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Abstract

Zn; _,Co,0 (x==0.05, 0.10, 0.15) nanoparticles have been synthesized by an alternative wet-chemical synthesis route using the SimAdd
technique. The as-obtained powders were investigated by FT-IR spectroscopy, X-ray diffraction and thermal analysis correlated with evolved gas
analysis (TG-DTA-FT-IR) in order to determine their chemical nature, crystalline structure and to establish the decomposition sequences. The
precipitates are generally amorphous, but low-intensity reflection peaks assigned both to the zinc oxalate dihydrate, and zinc hydroxide can be
observed in the recorded patterns, indicating that hydroxy-oxalate precipitates were obtained. The structure, morphology and magnetic properties
of the thermally treated samples have been investigated by X-ray diffraction, FT-IR, HRTEM, SAED, UV-vis and EPR. XRD studies reveal a
hexagonal wurtzite-type structure for all Zn; _,Co,O samples. TEM investigations show particle size between 28 and 37 nm, with spherical and
polyhedral shapes and with tendency to form aggregates. The presence of a Co30,4 secondary phase was evidenced by XRD, UV-vis and EPR for
the Zng g5Cop 150 sample. The ferromagnetic behavior of the samples was revealed. The paper highlights that by varying the cobalt concentration

it is possible to modulate the structural, morphological, optical and magnetic properties.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The scientific research interest in wide band gap semicon-
ductors has been attracted by the zinc oxide (ZnO) due to its
excellent properties as semiconducting material [1-7]. ZnO is a
II-VI n-type semiconductor with a wide direct band-gap in the
near-UV spectral region, at room temperature [8—13] and, a
large free-exciton binding energy of 60 meV [7,11-13]. Zinc
oxide nanoparticles exhibit a considerable potential for appli-
cations in the solar cells field [14-19], diluted magnetic
semiconductors [19,20], nanopiezotronics [21,22], UV detec-
tors [23,24], chemical sensors, gas sensors [25], light-emitting
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diodes and lasers [26,27]. Therefore, the optical properties of
ZnO and the possibility of band gap engineering through
transitional metal (TM) doping, strongly encourages the
exploration of the magneto-optical properties of the ZnO:TM
[19,25].

Various chemical and electrochemical synthesis methods
have been used to obtain nanostructured Co doped ZnO
nanoparticles, such as sol-gel [28,25], precipitation/coprecipi-
tation [29-33], hydrothermal [34,35], microemulsion [36,37],
pyrosol [38,39], and electrochemical methods [40,41]. The
precipitation/coprecipitation method, as compared with other
chemical or physical methods, is an inexpensive method which
allows the synthesis of a wide range of nanoparticles with
different and controlled sizes and shapes [16,29,30,42,43].
Compared with the classical method of synthesis based on
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solid phase reactions, this method has the advantage that it
allows the control of the particle nucleation and growth from
the precursor solution. Among these strategies, the precipita-
tion method via oxalate intermediates has been approached in
this study. The paper presents a simple, reproducible, con-
trollable and direct wet chemical synthesis method for ZnO:Co
nanoparticles, which consists in the simultaneous addition of
reactants (abbreviated as WCS-SimAdd) as acetate salts and
oxalic acid, under pH control, in the presence of an anti-
agglomeration agent. The intermediate compounds (hydroxy-
oxalate type precursors), are precipitated and transformed into
final products (zinc oxide nanoparticles), by a thermal decom-
position process. In order to have a better understanding of the
processes that take place during the thermal decomposition of
the hydroxy-oxalate precursor, the thermal analysis was
correlated with the evolved gas analysis (TG-DTA-FT-IR).
To our knowledge, until now no investigation using TG-
DTA-FT-IR was performed for the study of the decomposition
processes of zinc hydroxy-oxalate precursor into zinc oxide
nanoparticles. Structural, morphological and optical character-
ization was performed both for the precursors, and/or final
products, with emphasis on the sample quality (i.e. homo-
geneity, substitution of Co for Zn sites), and sample reproduct-
ibility with controlled crystallite size and Co content. Thus, a
double correlation between the synthesis conditions — struc-
tural, morphological characteristics and optical and magnetic
properties — was established.

