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Co, Al co-doped zinc oxide [Zn;.,,Co,Al,O; x = 0.04, 0.03, 0.02; y = 0.01, 0.02, 0.03] nanoparticles were synthesized by a citrate
assisted combustion method at 500 °C for various doping levels using zinc, cobalt and aluminum nitrates as precursors. The
synthesized oxide nanopowders of different compositions were calcined at 600, 700 and 800 °C for 2 h. The synthesized Zn,.
xyC0ALO nanocrystals were characterized for their thermal, structural, and morphological features. The structural studies
resulting in doping-independent crystallite sizes and the thermal analysis confirm the execution of complete combustion. The
average particle size of ZnO nanocrystals decreases due to the tension caused by Co and A/ dopants in the zincite structure
and the ionic size differences. The as-prepared nanoparticles with an average particle size in the range of 10-20 and 20-30 nm
were observed for doped and undoped ZnO, respectively.
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Introduction elements. Thus from the industrial application point-of-

view, it is important for a DMS to be an efficient

An existing possibility to utilize both the charge and conductor and ferromagnetic at room temperature [5-10].
spin characters of an electron to develop spintronic Many researchers made theoretical predictions for
devices such as field effect transistors (FETs) and light room temperature ferromagnetism in heavily doped p-
emitting transistors (LEDs) has led to extensive search type ZnO alloy [11-13]. Since p-type ZnO is difficult to
for materials in which semiconducting properties can fabricate, much work has been done on n-type ZnO
be integrated with magnetic properties. These materials with various transition metal dopants. Co is chosen
are categorized as dilute magnetic semiconductors since its ionic radius matches with a Zn** ion resulting
(DMSs) which are fabricated by introducing small in high solubility. A/ is a good co-dopant as it is an
fractions of transition metals (TMs) into host (non adequate electron donor and has no ‘4’ electrons to
magnetic) semiconductors, e.g., [II-V and II-VI compounds interfere with magnetic ordering. Early experimental
[1-4]. The essential requirement for achieving practical reports provide some mixed and even contradicting
spintronic devices is efficient electrical injection of results. In one of the studies of doping various TMs
spin-polarized charge carriers. The material should be into ZnO by Ueda et al. [14] confirmed a highly
capable of transporting the carriers with high trans- conducting n-type Co doped ZnO displayed room
mission efficiency in the host semiconductor. These temperature ferromagnetism. Other studies found that
key aspects of spin injection, spin-dependent transport the ferromagnetism is extrinsic in nature and arises
manipulation and detection form the basis of current from nanoclusters and secondary magnetic phases [15-
research and future technology of spintronics. The low 18]. Hence, it is essential to study the Zn,.,Co,Al,O
power consumption of these devices has the advantage system in detail to understand its structural, electrical
of resulting in high packing densities for memory and optical properties as they play an important role

in determining and promoting ferromagnetism.
Various methods have been used to synthesize pure

*gglrfefggrﬁinzgzzgtggf or TM doped ZnO nanomaterials [19-22]. Finding a
Fax: +56-41-2203391 new methpdology to s.ynthesize uniform nano-sized ZnO
E-mail: rsiddhes@yahoo.com ; mangal@udec.cl particles is of great importance for both fundamental
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studies and practical applications, and thus different
methods such as thermal decomposition; chemical
vapor deposition, sol-gel, spray pyrolysis, solution
combustion and precipitation have been developed.
The combustion method has been found to be unique to
obtain fine particles of high surface area [23, 24]. This
is a low temperature technique that offers an exothermic
redox reaction to produce oxides. A combustion
reaction can be influenced by various processing
parameters such as the type of fuel, the fuel-to-oxidizer
ratio (F/O), the water content of the precursor mixture
and the ignition temperature. Many authors have
reported the combustion synthesis of ZnO [25-27]. In
the present study, pure and transition metal doped ZnO
[Zn;.,Co,Al,0O] have been synthesized by combustion.
The powder characteristics of the Zn;.,Co.Al,O
nanocrystals were also studied and reported.

