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Abstract

Co and In co-doped nanopowders of ZnO as well as In and Co singly doped ZnO were successfully prepared using sol-gel
method. The synthesized samples were characterized using x-ray diffraction (XRD), UV-vis spectroscopy (UV-vis), Raman
spectroscopy (RS), Transmission Electron Microscopy (TEM) and Energy Dispersive Spectroscopy (EDS). The effects of In
and Co co-doping on the structural and optical properties were investigated. XRD results showed no peaks associated with
In®* or Co?* ions indicating that In® and Co?* ions substituted for Zn?* ions in the ZnO wurtzite structure, this was
corroborated by the EDS results. Doping ZnO nanoparticles with In and Co significantly reduced the grain sizes whereas the
lattice parameters were not significantly affected. TEM results confirmed that the nanoparticles were spherically shaped.
Raman spectroscopy also confirmed that the ZnO nanoparticles were of a wurtzite hexagonal structure. Single doping

reduced the energy band gaps and co-doping reduced them even further. Copyright © 2016 VBRI Press.
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Introduction

Zn0 is an n-type semiconductor material with a hexagonal
wurtzite structure having a wide energy band gap of 3.36
eV and a large excitation binding energy of 60 meV. It has
a wide range of resistivity, high transparency at room
temperature [1], high electron hall mobility, good
chemical and thermal stability under operation conditions
[1, 2]. This material is widely used in a variety of
applications such as opto-electronic devices [3], light
emitting diodes [3], flat panel displays [5], surface
acoustic wave devices [6], chemical and gas sensors [7]
and solar cells [8].

Nanostructured materials are quite interesting and they
are being investigated because of their diverse properties
compared to those of bulk materials [9]. Previous work
has shown that the functionality of ZnO nanostructured
materials depends on their size, shape and structural
aspect. These factors are mostly influenced by the method
of preparation [10-12]. Different methods such as
chemical vapor deposition (CVD) [13], physical vapor
deposition (PVD) [14], hydro thermal and sol-gel method
[15] have been used to synthesize the undoped and doped
ZnO nanoparticles. It has also been reported that doping
Zn0O nanoparticles with a controlled amount of impurities
can affect its structural, electrical and optical properties
and hence great effort has been devoted in doping ZnO
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nanoparticles with impurities such as Cu, Al, In, Sh, Ga,
Fe, Co, Ni, etc. [16]. Combinational doping ZnO
nanoparticles with more than one element has also been
reported to enhance its properties even further. Ji-ling
Song et al. [17] reported that combinational doping ZnO
with Y and Cd can improve its structural and optical
properties, while S.S. Abdullahi et al. [18] reported on the
co-doping of ZnO with Mn and Co to be affecting the
structural and optical properties of the ZnO nanoparticles.
Advancements in photocatalysis and solar cells due to co-
doping ZnO are already being reported on [19, 20]. Y.S.
Malghe and A.B. Lavand [21] further showed that doping
and coupling enhances photocatalytic activity in the ZnO
nanocomposites. Cobalt (Co) has been reported to reduce
the grain size of ZnO nanoparticles and also enhances its
optical properties by narrowing the energy band gap [22].
Furthermore, indium (In) has been reported to enhance the
electrical and optical properties of ZnO nanoparticles [23].
At present there are only few reports on the combinational
doping of ZnO nanoparticles with In and Co and not much
is known about their effects on the ZnO properties.

In this work focus will be on investigating the structural
and optical properties of ZnO doped with 5 wt. % of Co, 5
wt. % In doped and combinational doping i.e. 2.5wt. % In
/2.5 wt. % Co prepared using sol-gel method for future
possible gas sensing applications.
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Experimental

Material synthesis and characterizations

The undoped, single doped and double-doped ZnO
nanoparticle samples were synthesized using zinc acetate
dihydrate (C4Hs042Zn-2H,0), ethanol (C2H60),
ethanolamine (C:H;NOQ), cobalt (Il) nitrate hexahydrate
(CoN206'6H20) and indium (Ill) nitrate hydrate
(INN3Og-xH20). The water soluble salts, i.e. cobalt (II)
nitrate hexahydrate and indium (I11) nitrate hydrate were
used as sources of Co and In metal dopants. All the
chemicals used were standard chemicals purchased from
Sigma-Aldrich. Single doped ZnO nanoparticles with Co
and In were prepared at 5 wt. %, the co-doped ZnO
nanoparticles samples were prepared at 2.5 wt. % of each
dopant in order to obtain a summed up 5 wt. %.