2. Experimental

The nanocrystalline Zn; _,Co,O (x=0.05, 0.10, and 0.15)
samples were prepared by the wet chemical synthesis route —
simultaneous addition of reagents (WCS-SimAdd), using
acetates as the corresponding starting salts and oxalic acid as
precipitating  reagent.  Zinc acetate  dihydrate, Zn
(CH3COOQO); - 2H,0 (99.9%, Merck), cobalt acetate tetrahy-
drate, Co(CH5COO), - 4H,0 (99,9%, Merck) and oxalic acid
dihydrate, H,C,0,4-2H,0 were used. Aqueous solutions of
acetates (0.5 M) and oxalic acid (0.5 M) were prepared. The
precipitation was carried out under continuous magnetic
stirring and the pH value was adjusted to 8 + 0.2, by adding
ammonium hydroxide solution (NH4,OH). Due to the strong
basic hydrolysis of the cobalt acetate, the ammonia volume
required to adjust the pH considerably decreases for the sample
prepared with 10 and 15 at% cobalt. Also, tetraecthylammo-
nium hydroxide, (C,Hs5);N(OH) was used as an anti-
agglomeration agent. The post-precipitation stages consisted
in a 24 h aging, separation by filtering and drying. The thermal
treatment of the precipitate was performed at 500 °C, for 2 h,
in air with a heating rate of 300 °C/h.

The as-obtained and calcined precipitate were characterized
by Fourier transform infrared spectroscopy (FTIR) (Jasco 610
FTIR Spectrometer, KBr pellets technique), X-ray diffraction
XRD (Bruker AXS D8 Discover diffractometer, 40kV,
40 mA, Acukq1=154,056 A). Moreover, the precipitates were
characterized by thermogravimetric TG and differential ther-
mal analysis DTG (Mettler Toledo TGA/SDTA851) and by

FT-IR spectroscopy coupled with TG evolved gas analysis
(Thermo Scientific Nicolet 6700 FT-IR Spectrometer equipped
with TGA module; HR Nicolet TGA Vapor phase library). The
transmission electron microscopy bright field (TEM) and high
resolution images (HRTEM) coupled with selected area
electron diffraction (SAED) were obtained using a 300 Kv
Tecnai G* F30 S-TWIN transmission electron microscope. The
diffuse reflectance UV-vis spectra (DRS) of the investigated
powders were recorded using a Jasco V-650 spectrophotometer
having an integrating sphere attachment. The ferromagnetic
resonance (FMR) measurements were carried out, in the
temperature range of — 163 °C to 27 °C, on a X-band Bruker
E-500 ELEXSYS spectrometer equipped with a variable
temperature accessory. The spectra processing was performed
by Bruker Xepr software. The electronic paramagnetic reso-
nance (EPR) spectra were recorded using equal quantities of
samples.

3. Result and discussion

It is well known that the chemical mechanism plays an
important role in studying and controlling the precipitation/
coprecipitation process, by the WCS-SimAdd technique [44].
Formation of Zn;_,Co,O oxalate during the precipitation/
coprecipitation processes of metal acetates with oxalic acid is
governed by the following chemical reaction:

(1 =x)Zn(CH3CO0),+xCo(CH3CO0), + +H,C,04—
an —XCOxC204l + + 2CH3COOH

The amount of ammonia added in order to increase the pH
induces the increase of OH ™ ions concentration in solution. If
the OH™ concentration is higher, these anions could be able to
coordinate the metal ions. In this case, hydroxyl-oxalate
precipitates will be obtained (M(C,04);_,(OH),,). The fol-
lowing ionic reaction governs the formation of the intermediate
oxalate precipitate:

M? T +C,03~ +2aNH," +2aOH ™~ <> aM(OH), + (1 —a)
MC204 + 2aNHI + aC204 -

M2F +C,03~ +2aNH,; +2aOH~™ &M
(C204)1 _ o(OH)p, ) +2aNH," +aC,07

M=Zn, Co; O<a < 1

3.1. Thermal analysis

Considering that the critical step in the synthesis of zinc
oxide by wet-chemical methods is thermal decomposition of
the precipitate, thermogravimetric and differential thermal
analyses (TG-DTA) were conducted to understand the thermal
behavior of the hydroxy-oxalate or oxalate type species and the
results are illustrated in Fig. 1.

