Journal of Alloys and Compounds 509 (2011) 8378-8381

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

ALLOYS
AND COMPOUNDS

Effect of Co substitution on the structural and optical properties of ZnO
nanoparticles synthesized by sol-gel route

Mohd Arshad?, Ameer Azam®P"*, Arham S. Ahmed?, S. Mollah¢, Alim H. Naqvi?

a Centre of Excellence in Materials Science (Nanomaterials), Department of Applied Physics, Aligarh Muslim University, Aligarh, India

b Centre of Nanotechnology, King Abdul Aziz University, Jeddah, Saudi Arabia
¢ Department of Physics, Aligarh Muslim University, Aligarh, India

ARTICLE INFO ABSTRACT

Article history:

Received 19 April 2011

Received in revised form 8 May 2011
Accepted 12 May 2011

Available online 7 June 2011

Keywords:
ZnO
Sol-gel

Co doped ZnO nanoparticles were synthesized by sol-gel method and characterized by X-ray diffraction
(XRD), Transmission electron microscopy (TEM), Energy dispersive X-ray analysis (EDAX), UV-Visible
absorption spectroscopy and Fourier transform infrared spectroscopy (FTIR). XRD analysis revealed the
formation of single phase structure of all samples which was further supported by FTIR data. With the
increase in Co concentration from 0% to 5%, crystallite size was observed to vary from 27.1 to 21.3 nm.
It suggests the prevention of crystal growth as a result of Co doping in ZnO. It was also evident from
the absorption spectra that the absorbance tends to increase with the increase in dopant concentration.
Optical band gap was found to increase slightly with the increase in Co content, confirming the size

XRD reduction as a result of Co doping.
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1. Introduction

Nanoscale materials are of great interest now-a-days for fun-
damental as well as applied research point of view because the
properties of the materials change drastically when the particle size
reaches to nanometer range. The optical properties of nanocrys-
talline semiconductors have been studied extensively in recent
years. As the size of the material becomes smaller, the band gap
becomes larger thereby changing the optical and electrical prop-
erties of the material and making the material suitable for new
applications and devices.

Zinc oxide (ZnO) is an excellent n-type semiconductor with a
wide band gap of 3.37eV and a large exciton binding energy of
60 meV [1,2]. For these reasons, ZnO is used in a wide variety
of applications, including opto-electronic devices [3-6], cataly-
sis [7], light-emitting diodes (LEDs) [8], thermoelectric devices
[9], varistors [10,11], flat panel displays [11] and surface acoustic
wave devices [12]. Recent theoretical predictions [13-18] proposed
transition metal (TM)-doped ZnO as one of the most promis-
ing candidates for room-temperature ferromagnetism (RTFM).
Additionally, the excellent optical transparency of ZnO and the
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possibility of band gap engineering through transition metal (TM)
doping strongly encourages the exploration of the magneto-optical
properties of the TM-doped ZnO system [19,20] which might lead
to the development of novel magneto-optic electronic devices
[21,22,19].

ZnO nanoparticles also have a variety of applications such as
UV absorption, deodorization and antibacterial treatment [23-25].
Several methods are reported in literature for the synthesis of
doped and undoped ZnO nanoparticles which can be categorized
into either chemical or physical methods [26,27]. The chemical
methods comprise thermal hydrolysis technique [28], hydrother-
mal processing [29] and sol-gel method [30-32] while the Physical
are vapor condensation method [33], spray pyrolysis [34-36]
and thermo-chemical/flame decomposition of metal-organic pre-
cursors [37,38]. Sol-gel technique is being extensively used for
synthesis of advanced ceramics, production of nanocrystalline
materials and for metallurgical treatment of ores and minerals to
yield value-added materials. Sol-gel method is easy to produce
relatively large quantities of nanoparticles at low cost.

Most of the peoples are working over the magnetic proper-
ties of the Transition Metal (TM) doped ZnO, like diluted magnetic
semiconducting behavior, i.e. room temperature ferromagnetism
(FM). Fukumura et al. [39] have reported that Mn doped ZnO show
spin-glass behaviors having Tc = 13 K and also imply a strong ferro-
magnetic interaction. Jung et al. [40] reported Mn-doped ZnO films
clearly showed ferromagnetic ordering and the T¢ as 30 and 45K
for the Zn,_,Mn,O films with x=0.1 and 0.3, respectively. Schwartz
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et al. [41] reported T¢ above 350K for Ni doped ZnO. Norton et al.
[42] reported T¢ for Co doped ZnO greater than 300 K without clear-
ing the source of magnetism.

