"]=1.8 M;
molarratio ofZn?*JOH- =1:9). Co doping levels were defined as 0,3, 5,8, and 10 mol%
by altering the injection volume of the CoCl, solution (0, 6, 10, 16, and 20 mL). The
above primary precursor was maintained with mild, continuous stirring at 40 °C for
1.5 h. Subsequently, the precursor after pre-stirring was transferred to a 250-mL
conical flask and heated at normal atmospheric pressure (1atm). When it reaches
its boiling point after ca. 30 min, the mixture was refluxed for an additional 5h.
After this reaction, the precipitate was filtered, thoroughly rinsed, and air-dried at
ambient temperature.

2.2. Characterization

The crystallinity and phase purity of the as-prepared samples were investi-
gated using a Bruker-AXS D8 ADVANCE X-ray diffractometer (XRD; Cu Ko radiation,
) =0.15406 nm). The morphologies of the crystals were observed on a HITACHI S-
4800 field emission scanning electron microscopy (FESEM). The energy-dispersive
spectrometer (EDS; OXFORD INCA ENERGY 350) together with X-ray photoelectron
spectroscopy (XPS; PHI-5702) were used to confirm the dopant content and the
chemical bonding states of Co ions in the Co:ZnO nanorods. The optical absorption
spectra were recorded with a SHIMADZU UV-2501PC UV-VIS spectrophotome-
ter. Photoluminescence (PL) spectra were determined at room temperature with
a HITACHI F-4500 spectroscopy using Xe laser as an excitation source. The mag-
netic properties of the doped samples were characterized using a Quantum Design
MODEL 6000 Physical Property Measurement System.

3. Results and discussion
3.1. XRD analysis of ZnO samples

XRD measurements on pure ZnO and Co:ZnO nanorods are pre-
sented in Fig. 1. The spectra reveal that all the samples are highly
crystallized, which can be identified by their sharp and intense
peaks. The main diffraction peaks are in good agreement with
the hexagonal wurtzite structure of ZnO (JCPDS No. 36-1451). No
characteristic peaks of metallic cobalt, cobalt oxides (i.e., CoO and
Co,03), and other compounds are detected in 3 mol% and 5 mol%
Co:ZnO samples, suggesting that the doped Co ions are primarily
incorporated into the ZnO lattice. However, the impurity phase
of Co(OH), (indicated with an asterisk) begins to appear in the
Co:ZnO samples with 8 mol% and 10 mol% doping levels. Semiquan-
titative analysis of the crystal composition (mass%) reveals that the
impurity content is about 5% and 8%, respectively, for the two sam-
ples. The Co(OH); formation is regarded to be induced by the more
dopantions. Under these conditions, some of the Co ions contribute
to forming Co(OH), instead of incorporating into the zinc precur-
sors in the initial hydrothermal solution. The lattice parameters
were calculated using the TopasP-2 software attached on the XRD
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Fig. 1. XRD patterns of the ZnO nanocrystals that are doped with different levels of
Co. The Co doping levels are indicated alongside.

Table 1
Calculated values of lattice parameters of the ZnO nanocrystals that are doped with
different levels of Co.

Co-doping level (mol%) Lattice parameter a=b (A) Lattice parameter c (A)

0 3.2539 52114
3 3.2490 5.2042
5 3.2442 5.1989

diffractometer. The resulting data are listed in Table 1. As shown
in the table, Co doping slightly decreases the lattice parameters of
ZnO nanocrystals. This change also suggests that most of the Co ions
with smaller ionic radii substitute for Zn ions in the ZnO lattice, and
the unit cell contracts to accommodate these heterogeneous ions.