When preparing the undoped ZnO nanoparticles
0.2 M of zinc acetate dihydrate solution was mixed with
0.2 M of ethanol in order to obtain homogeneity, this was
done at a continuous stirring. For the single doped ZnO
nanoparticles, cobalt (I1) nitrate hexahydrate or indium
(1) nitrate hydrate were added into 0.2 M of zinc acetate
dihydrate solution and for the co-doped ZnO
nanoparticles, cobalt (I1) nitrate hexahydrate and indium
(11) nitrate hydrate were added simultaneously into 0.2 M
of zinc acetate dihydrate solution. All these solutions were
then mixed with 0.2 M of ethanol in order to obtain
homogeneity and this was done at a continuous stirring.
0.2 M of ethanolamine was then added into all the
solutions as a stabilizer and all the solutions were stirred
at 70°C for 2 hours. The precipitates formed were
collected using filter paper, and dried at 100 °C for 1 hour
in a hot air oven. All the samples were annealed at 500 °C
for 1 hour. After annealing, all the samples were subjected
to characterization using XRD, TEM, Raman
spectroscopy and UV-vis spectroscopy.

Results and discussion

Fig. 1 shows the XRD patterns of all the prepared
samples. All the samples were found to have the ZnO
hexagonal wurtzite structure with peaks observed at
20 = 31.77°, 34.43°, 36.27°, 47.56° and 56.63°
corresponding to the (100), (002), (101), (102) and (110)
planes respectively (JCPDS No0.36-1451). No peaks
associated with Co or In were detected in the XRD
patterns indicating that Co?* and In® ions successfully
substituted for the Zn?* ions. This implies that Co?* and
In®* ions were successfully incorporated into the Zn?* ions
sites in the ZnO crystal structure. The lattice parameters a
= b and c for the undoped and doped ZnO nanoparticles
were calculated using the planes (100) and (002) and the
calculated values were found to be similar to the reported
values of the bulk ZnO (JCPDS No0.36-1451); the results
are tabulated in Table 1.

The average grain sizes of the undoped and doped ZnO
nanoparticles were estimated by Scherrer’s equation and
are also presented in Table 1. From the table, it can be
seen that incorporation of Co?* and In®* ions into the ZnO
nanoparticle structure reduced the average grain sizes of
the ZnO nanoparticles. Simultaneous doping with both
indium and cobalt reduced the grain sizes even further.
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Fig. 1. XRD patterns: undoped and doped ZnO, 5% of Co, 5% of In
doped ZnO and 5% of In-Co double-doped ZnO nanoparticles annealed
at 500 °C.

The strains were determined for all the samples using
the equation:

_ Bnkrycos b
4sin@

and the values were found to be inversely proportional to
the grain size as seen in Table 1. The bond lengths of the
undoped and the doped ZnO nanoparticles were
determined using equation:

L=+ (-u) e

where the u parameter for the wurtzite crystal structure is
defined by:

2
u=-—+0.25.
3c

The bond lengths of the undoped and the doped ZnO
nanoparticles are shown in Table 1. It can be observed
that the bond lengths of the ZnO nanoparticles contract a
little with introduction of dopants which indicates the
presence of Co and In in the ZnO structure.

Table 1. Lattice parameters, average grain size, average strain and bond
lengths.

Lattice parameters
Sample Name a=b c D & L
@A) @A) (m)  (x107%) @A)
Undoped-ZnO 3.2500 5.2070 52.2653 1.9509 3.9122
5% Co-ZnO 3.2370 5.1861 20.1338 5.0575 3.8809
5% In-ZnO 3.2480 5.1953 21.7272 4.7072 3.9034
5%In-Co-ZnO 3.2474 51939  13.1658 7.8151 3.9016

Fig. 2 shows the TEM and EDS images of 5% Co, 5%
In and 5% In-Co double-doped ZnO nanoparticles
samples. All the prepared samples are found to be
spherically shaped and in Fig. 2 (b) big rods can be seen
alongside the spherical nanoparticles. These rods are
basically created when spherical nanoparticles come
together and as such smaller particles can be seen inside
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the rods. Similar observations were reported by Xu et al.
[24]. The EDS images confirm that Co and In were
successfully incorporated into the ZnO nanoparticle
matrix.

200 nm

Fig. 2. TEM and EDS images of (a) 5% Co-ZnO, (b) 5% In —ZnO and
(c) 5% In-Co-ZnO.