As ZnO is a wide band gap semiconductor which makes it a
useful candidate for opto-electronic devices [3-6], its optical prop-
erties are of great importance. Many studies had focused on its
magnetic properties as discussed above, whereas a few reports had
concentrated on its optical properties. In this paper, we have there-
fore been motivated to take up this task. In the present investigation
we have studied structural and optical properties of Co-doped ZnO
nanoparticles using XRD, TEM, EDAX, UV-Visible and FTIR spec-
troscopy.

We have adopted here a procedure in this respect where Co-
doped ZnO nanoparticles with 25 nm size have been successfully
synthesized by sol-gel method in a water-ethylene glycol medium.
The doping of Co in ZnO resulted in the decrease of the particle size
and crystallanity while it leads to increase in band gap.

2. Experimental

Analytical grade ZnCl,-2H,0 and CoCl,-6H,0 were used as starting materials
for the synthesis of Zn;_4Co,O series. In a typical synthesis procedure, citric acid
was added to 100 ml of distilled water with magnetic stirring, until pH becomes 1.5.
Required amounts of ZnCl,-2H,0 and CoCl,-6H,0 with (x=0, 0.01, 0.03 and 0.05)
were added to the solution and dissolved. 10 ml of ethylene glycol was added to
the above solution and stirred for 20 min. Sufficient amount of aqueous ammonia
(15 mol/L) was added drop wise under magnetic stirring. The resulting solution was
stirred for 30 min. Finally, a gel was obtained which was washed several times with
water and ethanol. Gel was dried at 110°C for 12 h in an oven. The dried powder
was further calcined at 400°C for 2 h resulting in the formation of Co-doped ZnO
nanoparticles. Crystallinity, structure and crystallite size of Co-doped ZnO nanopar-
ticles were determined by XRD (Rigaku) using Cu-Ka radiations (A =0.15406 nm)
in 26 range from 20° to 80°. High-resolution transmission electron microscopy
(HRTEM) images were obtained using a (FE-TEM) (JEOL/JEM-2100F version) oper-
ated at 200KV. The elemental composition was determined by energy dispersive
X-ray spectroscopy (EDS, Inca Oxford). The samples were coated with a thin layer
of gold to prevent charging of the samples. UV-Visible absorbance spectra have
been recorded using Perkin Elmer Lambda 35 UV/Vis spectrometer. Fourier trans-
form infrared (FTIR) spectra of the powders (as pellets in KBr) were recorded
using a Fourier transform infrared spectrometer (Perkin Elmer) in the range of
4000-400 cm~! with a resolution of 1cm~'.

3. Result and discussion

The typical XRD patterns of the pure and Co-doped ZnO sam-
ples annealed at 400°C are shown in Fig. 1. The peak positions
of each sample exhibit the wurtzite structure of ZnO which were
confirmed from the ICDD card No. 80-0075. Further, no other impu-
rity peak was observed in the XRD pattern showing the single
phase character of the sample. The crystallite size of all the samples
were calculated using Scherrer’s formula [43], =0.91/Bcos6, where
A is the wavelength of X-ray radiation, § is the full width at half
maximum (FWHM) of the peaks at the diffracting angle 6. The cal-
culated crystallite sizes of each sample are given in Table 1. It can
be observed from Table 1 that the crystallite size of ZnO decreases
from 27.1 to 21.3 nm when Co?* content is increased from 0 to 5%.
To prevent a particle growth, the motion of a grain boundary must
be impeded [44]. We can elucidate the hindrance on a movement of
the grain boundaries by Zener pinning. When the moving bound-
aries attached the zinc interstitial and the substituted Co ions, they
will offer a retarding force on the boundaries. If the retarding force
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Fig. 1. XRD spectra of pure and cobalt doped ZnO nanoparticles.

was generated more than the driving force for grain growth, the
particles cannot grow any longer. The data revealed that the pres-
ence of Co?* ions in ZnO vetoed the growth of crystal grains. The
ionic radius of Co?* is 58 pm whereas that of Zn%* is 60 pm [45]. The
Co ions substitute the Zn2* ions in the crystal due to comparable
ionic radius. However, the decrease in the lattice parameter may
be due to the smaller ionic radii of Co%* ions [1].

The XRD spectra have also been used to study the crystallanity
of the samples. The doping of Cobalt in ZnO not only lowers the par-
ticle size but also degrades the crystallanity of the nanoparticles. As
the Co content increases, the intensity of XRD peaks decreases and
FWHM increases (Fig. 1) which is due to the degradation of crystal-
lanity. This means that even though the Co ions occupy the regular
lattice site of Zn?", it produces crystal defects around the dopants
and these defects change the stoichiometry of the materials.