3.2. Component analysis of ZnO samples

To investigate Co content and its distribution in the Co:ZnO
nanocrystals, all the samples were subject to EDS determina-
tion. The obtained spectra are displayed in Fig. 2. Some weak
Co-related peaks are present in the doped samples in addition
to the obvious Zn and O peaks. Since Co dopant did not change
the wurtzite structure of ZnO as identified by the XRD results,
Co ions are successfully incorporated into the crystal structure
of ZnO nanocrystals. Quantitative analysis of the atomic con-
centration (atom%) is listed in Table 2. The relative error of
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E: 10 mol%
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Fig. 2. EDS spectra of the ZnO nanocrystals that are doped with different levels of
Co. The Co doping levels are indicated alongside.
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Table 2
The composition of the ZnO nanocrystals dependence on Co-doping level.

Composition (atom %) Co-doping level (mol%)

0 3 5 8 10
Zn 50.00 47.56 46.65 45.26 42.08
Co 0 2.44 3.35 4.74 7.92
(0] 50.00 50.00 50.00 50.00 50.00

accuracy is less than +2%. The Co content in the samples changes
from 2.44% (3 mol% Co:Zn0) to 7.92% (10 mol% Co:Zn0O) with the
increasing doping levels. However, the Co content determined from
the EDS analysis (7.92%) in the 10 mol% Co:ZnO sample is much
higher than that estimated from the XRD analysis (3.01%) of the
same sample, indicating that most of the Co ions exist in Co:ZnO
nanorods rather than in the Co(OH),. In addition, less Co is found
in the Co:ZnO crystals than that provided in the precursor solution,
which suggests the hindering of dopant incorporation into the ZnO
lattice.

3.3. Chemical bonding states of doped Co ions

To confirm further the chemical bonding states of Co ions in the
doped ZnO, XPS measurements were carried out on the samples.
Fig. 3 shows the high resolution Co 2p spectrum of 5 mol% Co:ZnO
sample. There are two main peaks, positioned at the binding energy
sites of 781.0eV and 797.5 eV, corresponding to the Co 2p3, and Co
2p1, orbitals, respectively. Simultaneously, two shake-up satellites
of the main peaks are present at slightly higher energies. The satel-
lite peak at a binding energy of about 6 eV higher than the main Co
2p3p; peakis usually considered a feature of Co%* ions [20]. Further-
more, a report stated that the Co 2p3), peak corresponding to the
Co—Co bonding was located at 778.1-778.3 eV, and the peak cor-
responding to the Co—O bonding was located around 780eV [21].
Therefore, Co clusters can be ruled out in the doped samples. Thus,
Co ions, in the +2 oxidation state, are surrounded by O ions, that is,
Co2* successfully substitute for Zn2* in the ZnO lattice.

3.4. Morphologies of ZnO nanocrystals

The general morphologies of ZnO samples are illustrated in
Fig. 4. As observed in the figures, most of the pure ZnO have irregu-
lar appearances with only a small section of branched nanorods,
and that all the Co:ZnO samples exhibit well-defined, uniform

Co2pyp
781.0

Co 2p1/2

shake-up statellite

/A

shake-up statellite

E

Intensity (a.u.)

770 780 790 800 810
Binding Energy (eV)

Fig. 3. XPS spectrum of Co 2p recorded from 5 mol% Co:ZnO sample.

nanorods. Concentrating on the doped ZnO with increasing Co con-
tent, the length of the nanorods increases from 1.2 pm to 1.8 pm
accompanied with a mean diameter decreasing from 230 nm to
160 nm, which leads to a larger aspect ratio.

In the two-step synthesis process, the pre-stirring step is essen-
tial for the growth of ZnO nanorods, as it yields an intermediate
product of Zn(OH),, which serves as a reservoir and slowly releases
Zn?* ions to allow the nucleation and growth for ZnO [22]. With the
thermodynamical barrier induced by the addition of Co2* ions [23],
the nucleation, as well as the growth rate of the primary nuclei,
slows down. The effective ions have more time to deposit uni-
formly on the nuclei along the c-axis. Thus, the aspect ratio of
the Co:Zn0O nanorods increases, and the surface of the nanorods
becomes smoother with more dopant incorporation. Meanwhile,
in the synthesis of pure ZnO, the intermediate Zn(OH), dissolves
rapidly due to the relatively low energy barrier, resulting in a high
concentration of Zn2* ions in the precursor. The saturation of the
solution goes above the concentration for the nucleation of ZnO. It
cannot allow the suitable growth of an individual nanorod instead,
irregular or branched crystals are formed.