Experimental

Stoichiometric amounts of highly purified Zn(NO;),.6H,O
(99.0%), Co(NOs),.6H,0 (99.99%) and AI(NO;);.9H,0
(99.99%) metal nitrates were dissolved together in a
minimum amount of distilled water to get a clear and
viscous precursor solution. The required amount of
citric acid was mixed with the nitrates solution. Citric
acid has a double function; being the metal ion’s
complexant as well as the fuel. The citric acid/metal
nitrates ratio (C/M) was calculated from the basic
principle of propellant chemistry [28]. The mixture of
solutions was stirred mechanically for 2 h at 60 °C until
a sticky gel was obtained. After making the clear
homogeneous precursor gel, the reaction mixture was
transferred into an alumina crucible and it was kept
inside a preheated furnace at a temperature of 500 °C.
Once the reaction mixture reached the point of
spontaneous combustion, it started burning vigorously.
During the combustion reactions, gaseous volatile
molecules such as N,, CO,, H,O and other forms of
gaseous products were released, in the form of brown
fumes. Finally, a porous solid foam of nanoparticles
was obtained within 10 minutes. The assumed combustion
reactions involved among metal nitrates and fuel with
different stoichiometric ratios are given in table 1. The
as-combusted foams were collected and converted to

powders by simple grinding. The same process was
repeated for different dopant ratios of Co and A4/. The
as-prepared powders of different compositions (x, y)
weight percent of (0.04, 0.01), (0.03, 0.02) and (0.02,
0.03) were calcined at 600, 700 and 800 °C for 2 h (at a
heating rate of 5 K/minute).

The as-combusted ZnO and Zn;.,CoAl;O powders
were characterized by thermogravimetry (TGA) and
differential thermal analysis (DTA) using a Netzsch-
STA 409 PC/PG. To study the crystalline structure, a
Siemens D5000 diffractometer was used with Cu-Ko
radiation, operating at 40 kV, 20 mA, with a graphite
monochromator. The 26 step size was 0.02 ° with the
integration time of 1s per step, over the 26 scan range
of 5 to 75 °. The surface area and equivalent spherical
diameter of the particles have been determined from
BET [29] theory by nitrogen adsorption/desorption
measurements at 77 K, using a Micromeritics-Gemini
2360 instrument. All the samples were pre-treated in
vacuum at 250 °C for 1.5 h prior to the measurements.
The surface morphology and the presence of elements
in the samples were examined using a scanning
electron microscope (SEM-JEOL 6460 LV) fitted with
an energy dispersive X-ray spectrometer. The morphology
and microstructure of as-synthesized and calcined
nanoparticles were investigated using a transmission
electron microscope (TEM-JEOL JEM 2000 EX)
equipped with EDS. The samples for TEM were
prepared by dispersing the samples in 50-50% water-
ethanol with ultrasonic agitation and the dispersed
particles were dropped on copper grids covered by an
amorphous carbon film.

Results and discussion

TGA/DTA responses recorded at a constant heating
rate of 2 K/minute in a He atmosphere are shown in
fig. 1. It was found that the thermograms are almost
similar for all the samples. In the TGA trace, no
prominent weight losses were observed, which confirms
the execution of complete combustion at 500 °C
leaving no organic residues. The endothermic DTA
trace above 400 °C which can be associated to the
crystal phase formation temperature of metal oxides.
Subsequently, after the saturated crystallization at

Table 1. Assumed chemical reaction during the combustion on various ratios of dopants and fuel

Chemical reactions

0.95[Zn(NO3),.6H,0] + 0.04[Co(NO5),.6H,0] + 0.01[AI(NO3);.9H,0]