Fig. 2 demonstrates transmission electron microscopy (TEM)
images taken for pure (Fig. 2a) and 5% Co-doped (Fig. 2b) ZnO
nanoparticles. It can be observed from the Fig. 2 that ZnO grains
had a spherical morphology with an average diameter of 55 nm for
pure ZnO, while 20 nm for 5% Co-doped ZnO. Particle size obtained
from TEM analysis is slightly greater than the crystallite calculated
from XRD spectra. It may be due to the aggregation of nanoparticles
during sample preparation for TEM analysis. Powder samples were
dispersed in ethanol and sonicated in an ultrasonic bath for 15 min
for TEM analysis. It is also clear from TEM results that Co doping in
ZnO reduces the particle size.

Fig. 3 illustrates the EDAX spectra of elemental composition of
pure (Fig. 3a) and 5% Co doped (Fig. 3b) ZnO nanoparticles. The
presence of Co is confirmed from the selective area EDAX analysis
(Fig. 3). It can be verified from the results of XRD and EDAX that the
Co is successfully doped in the ZnO nanocrystals.

UV-Visible absorption spectroscopy is a powerful technique to
explore the optical properties of semiconducting nanoparticles. The
optical absorption spectra of pure and Co doped ZnO nanoparti-
cles were recorded to investigate their optical properties and are
shown in Fig. 4. The absorbance is expected to depend on several
factors, such as band gap, oxygen deficiency surface roughness and
impurity centers [46]. Absorbance spectra exhibits an absorption

Variation of crystallite size, lattice parameter, band gap and cell volume with dopant concentration.

Dopant concentration (%) Crystallite size (nm) Lattice parameter(a=b) (A) Lattice parameter (c) (A) Band gap (eV) Cell volume (A3)
0 271 3.2653 5.210 3.22 48.09
1 233 3.261 5.208 3.24 47.96
3 21.7 3.259 5.207 3.26 47.89
5 21.3 3.258 5.207 3.30 47.86
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Fig. 2. TEM images of (a) pure and (b) 5% cobalt doped nanoparticles.
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Fig. 3. EDAX images of (a) 0% (b) 5% Co doped ZnO nanoparticles.

edge at around 380-389 nm which can be attributed to the photo-
excitation of electrons from valence band to conduction band. The
absorption edge of different samples slightly varies as the concen-
tration of Co in the ZnO nanoparticles fluctuates. The absorption
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Fig. 4. Absorbance spectra of pure and cobalt doped ZnO nanoparticles.

edges of pure and 5 at% Co doped ZnO are 386 and 376 nm, respec-
tively. The position of the absorption spectra is observed to shift
toward the lower wavelength side with increase in Co doping con-
centration in ZnO. This indicates that the band gap of ZnO material
increases with the doping concentration of Co2* ion. The increase
in the band gap or blue shift can be explained on the basis of the
Burstein-Moss effect [47]. When Fermi level shifts close to the
conduction band due to the increase in the carrier concentration
the low energy transitions are blocked and the value of band gap
increases. Our experimental results are in good agreement with the
results reported by Sakai et al. [48]. In order to verify the increase
in band gap as discussed above, we have calculated the band gap
using the Tauc relation [1] (see Fig. 5),

ahv = A(hv — Eg)"

where « is the absorption coefficient, A is a constant and n=1/2
for direct band gap semiconductor. An extrapolation of the linear
region of a plot of (ahv)? vs. hv gives the value of the optical band
gap E; [46]. The measured band gaps are displayed in Table 1, which
shows a slight increase with the increase in dopant concentration.
This is also in good agreement to the quantum confinement effect
of the nanoparticles [49].

FTIR spectra exhibit strong vibrations at around 630cm~! and
430cm~! which are assigned to stretching (Co-0) and (Zn-0)
respectively [50,51].1tis evident that the absorption band at around
3500 cm~! in 3% Co-doped sample is due to the hydroxyl stretching
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Fig. 5. FTIR spectra of pure and cobalt doped ZnO nanoparticles.

mode (OH) which may be due to moisture. The absorption peak at
2337 cm~! is because of an existence of CO, molecule in air. A weak
absorption peakat 1515 cm~! is ascribed to (C=0). FTIR results con-
firm the formation of pure Co-doped ZnO samples as there is no
vibration obtained from intermediate product.

4. Conclusions

Sol-gel synthesis route has been successfully used to synthe-
size Co-doped ZnO nanoparticles. The XRD patterns show that the
prepared samples are wurtzite in structure with the size range of
21.3-27.1 nm. No impurity phase was observed in XRD. The crys-
tallanity, particle size and lattice constants are decreasing with the
increase in cobalt concentration. EDAX spectra confirm the exis-
tence of Co in doped samples. XRD and TEM results corroborate
the reduction in particle size with doping. The optical studies have
been carried out using optical absorbance and FTIR spectroscopy.
The band gap of the doped samples show a broadening effect as
measured from the Tauc relation. Thus the cobalt doping can be
used as a method to control the optical and structural properties of
ZnO nanoparticles.
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