The vibrational properties of the undoped and doped
ZnO nanoparticle samples were investigated using the
excitation wavelength of 514 nm at room temperature.
The group theory predicts that the ZnO wurtzite
hexagonal structure of a space group Cg, will indicate the
phonon modes near the centre of Brillouin zone given by
the equationT = A, + 2B; + E; + 2E,. Ay, E;and 2E,
are Raman active modes and 2B, is the forbidden mode
of ZnO. A; and E; are polar and they are split into two;
being transverse optical (TO) and longitudinal optical

(LO) phonons and E, is divided into EX" and E}"9"

[25]. EX*9"is assigned to the vibration of oxygen atoms in
the ZnO. From Fig. 3, four active Raman modes can be
observed with peaks at 329.1, 377.4, 434.9 and 577.9 cm*!

which are consequently assigned to the modes E5"9"-
EP", A(TO), E;*"and E, respectively Previous studies

have suggested that the peak at 434.9 cm™ confirms that
the nanoparticles are of a ZnO wurtzite hexagonal crystal
structure [26-28]. The peak at 577.9 cm™ belongs to point
defects such as oxygen vacancies (Vo), zinc interstitials
(Zni) and/or free carriers as reported in several articles
[28, 29].

The optical absorption spectra of the undoped and
doped ZnO nanoparticles were recorded in order to
investigate the optical properties of samples and the
results are presented in Fig. 4. For the nanoparticles
doped with Co three additional absorption peaks are
observed between 550-700 nm.

Copyright © 2016 VBRI Press

2017, 8(1) 37- 41

Advanced Materials Letters

Undoped ZnO 500 |
434.9

3291 377.4

r [l
5In-Zn0 500 |

433.4 579.4

Il A 'l
5C0-ZnO 500 |

Intensity (a.u.)

431.8

1 a [ . [ [
5In-C0-Zn0O 500 |

576.3
w
M ] M 1 i 1 i 1
200 300 400 500 600

Raman Shift (cm ™)

Fig. 3. Raman spectroscopy of undoped and doped ZnO, 5% of Co, 5%
In and 5% of In-Co co-doped ZnO nanoparticles.

These peaks can be attributed to *Ax(F)—2?A:(G),
‘Ao(F)—*T1(P) and *AxF) —2E(G) transitions which
suggest that the tetrahedrally coordinated Co?* ions have
successfully substituted for Zn?* ions in the hexagonal
ZnO wurtzite structure [30].
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Fig. 4. Optical Absorbance spectra of undoped doped ZnO, 5% of Co,
5% In and 5% of In-Co co-doped ZnO nanoparticles.

The optical band gap (E) of the samples was calculated
using the following equation [31]

E=hc/}{

where, h is the Planck constant, ¢ is the speed of light,
A is the cut-off wavelength. The cut-off wavelength is
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determined by extrapolating the straight line portion of
the plot to intercept the wavelength axes. These cut-off
wavelengths are associated with the absorption edges. The
energy band gap values are presented in Table 2. It can
also be observed that the values of the calculated energy
band gap are smaller compared to the reported value of
the bulk ZnO [32]. This could be due to the fact that
nanostructured materials have different properties
compared to their bulk materials. In addition a red shift
has been observed between the undoped ZnO
nanoparticles and the doped ZnO nanoparticles. Ando et
al. [33] argued that the red shift could be attributed to the
fact that Co?* and In®* ions substituted the Zn®* ions in the
crystal lattice. Doping ZnO nanoparticles with Co or In
reduces the band gap of the material. But In-Co
combinational doping reduces the band gap tremendously
as shown in Table 2.

Table 2. Energy band gap in undoped, 5% Co, In, In-Co doped ZnO.

Sample Name E,(eV)
Undoped-zZnO 291
5% Co-Zn0O 2.22
5% In-ZnO 2.70
5% In-Co-ZnO 2.07

Conclusion

The undoped ZnO, 5% In, 5% Co doped and 5% In-Co
co-doped ZnO nanoparticles were successfully prepared
using sol-gel method. All the prepared samples were
found to be having a hexagonal wurtzite crystal structure.
In®* and Co®" were substitutionally incorporated into the
Zn%" jon sites of the ZnO nanoparticle lattice structure.
Doping ZnO nanoparticles with In and Co reduced the
grain sizes and the energy band gap. Simultaneous doping
reduced the grain sizes and energy band gaps even
further. TEM results confirmed that the nanoparticles
were spherically shaped while the EDS also confirmed
that In® and Co?* are incorporated into the ZnO
hexagonal structure. Raman spectroscopy confirmed that
the prepared ZnO nanoparticles were of a wurtzite
hexagonal structure.
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