The TG-DTA analyses have revealed that the decomposi-
tion of the precipitates takes place in three (when forming the
species Zng95C0y0sO and Zng99Cog.100) or two successive
stages (when forming Zng g5Cog 150). The first stage occurs in
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Fig. 1. TG and DTA curves for Zn; _,Co,O precursors: (a) x=0.05; (b) x=0.10; (c¢) x=0.15.

the temperature range of 125-200 °C, with a mass loss
of 7.5 wt% (corresponding to Zngo¢s5C0g0sO formation),
17.8 wt% (Zn0_90C00_100) and 18.4 wt% (Zn0_85C00_150) and
is attributed to the elimination of adsorbed water. A supple-
mentary decomposition stage is observed for the precipitates
prepared with 5% and 10 mol% Co, between 275 °C and
325 °C, corresponding to the decomposition of zinc hydroxide.
The decomposition/transformation of this specie into zinc
oxide is accompanied by a mass loss of 6.4 wt% for
Zng95C0p0sO sample. An insignificant mass loss followed
by an endothermic effect can be observed at 266 °C for the
7Zng.90C0og.100 precipitate, indicating the presence of a small
quantity of zinc hydroxide. The main decomposition step
observed between 375 °C and 425 °C, with a significant mass
loss of 40.5 wt% (Zn0_95C00_050), 39.3 wt% (Zn0V90C00V100)
and 38.9 wt% (Zn( g5Cog 150) is attributed to the decomposi-
tion of the oxalate group.

Taking into account these observations, it can be assumed
that the decomposition of the precipitates takes place according
to the following reactions:

125-200 OCZZH] ,XCOXC204 . aZn1 ,yCOy(OH)z . szO -
an _XCOXCZO4 . aZn1 _yCOy(OH)z + szO

275-325 °C: Zn, _,C0,C,04 - aZn, _,Co,(OH), —
Zl’ll _XCOXC2O4 + aan _yCOyO + ClH2O

375-425 °C: Zn, _,C0,C,04 > Zn, _,C0,0+CO,+CO

No significant weight loss was observed for temperatures
higher than 500 °C in the TG curves, indicating that the
oxalate intermediates were completely decomposed.

3.2. TG-FTIR analysis

Information regarding the decomposition pattern of species
generated during the decomposition of the hydroxi-oxalate or
oxalate type precipitates was obtained from TG coupled with
FTIR analysis. Fig. 2 presents the DTG curves associated with
the total infrared absorbance profiles (Gram—Schmidt curve —
a—c) of the evolved gases, as a function of time and the FT-IR
profile of the gas evolved at different times/temperature (d—f).
The two main decomposition stages are accompanied by
a major gas release occurring between 125-200 °C and
375-425 °C. A supplementary gas release, between 275 °C
and 325 °C, can be observed only for the Zngo5Co0g 5O
precipitate. It can be seen that the temperature of the IR
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Fig. 2. Gram—Schmidt diagram coupled with DTG curve (a—c) and FT-IR spectra of the gases evolved during the thermal treatment of the precursors at different

firing times (d—f).

absorbance peaks (Gram—Schmidt curve) is similar to that of
the weight-loss maxima (DTG plot). The FT-IR characteristic
absorbance bands of the main gaseous products — H,O, CO,,
CO and NH; - evolved during the thermal treatment of the

precipitates can be observed at different times: vo_y~3400-
4000 cm ™!, 8o p~1300-1900 cm ™' for H,0; vco~2360
em™' for COy; veo~2184 and 2110cm™~"' for CO; Snn
~965—930 cm ! for NH; [45,46]. In the temperature range



A. Mesaros et al. / Ceramics International 40 (2014) 2835-2846 2839

125-200 °C, the released gases consist of H,O adsorbed water and,
CO,, adsorbed from the atmosphere. The release of water in the
temperature range 275-325 °C/26 min, for the Zngg5C0 5O
species is correlated with the decomposition of zinc hydroxide
amorphous phase. Also, the presence of ammonia traces can be
explained by the decomposition of small amounts of ammonium
oxalate, formed during the precipitation or by the removal of the
ammonia adsorbed on the surface of zinc hydroxide particles.

