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In this study, cobalt-doped ZnO nanoparticles were synthesized by combustion method. Mixtures of citric
acid and glycine were used as fuel. As-prepared powders were characterized by XRD, XPS, SEM-EDX,
TEM and spectrophotometer. XRD patterns indicated that combustion reaction by different fuel mixture
resulted in the formation of pure ZnO phase. However, citric acid combustion alone led to amorphous

powder. Scherrer’s equation demonstrated that the crystallite size increases with citric acid/glycine (C/G)
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ratio (38-61nm). SEM and TEM images illustrated that the morphology of the powder depends on the
C/G ratios and changes from rod-like to spongy hexagonal particles. Reflectance spectra showed that by
higher C/G ratios, deeper green colors are obtained.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

There has been increasing interest in ZnO nanostructures due to
their variety of morphologies and availability of simple and low cost
processing. Moreover, ZnO remains as a dominant material which
holds great promise for a variety of applications such as varis-
tors and surface acoustic wave devices, and future applications,
including UV light-emitting diodes and transparent field-effect
transistors [1,2]. ZnO can be ferromagnetic by doping with tran-
sition metals such as Mn, Fe, Cr, Co and V, the materials would
be suitable for a number of devices such as spin field emission
transistors (FETs), and light emitting diodes (LEDs) with circularly
polarized light emission [3]. Moreover, Co:ZnO nanopowders show
ferromagnetic properties even at room temperature [4-6].

Synthesis of Co:ZnO nanoparticles is an area of interest research.
Co doped with ZnO has been synthesized via sol-gel [ 7], hydrother-
mal [8], wet chemical [9,10] and precipitation methods [11].
However, Co doped ZnO nanoparticles could be prepared by fast,
simple and inexpensive solution combustion method [12]. Ching
Hwang et al. and Rao et al. synthesized ZnO and Co:ZnO nanopar-
ticles by auto-combustion using glycine as fuel [13,14]. Other
fuels are also investigated. Ekambaram et al. showed solution
combustion of transition metal-incorporated ZnO particles using
3-methylpyrazole-5-one (3MP50) as a fuel [15]. Sharma et al.
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reported synthesis of ZnO powders via dry combustion rout using
different urea/oxidizer ratios [16].

Major parameters such as fuel type, fuel mixture and
fuel/oxidizer ratio can play an important role on phase formation
of different compounds. Li et al. showed that because of formation
of amorphous materials, citric acid is not an effective fuel by itself.
Moreover, when citric acid is used, no precipitation happens dur-
ing combustion process because of stronger complexing ability of
citric acid [17]. All amine group-contained fuels decompose at rela-
tively low temperatures [18]. Accordingly, an appropriate mixture
of citric acid and glycine would be the best choice to use both of
the complexing ability of citric acid and the combustion nature of
glycine [19].

To our knowledge, the effect of fuel on phase formation, mor-
phology and size of ZnO and transition metal doped ZnO has not
reported yet. In this study, the effect of citric acid and glycine as well
as their mixtures on phase formation, morphology, and particle size
as well as color characteristics is investigated.

2. Experimental details

All materials used in this study were of analytical grade. Previ-
ous work has demonstrated that for solid state reaction a complete
solid solution of Co:ZnO can be achieved by addition of 0-20 wt%
of Co304 [11]. Since low amounts of cobalt (less than 5%) are
not detectable by XRD technique, 10 wt% Co was used to insure
complete formation of solid solution. In this case, Zng9Cog 10 was
considered as the stoichiometric composition.
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Table 1

Synthesized samples with different amounts of citric acid and glycine fuels.
Sample Citric acid, % Glycine, %
C100GO 100 0
C75G25 75 25
C50G50 50 50
C25G75 25 75
C0G100 0 100

The exothermic redox stoichiometric reactions between oxi-
dizer (zinc nitrate) and fuels (glycine or citric acid) to achieve
Zng 9Cog 10 composition can be expressed as follows:

0.9Zn(NO3), - 6H,0 + 0.1Co(NO3 ), - 6H,0 + ¥NH,CH,COOH
— Zng g9Cop 10 + GI/ICOZ + 7.9I/IH20 + 0.951/IN2 (1)

O.9ZH(NO3 )2 -6H,0 + 01C0(N03 )2 -6H,0 + WC6H807
— Zng.9Cog.10 + 6y CO, + (4¢ + 6)H,0 + N, (2)

where the ¥ represents the ratio at which the value of oxygen bal-
ance is equal to zero. This F/O (fuel/oxidizer) ratio reaches to 10/9
for glycine (reaction (1)) and 5/9 for citric acid (reaction (2)) fuels
[20].

In the case of fuel mixtures, the fuel composition was cal-
culated by molar ratios between Citric acid/Glycine (C/G) fuels.
As a typical example, stoichiometric amounts of Zn(NO3)-6H,0
and Co(NOs),-6H,0 dissolved completely in deionized water into
beaker vessel. Then, mixture of fuels was slowly introduced to solu-
tion under vigorous stirring and the temperature increased up to
90°C. After 30 min, the solution completely converted to a highly
viscous gel. Next, the beaker vessel was transferred into microwave
oven to complete the combustion reaction after about 50s. The
synthesized samples are listed in Table 1.

The obtained powders were characterized by X-ray diffrac-
tion using a D-500 (Siemens, Karlsruhe, Germany) diffractometer.
Size and morphology of the samples were observed by LEO 1455
VP scanning electron microscope (SEM) and transition electron
microscopy (TEM). The elemental distribution of samples was
determined with an attached energy dispersion X-ray spectrom-
eter (EDX, Oxford Instruments). Color properties of the obtained
products were determined by Ultraviolet radiation spectroscopy in
the visible-ultraviolet light region. Diffuse reflectance was deter-
mined with a Color Eye 7000A spectrometer in the range between
300 and 700 nm.

3. Results and discussion
3.1. Crystal structures of synthesized samples

Fig. 1 shows the XRD patterns of as synthesized powders
obtained by different fuel ratios. It can be observed that very
intense single hexagonal ZnO phase with P63mc structure (JCPDS
5-664) was obtained except for C100G0 which amorphous phase
is observed. Moreover, in the case of C100GO0, the extremely broad
peaks at about 32° and 36° are indicative of nano-crystalline nature
of the ZnO phase. According to the patterns, the peak intensity of
ZnO phase increases with glycine content. This observation can be
due to the decomposition of glycine which occurs at lower tem-
peratures in comparison with citric acid. Li et al. [18] illustrated
this phenomenon in the case of synthesis of y-lithium aluminate
using various fuels. So, the energy released from redox reaction of
glycine fuel, zinc and cobalt nitrate accelerates the phase formation
of ZnO.
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Fig. 1. XRD diffraction patterns of Co:ZnO powders synthesized using different fuel
mixtures (C100G0, C75G25, C50G50, C25G75 and COG100 samples).

The average crystallite size (D) was determined by

Debye-Scherrer’s formula according to Eq. (3):

0.9
~ Bcosh

(3)

where A is the wavelength of incident X-ray, § is the half width of
diffracted peak and 6 is diffracted angle. The trend of average crys-
tallite size as a function of fuel mixture ratio is illustrated in Fig. 2
in which the average crystallite size increases with glycine content
from 37 to 63 nm. In fact, auto-combustion of glycine releases more
energy than citric acid, which can lead to rapid crystal growth.