+0.5583[CH,COOHCOHCOOHCH,COOH] 7 ZossCo0nAlooiO + Molecular gases 1
0.95[Zn(NO3),.6H,0] + 0.03[Co(NO3),.6H,0] + 0.02[AI(NO3);.9H,0
Zn(NOs 20 11][CH2C([)()OI({I\C1031){2COCZ)H]CH2CC)[OH%\I RIEOL T~ ZngssConnAlieO + Moleeular gases 1
0.95[Zn(NO3),.6H,0] + 0.02[Co(NO3).6H,0] + 0.03[AI(NO3);.9H,0
2N J)rz().56239][CH2C([)(;)I({I\éOI){2CO(2)H]CH2CO[OHO]\I ROl = ZnossCoupAlgO+ Molecular gases 1
Zn(NO3),.6H,0 + 0.5555[CH,COOHCOHCOOHCH,COOH] — ZnO + Molecular gases 1
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Fig. 1. TG/DTA traces of pure ZnO and Zn.,.,Co,Al,O

800 °C the system evolves energy which is shown as
an exothermic trace. The ZnO and Zn;.,Co.Al,O
complex system shows the crystalline phase changes
only from 500-800 °C.

X-ray diffraction measurements carried out on a
series of Zn;,Co,Al,O complexes for different
calcination temperatures are shown in fig. 2. The
diffraction patterns indicate that there are no traces of
cobalt and aluminum oxides and any binary zinc-cobalt
or zinc-aluminum, and ternary zinc-cobalt-aluminum
phases have been observed. Hence it confirms the
substitution of Co and A/ dopants into ZnO and the
formation of a singular phase Zn,.,Co,AlO. It is also
evident from that the as-prepared and calcined powders
of all the dopant combinations have the same
crystalline hexagonal wurtzite structure. The mean
crystallite size (t) of the nanoparticles were calculated
from the XRD line-broadening measurement using the
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Fig. 2. X-ray diffraction patterns of pure ZnO and Zn.,.,Co,Al,O

Debye-Scherrer’s equation [30]:

___Kh
’ AB-cos(0)

where, the shape factor, K, is given the value 0.9,
assuming mostly Gaussian diffraction peaks, A is the
X-ray wavelength, A8=/8-p;, B and f being the
FWHM of the sample and of the instrument,
respectively. The crystallite size range of as-combusted
powders was found to be 25-27 nm. Similarly, the
particles size range of the calcined powders at 600, 700
and 800 °C were calculated in the range of 32-41 nm,
40-51 nm and 48-61 nm, respectively as shown in table 2.
The calculated values are consistent with the measured
values from transmission electron microscopy (TEM).
The calcined powders induce highly narrow diffraction

(M

Table 2. Particles size from X-ray diffraction patterns using Scherrer’s equation

Particles size (nm)

Composition/
Calcination temp. Synthesized Calcined at 600 °C Calcined at 700 °C Calcined at 800 °C
Zn,95C00.04A19.010 26 33 41 49
Zn,95C00,03A19.020 24 35 42 49
Zn0,95C00,00A19.030 24 33 37 49
ZnO 27 41 51 60

Table 3. BET surface area and equivalent diameters of the nanoparticles for various compositions

MATE-

RIAL Z10.95C00,04Al9.0,0

71n0,95C00,03A19.0,0

Z1n0.95C00,02Aly,930 7nO

TEMP.  AP* 600 °C 700 °C 800 °C AP* 600 °C 700 °C 800 °C AP* 600 °C 700 °C 800 °C AP* 600 °C 700 °C 800 °C

(]i%‘j;) 371 259 195 166 369 272 203

Deer 59 41 55 64 29 39 53
(nm)

151 356 269 184 142 236 198 147 11.0

30 40 59 76 45 54 73 97

*AP — as-prepared
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Fig. 3. SEM micrographs of pure ZnO and Zn.,.,CoAl,O
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Fig. 4. SEM attached EDS spectra of the pure ZnO and Zn,_,.
yCoAl,O

peaks compared to the as-combusted powders, supporting
the crystal growth process during calcination up to
800 °C.