3.5. Absorption properties of ZnO nanocrystals

Absorption properties of ZnO samples were investigated to
reveal the influence of Co doping on the energy band structure
of ZnO. The testing wavelength ranges from 200 nm to 800 nm.
Fig. 5 presents the UV-vis absorption spectra of pure and doped ZnO
samples. The absorption onset of the doped ZnO shows an appar-
ent redshift compared with the pure ZnO. The optical band gap
energy of each sample was determined from the wavelength of the
absorption edges. The energy curve versus Co doping level (see inset
plot in Fig. 5) reveals a declining trend (from 3.09eV to 2.63eV)
with the increasing doping concentration. The energy decrease is
attributed to the sp—d exchange interactions between the s, p elec-
trons in the conduction band of ZnO and the localized d electrons
of the doped Co?* cations. Based on the XRD patterns of 3 mol%
and 5 mol% Co:ZnO (there is no secondary phase except ZnO), the
above phenomenon is suggested to be probably the result from
the substitutional Co2* ions. Furthermore, the doped samples show
three additional absorption bands at about 562, 609, and 660 nm.
This feature is derived from the d-d electron transitions result-
ing from the tetrahedrally coordinated Co%* in the ZnO wurtzite
structure, and correspond to the 4A(F)—2A1(G), A, (F)—*T(P),
and A, (F)—2E(G) transitions, respectively, in the high spin state
of Co%* [24]. Thus, the successful substitution of Co2* for Zn2* in the
hexagonal ZnO wurtzite structure is confirmed.

3.6. Photoluminescence properties of ZnO nanocrystals

Fig. 6 presents the photoluminescence spectra of pure and
doped ZnO. All the samples exhibit a strong UV emission at
~380nm and a weak blue luminescence at ~450nm. The pure
ZnO also shows a yellow-green emission with its maximum at
~570 nm, butitis quenched in the doped samples. The UV emission
is assigned to the band edge emission of ZnO host. The peak posi-
tions for Co:ZnO samples slightly shift to the longer wavelength
in comparison with the pure ZnO (see inset plot in Fig. 6). This is
due to the band gap narrowing of the ZnO nanocrystals with Co
incorporation, as discussed in the previous section. A redshift phe-
nomenon from pure ZnO to the doped samples occurs as well for
the blue emission. The emission peak at ~450 nm is usually derived
from the electron transition between the valence band and the shal-
low donor level formed by zinc interstitial defects [25]. The slight
redshift of the peak results from the change in the acceptor level
induced by the substitutional Co%*. A remarkable difference shown
between pure and doped ZnO lies in the quenching of yellow-green
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Fig. 4. FESEM images of the ZnO nanocrystals that are doped with different levels of Co: (a) 0 mol%, (b) 3 mol%, (c) 5mol%, (d) 8 mol%, (e) 10 mol%.
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Fig. 6. Room-temperature PL spectra of the ZnO nanocrystals that are doped with

Fig. 5. UV-vis absorption spectra of the ZnO nanocrystals that are doped with dif-
different levels of Co.

ferent levels of Co.
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Fig. 7. Room-temperature M-H curves of the Co:ZnO nanorods that are doped with
different levels of Co.

luminescence for all the Co:ZnO samples. This can be explained by
the energy transfer mechanism [26,27]. The yellow-green lumines-
cence of ZnO has been usually attributed to the electron transition
from oxygen vacancies to the valence band of ZnO [28]. Com-
paring the luminescence spectra with the absorption spectra, the

defect state energy (~2.17 eV) is very close to the photon energy
(~2.20eV), which resonantly excites the A,(F)—2A;(G) transition
of Co%*. Therefore, the Co%* in the ZnO lattice absorbs the energy
from the defect emission, that is, the energy transferred from the
defect emission to the electron transition of Co%*. Thus, this results
in the quenching of the yellow-green luminescence in the Co:ZnO
nanocrystals.