3.2. The oxidation state of cobalt in ZnO structure

XPS survey spectra obtained from COG100 sample are shown
in Fig. 3(a) in which, all peaks are related to Zn-0-Co bonds. Two
weak peaks appear at 765-800 eV, corresponding to Co 2p3j, and
Co 2pq ;. High resolution spectrum of Co 2p bonding energy region
is illustrated in Fig. 3(b). The curve fitted on spectrum reveals the
appearance of Co 2p;j, peak at 781.8 eV and Co 2py; at 798 eV. S.H.
Ha et al. [21] showed that the position of Co 2p3/, peak is related
to the change of oxidation state of Co element. Therefore, the Co
2p3), peak at 781eV is related to Co with its 2* oxidation state.
Moreover, the energy difference between Co 2p3, and Co 2py; is
near to 15.5, which indicates the existence of Co?* in ZnggCog 10
structure [22].
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Fig. 2. Crystallite size of different citric acid-glycine content samples synthesized
by auto-combustion method.
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Fig. 3. (a) XPS spectrum of C0G100 sample and (b) high resolution of Co 2ps/; and 2p;, region.

3.3. The microstructures of synthesized samples

Fig. 4 shows the SEM images of Co:ZnO powders obtained by
different fuel mixture ratios. As shown in Fig. 4(a), C75G25 pow-
der consists of semispherical loosely agglomerated particles. This
morphology is due to the inherent effect of the organic fuels [23].
Citric acid has more effective complexing role than glycine, because
of the chelating effect [24]. Subsequently, the powder synthesized
in the presence of higher content of citric acid has finer particles
with uniform size. Moreover, Fig. 3(a)-(d) shows that the size and
morphology of obtained powders have been changed by increasing
glycine content. In fact, the released energy from combustion reac-
tion is associated with enhancement of amine groups as a result of
glycine enrichment [18]. When the ignition of metal nitrate starts
in the presence of nitrogen-based fuels, localization of heat on the
particle boundaries results in semi-sintered particles [25] observed
in Fig. 4(b) and (c). Furthermore, the increasing of localized heat
with glycine content leads to rapid crystal growth. The increase of
particle size in Fig. 4(b) and (c) in comparison with Fig. 4(a) is in
good agreement with crystallite size results in Fig. 2. In the case
of C0G100, formation of porous spongy morphology is observed

which is related to larger amount of exhaust gas release from com-
bustion reaction.

The elemental distribution of COG100 was determined with EDX
analysis. From Fig. 5, the EDX spectrum shows only the presence of
Co, Zn and oxygen which is in agreement with the results from XPS
in Fig. 3. Moreover, the atomic percent of Co?* in the synthesized
powder is about 4.5%.

TEM images of Co:ZnO powders synthesized by different fuel
mixtures are shown in Fig. 6. Combustion in the presence of citric
acid leads to the formation of fine rod-like nanoparticles (Fig. 6(a)).
However, in these conditions, structure mainly consists of amor-
phous phase. As shown in Fig. 6(b) and (c), particle size increases
from 200 to 300 nm with glycine content. Wu et al. [24] illustrated
that using glycine as fuel, larger particles with better crystallinity
can be obtained. In Fig. 6(c) and (d), the higher energy released from
glycine causes the formation of semi-sintered particles. Higher
amounts of exhaust gases lead to the formation of loose packing
agglomerates which in turn causes more pore/particle ratio.

From Figs. 4 and 6, it seems that three different morphologies
concerning the kind of fuel are obtained in C100GO to COG100
samples. The first is rod like morphology appeared in sample
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Fig. 4. SEM images of samples combustion synthesized using different fuel mixtures: (a) C75G25, (b) C50G50, (c¢) C25G75 and (d) COG100 samples.
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Fig. 5. The elemental distribution of sample COG100 determined with energy dis-
persion X-ray spectrometer EDX.

C100GO (pure citric acid fuel). Rod-like structure of ZnO nanopar-
ticle can be related to carboxylic groups of citric acid. Yang et al.
[26] showed that the adsorption of growth units on crystal sur-
faces strongly affects the growth speed and the orientation of
the crystals. Hence, adsorption of citric acid carboxylic groups on
the crystal surface can influence the orientation and morphol-
ogy of the particles [27]. The complex of citric acid and Zn ions
in the precursor tends to be perpendicular to the absorbed sur-
face. After combustion reaction, the growth units would tend to
face-land onto the growing interface. Therefore, different growth
rate of crystal plane causes rod-like growth of ZnO structure
[26].