The high surface area in the as-combusted powder is
due to the presence of highly porous agglomerates and
clustering of amorphous nanoparticles. Whereas, the
surface area decreases considerably for the calcined
samples this causes the increase in crystallinity. The

b R~ i

(ic) ZnpesCoppaily 0O at B00°C  (iic) ZngesCogpaAly O at BO0°C  (iiic) ZngesCogpeAly 00 at 800°C

(ive)Pure ZnO at 800°C

equivalent diameter of the particles (Dggr) were
calculated from BET data according to the equation
Dger= 6/(pt:SpeT), Where, Sper is the measured surface
area and py, is the theoretical density of the compound
[31]. Table 3 displays a comparison of BET specific
surface areas of the pure and co-doped (Co, Al) ZnO.
The equivalent diameters of doped ZnO were lower
than those of the pure samples and they are directly
proportional to the calcination temperature.

The morphologies of the as-prepared and calcined
samples at different temperatures are shown by the
SEM micrographs (Fig. 3). Since the dopant
concentrations are very low, the morphologies of the
powders are almost similar but the particle size
increases with the calcination temperature. The large
particles are composed of small crystallites and show
particle aggregates of spherical shapes. The energy
dispersive X-ray spectra (EDS) in fig. 4 performed on
the nanoparticles reports the presence of Zn, Co, Al and
O celements. The C and Au peaks stems from the
conductive surface of samples sprayed with carbon and
gold. Transmission electron micrographs shown in fig.
5 show the nanoparticles are uniform in size and shape.
The particle size increases with the calcination
temperature and the average particle size of the Co and
Al doped ZnO nanopowders are smaller than those of
the pure ZnO. This is due to the tension caused by the
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Fig. 5. TEM micrographs of the hexagonal nanocrystalline pure ZnO and Zn;..,Co,Al,O
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dopant impurities in the zincite structure and their ionic
size difference to that of Zn’*. Also the dopant
impurities affect the growth of nanoparticles during the
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combustion since the dopants act as catalysts for size
reduction. The as-prepared nanoparticles with an
average particle size in the range of 10-20 and 20-
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30 nm were observed for doped and undoped ZnO,
respectively. The high crystallinity of the powder leads
to its corresponding well-pronounced Debye—Scherrer
diffraction rings in the selected area electron diffraction
(SAED) pattern attached with the TEM micrographs.
The calculated values from XRD provide volume-
weighted average crystalline sizes in the range of 25-
60 nm, which is in good agreement with the particle
size observed in the TEM. From the TEM attached
EDS spectra (Fig. 6), peaks ascribed to Zn, Co, Al and
O were detected for the prepared nanoparticles and this
confirms the presence of elements in the composition.
Peaks corresponding to Cu and C were also detected
from the carbon coated copper grid.

Conclusions

Fine nanoparticles of pure and Co, A/ co-doped ZnO
[Zn;.x,CoAl,O] were successfully synthesized by a
combustion reaction. The thermal analysis confirms
that there are no prominent weight losses during the
heating due to the execution of complete combustion
reaction synthesis leaving no organic residues. It was
found that no traces of dopant phases have been
observed in Zn;,.,Co, AlO composite although the
EDS shows the presence of Co and A/, which confirms
the substitution of Co, A/ are doped into ZnO and the
formation of a Zn,..,Co,Al,O singular phase. Hence, it
proves that the as-prepared and calcined powders of all
the dopant combinations have the same crystalline
hexagonal wurtzite structure. The particle size increases
with the calcination temperature and the average particle
size of the Co and A/ doped ZnO nanopowders are
smaller than the pure ZnO. The surface morphology,
shape and size of the nanoparticles were characterized
by scanning and transmission electron microscopy. The
energy dispersive X-ray spectroscopic study confirms
the presence of elements in the composition.
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