As the thermal treatment continues and the temperature
increases, all the precipitates simultaneously release carbon
dioxide and carbon monoxide (FT-IR spectra at minute 37-38,
397-398 °C) due to the decomposition of zinc oxalate. The
water characteristic vibration bands are present, meaning that
the dehydration was not completed and small quantities of
water were trapped into the oxalate structure.

3.3. X-ray diffraction

The XRD patterns of the Zn;_,Co,O and corresponding
synthesized precipitate samples are presented in Fig. 3a and b.
It is well known that, generally, the as-synthesized precipitates
present an amorphous structure. The XRD patterns of the
precipitate powders (Fig. 3a) exhibit typical diffraction peaks
corresponding to the monoclinic structure of the zinc oxalate
dihydrate, ZnC,0,4-2H,0 (JCPDS card no. 01-0715157). In
this context the presence of the zinc hydroxide phase observed
by the thermal analysis for the Zng 95C0g 5O precursor could
be explained by taking into consideration its amorphous
structure character. In the 26: 5-15° range of the diffractogram,
the shape indicates an amorphous component of the precipi-
tates which increases with Co” ™ cations concentration for the
Z1¢.90C00.100 and Zng g5Coq 150 species. Also, no diffraction
peaks corresponding to cobalt oxalate or cobalt hydroxide
based compounds were identified.

The XRD pattern of the prepared ZnO and Zn;_,Co,O
samples are presented in Fig. 3b. It is discovered that all
samples possess a typical hexagonal wurtzite structure by
comparison with the data from JCPDS standard file — PDF no.
36-1451, space group P6szmc (186). In the case of 5 mol% Co
doping, no additional diffraction peaks were found, suggesting
that the ZnO structure is not disturbed by the substitution, and
there are no crystalline impurities in the sample. At low doping
concentrations (above 5%), the Co ions can be incorporated
into the ZnO crystal structure to form a solid solution. For the
Zng990Cop 100 sample, weak diffraction peaks belonging
Co304 are detected. The strongest reflection peaks for Coz04
are evidenced at higher cobalt concentration.

The calculated values for the crystallite size, lattice para-
meters a and ¢, and the crystal lattice distortion degree are
shown in Table 1. Using the Scherrer formula, the average
crystallite sizes calculated for the (101) and (100) peaks were
about 42 nm for undoped ZnO. For the 5 mol% mol Co, the
crystallite size has decreased to 30 nm, indicating that the
presence of Co” ™ ions inhibits the nucleation and the growth
of the nanocrystals. For high cobalt concentration, an increase
of the crystallite size can be observed, 35 nm for the 10 mol%
Co, and 38 nm for the 15 mol% Co.

a

Intensity / a.u.

Zn(C€,0 )-2H,0
JCPDS: 01-071-5157|

I e e e I B e B e e e e R
5 10 15 20 25 30 35 40 45 50 55 60

20/°
g g
Co,0,-JCPDS 01-042-1467
:. Zno QDcoﬂ 100 03 *
- 2060,
o
> N A
G
S |zn _Co O
‘9 n0.95 00.05
£
N A\
undoped - ZnO 2Zn0 - JCPDS 01-036-1451
— ,JLLJK — L
20 25 30 35 40 45 50 55 60

26/°

Fig. 3. (a) XRD patterns of the obtained Zn; _,Co,O precursor powders — the
diffraction peaks are indexed on the basis of the powder diffraction file
JCPDS 01-071-5157; (b) diffraction pattern of undoped and Co doped ZnO
nanoparticles.