The second morphology is spherical polycrystalline aggregates
or semi-spherical particles appeared in C75G25 and C50G50 sam-
ples due to radiating growth from the center [16]. The third kind is
platelet morphology with large pores and high surface area which
was observed in C25G75 and COG100 samples and is probably due
to the evolution of large amount of gases as by-products [16]. Strong
agglomeration is observed in the two latter morphologies. Since
high flame temperature of glycine fuel results in the formation of
semi-sintered nanoparticles, the resultant large agglomerates have
higher resistance to dispersion by ultrasonic agitation [25].

Table 2
CIELAB coordination of Co:ZnO sample prepared by combustion in presence of dif-
ferent fuel mixtures.

L* a* b* c h
C75G25 40.776 —11.545 7.4419 13.736 147.19
C50G50 35.834 —18.85 8.31 20.6 156.21
C25G75 49.954 —26.441 10.439 28.428 158.46
C0G100 62.24 -18.31 7.68 19.85 157.25

3.4. Color properties of synthesized samples

Color properties of the synthesized samples in the presence of
different fuel mixtures have been investigated using the CIELAB
coordinates and spectral reflectance. In CIE L*a*b* color space, L*
is the lightness axis, b* shows the color varying from blue to yel-
low, a* represents the color varying from green to red. Fig. 7 shows
the diffuse reflectance spectra of the as-synthesized powders. A
broad reflection band around 530 nm can be observed for all sam-
ples being a characteristic peak for green region. However, the
peak intensity is bigger for COG100 meaning a lighter green color.
Increase of reflectance intensity with glycine content of fuel mix-
tures is shown in Fig. 7. It seems that deeper green color of sample
synthesized using glycine rich fuel (C75G25 and COG100 samples)
is due to good crystallinity and better substitution of Co atom in
wurtzite structure. The best method for investigating the color
quality of a pigment is the evaluation of pigment’s chroma (C*) and
hue angle (h). C* and h are defined as follows [28]:

= (@) + (b)) (4)
hgp = tan™! (g) (5)

where a* and b* is the color-opponent dimensions.

Table 2 presents color properties as a function of the fuel mix-
tures.

In accordance with Fig. 7 and Table 2, the samples con-
tained higher amounts of glycine (C50G50, C25G75 and COG100)
have higher a* and L* compared to other samples. This confirms
that depending on fuel mixture, different color properties were
obtained which can be well related to the crystal structure, powder
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Fig. 6. TEM images of samples combustion synthesized using different fuel mixtures: (a) C100G0, (b) C75G25, (c) C50G50 and (d) C25G75 samples.
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Fig. 7. The diffuse reflectance spectra of the samples synthesized using different
fuel mixtures.

morphology and particle agglomeration. From C* and h parameters,
it is concluded that COG100 and C25G75 samples have more chro-
maticity and has a dipper green color. Cunha et al. [29] showed
that deep green color of ZnggCog 10 pigment was obtained only
for a complete entrance of Cobalt into ZnO structure. They have
reported this observation through investigating the effect of calci-
nation temperature on the color of the samples due to the complete
or partially entrance of Cobalt into ZnO structure.

4. Conclusions

Cobalt-doped ZnO nanocrystalline green pigments have been
synthesized via combustion method in the presence of different
ratios of glycine and citric acid. The crystallite size increases from
37 to 63 nm with glycine content. The morphology of synthesized
powders changes as a function of fuel ratio. For example, the rod-
like morphology of particles changes to spongy semi-sphere by
increasing the glycine content. Spongy semi-sintered particles form
due to high glycine content in fuel mixtures. Deeper green color
with respect to higher C*, h and intense green reflectance (530 nm)

was obtained by higher amount of glycine content in the fuel mix-
tures.
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