3.7. Magnetic properties of ZnO nanocrystals

The magnetic properties of the doped ZnO were measured at
room temperature (300K). Fig. 7 shows the dependence of mag-
netization with the applied magnetic field (M-H curves). The
3 mol% and 5 mol% Co:ZnO samples show weak ferromagnetism at
lower field values and paramagnetism at higher field values. The
hysteresis loops for the two samples shown in Fig. 7(a) and (b)
present with the coercivity (Hc) values 40 Oe and 25 Oe, respec-
tively, and the remnant magnetization (Mr) values 3.6E—4 emu/g
and 1.5E—4 emu/g, respectively, revealing that the latter sample
with more Co content exhibits a weaker ferromagnetism than the
former. When the Co doping level increased up to 8 mol%, the doped
samples show linear magnetization curves with no hysteresis vis-
ible within the applied field (see Fig. 7(c)), which can be identified
as paramagnetism.

Concerning Co-related materials, only metallic Co exhibits high
temperature ferromagnetism (T, =1400K) [29,30]. However, the
secondary phase of Co metal clusters has been ruled out by the
XRD and XPS results in this work. Thus, the observed ferromag-
netism at room temperature is suggested to be an intrinsic nature of
the Co:ZnO nanocrystals. The concept of bound magnetic polarons
(BMPs) in connection with magnetic semiconductors can be intro-
duced here to explain the origin of the ferromagnetism [31,32].
In the current experiment, the doping of Co impurity produced a
number of oxygen vacancies and/or interstitial zinc that may act
as shallow donor electrons and form BMPs. The overlapping of the
polarons created a spin-split impurity band, which can mediate the
Co—Co coupling in a ferromagnetism way, and thus, resulted in the
ferromagnetic behavior of the sample. As Co dopant increased, it
is more probable for the doped Co%* cations to occupy the next-
nearest lattice sites. The nearest Co—Co pairs then coupled in an
antiferromagnetic way [14] and suppressed the magnetization [33].
Thus, weaker ferromagnetism in 5 mol% Co:ZnO is observed com-
pared to the 3 mol% sample. As more and more nearest Co—Co pairs
exhibited antiferromagnetic interaction, the hysteresis loops disap-
pear in the 8 mol% and 10 mol% Co:ZnO samples, which makes the
highly Co-doped ZnO samples behave paramagnetism under the
external applied field.

4. Conclusions

Pure ZnO and Co:ZnO nanorods are successfully synthesized
using a facile two-step solution route. The doped Co ions, in the
oxidation state of Co?*, substitute for Zn* ions in the ZnO lattice
without changing its wurtzite structure. The dopant content varies
from 2.44% to 7.92% based on Co doping level. With the increasing
Co content, the obtained ZnO nanorods become longer and thinner,
which leads to a gradually increasing aspect ratio. The band gap
energy of the samples decreases from 3.09 eV (pure ZnO) to 2.63 eV
(10 mol% Co:Zn0), indicating that Co doping has a crucial influence
on the energy band structure of ZnO. Both the UV emission and the
blue luminescence show a redshift that originated from the nar-
rowing of the band gap as a result of Co doping. The yellow-green
luminescence is quenched in the doped ZnO samples, which may
be caused by the energy transfer from the defect emission to the
electron transition of Co%*. Furthermore, the doped ZnO samples
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exhibit weak ferromagnetic characteristics at room temperature,
and with more doping content of Co?*, the ferromagnetic behavior
is greatly suppressed and paramagnetic nature is observed.
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