The XRD patterns show that the ZnO lattice parameters
slightly increase for the ZnO sample with a 5 wt% cobalt
concentration. This increase is surprising since the ionic radius
of cobalt (0.58 ;\) is smaller than the ionic radius of zinc
(0.60 A) in the tetrahedral coordination. On the other hand,
Djerd; et al. have suggested that an expansion of the structure is
expected when Co?™ is incorporated into the ZnO structure in
such a way that its coordination number is increased [19]. If the
Co”™" ions are present in the octahedral coordination, its ionic
radius increases to 0.65 A for the low spin state, and to 0.74 A
in the high spin state. The octahedral coordination is possible
only if Co®" is incorporated into the structure at an interstitial
site [19,20]. ZnO nanocrystals arise both from zinc hydroxide
(291 °C) and zinc oxalate thermal decomposition (397 °C).

A direct consequence of the interstitial accommodation of
Co®" is the enhancement of the concentration of the lattice
defects which can be correlated with the ZnO lattice distortion
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Table 1

Crystallite sizes and unit cell parameters calculated according to the XRD data and the distortion degree calculated according to the lattice parameters.

Co concentration % Crystallite size (nm)

Cell parameter a A)

Cell parameter ¢ (A) Distortion degree

0 42 3249
5 30 3251
10 35 3250
15 38 3251

5207 10,190
5210 10,191
5205 10,196
5206 10,198

degree defined as the ratio R==2a(2/3)1/ %/c, where a, ¢ are the
calculated lattice parameters [28,29].

3.4. FT-IR spectroscopy

The infrared absorption (FT-IR) spectra recorded for the as-
obtained precipitate samples (Fig. 4a) present the zinc oxalate
characteristic absorption bands. The large band observed at
approximately 3382 cm ™' can be attributed to the water — v
(O-H) stretching vibration, whereas the band at 2340 cm ! is
assigned to the adsorbed CO, gas. A low intensity band at
approximately 3170 cm ™' corresponding to the ammonium —
v(N-H) stretching vibration, can be observed in all the
precipitate spectra [47]. The asymmetric 2,sym(COO™) and
the symmetric v4,,(COO™) stretching modes observed at
1617 cm ™! and 1362, and 1320 cmfl, respectively, are
assigned to the oxalate modes [49,50]. The difference in their
frequencies  Av(COO ™ )=1/p5ym(COO ™) — 14y, (COO ™) i
around 255 cm ™' suggesting a bidentate coordination of the
oxalate with Zn, in which four O atoms are involved [50].
Three low intensity bands at 816, 739 and 610 cm ™! are also
observed in the spectra and are attributed to the 6(O-C=—=0)
bridging oxalate group and to the coordination between metal
ions with the carboxylates sites of the oxalate ion v(O-Zn-0)
and v(Zn-0O) [51]. The bands at 489 and 440 cm~ ! are
attributed to the interaction of the metal-oxygen vibration v
(Zn-0) [52].

The FT-IR spectra of undoped ZnO and doped ZnO:Co
samples (Fig. 4b) confirm the total conversion of the pre-
cipitates into zinc oxide by thermal treatment. The strong
Zn—0 absorption bands at 440, 490 and 525 cm ™' suggest that
the main phase of the as-prepared particles is zinc oxide. No
evidence of the oxalate group characteristic vibrations is found
in the FT-IR spectra of all samples.

The FT-IR spectrum of undoped ZnO (4000-400 cm ™ ') is
presented in the inset of the Fig. 4b. The low intensity bands at
3425, 1630 and 2350 cm " assigned to the O-H stretching,
O-H bending and O=C=0 stretching vibrations, respec-
tively, are due to the atmospheric water and carbon dioxide
adsorbed on the nanoparticles surface. Two characteristic
absorption bands at 600 and 678 cm ™~ attributed to Co—O
stretching vibration for the Co;0,4 phase are observed in the
spectra of the high cobalt concentration sample [53]. As the
XRD analyses has already illustrated, these bands cannot be
identified in the Zng 95C0( 150 spectrum. But, in this case, an
increase in the absorption band intensity at 489 cm ™' can be
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Fig. 4. (a) FT-IR spectra of ZnO and Zn; _,Co,0O precursors; (b) FT-IR spectra
for undoped ZnO and Co doped ZnO samples (1000-400 cm ™ "; inset — FT-IR
spectra for undoped ZnO (4000-400 cm ™).

observed. That can be correlated with the Co-O stretching
vibration observed at 507 cm !, for a CoO phase [53].

3.5. TEM-HRTEM analysis

The TEM analysis (Fig. 5) obtained on the precursor powder
provides a direct observation of the morphological and
structural characteristics. The precipitate powder consists in
nanocrystalline particles and aggregates, this behavior being
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Zn(C,0,) x 2H,0

Fig. 5. TEM image and SAED pattern (inset) (a) and HRTEM pattern (b) of
7Zn(.95C00 05O precursor.

characteristic for the oxalate type precursors [32,43,51]. SAED
(inset of Fig. 5a) and the high resolution pattern (Fig. 5b)
illustrates the amorphous structure, but also the presence of
very small crystallites (4-54-5 nm in size) of ZnC,O,.

The TEM bright field images of ZnO and Co doped ZnO
samples (Fig. 6) illustrate the presence of the aggregates with
different shape and lengths, formed by agglomerated spherical
and polyhedral nanoparticles with sizes in the range of 28—
38 nm. This tendency to form larger and denser nanoparticle
aggregates during the thermal treatment is typical for zinc
oxalate type precipitates [51]. The estimated crystallite sizes,
according to the TEM analysis, confirm the calculated values
from XRD. Thus, the Zng¢5C0(0sO sample presents the

lowest crystallite size, estimated at 28 nm, while an increase
tendency of the crystallite size is observed with an increase of
cobalt concentration. The granulometric distribution of the
samples shows that the undoped zinc oxide has a monomodal
distribution, while for all other samples, the grain size
distribution is bimodal, and for the highest concentration of
Co the grain size distribution is almost trimodal.

From the SAED patterns presented in insets of Fig. 6 a, c—e,
and g, we can see distinguishable diffraction patterns corre-
sponding to the hexagonal structure of zinc oxide while for the
15% Co doped ZnO a (111) orientation of the lattices appears
corresponding to the Co3;0,, also being in agreement with
the X-Ray diffraction data. A closer view into the crystal
structure of ZnO nanoparticles is achieved by HRTEM images
shown in Fig. 7. All the HRTEM images are presenting
nanoparticles with a good crystallinity with a clear resolution
of lattice fringes of d=191A, 248 A, 2.6 A and 2.82 A
corresponding to the crystallographic planes (102), (101),
(002) and (100) corresponding to hexagonal ZnO (Fig. 8).

3.6. Optical characterization

The substitution of Zn sites for Co into the ZnO structure
was verified by conventional UV-vis spectroscopy. Fig. 9a
presents the optical absorption spectra of the Zn; _ ,Co,O series
using as a reference the undoped ZnO spectrum. The insertion
of the Co ions into the ZnO structure leads to the appearance of
three additional absorption bands at about 568, 613 and
654 nm. They are frequently observed in Co doped ZnO
samples and were attributed to 4A2(F)—2E(G), 4A2(F)—
2T1(P) and 4A2(F)—2A1(G) transitions, indicating that the
Co”™" ions substitute the Zn>* jons in ZnO and that their
valence is 2+ [54,55]. These bands are assigned to the typical
d—d transitions of Co® " ions with 3d” high-spin configuration,
involving crystal field levels of Co®" in the tetrahedral
coordination [56,57]. Based on the absorption spectra, the
direct band-gap of all samples is calculated from the following
relationship:

(aE) = A(E—E,)"?

where a — optical absorption coefficient, @ = A/d’; A — is the
measured absorbance and d’ — the thickness of sample in a
UV-vis cell (0.4 cm), E — the photon energy, E, — the direct
band gap of the sample. The extrapolation of the linear part of
the curve of (aE)? vs. E to the aE=0 (where E=E,) allows the
calculation of the direct band-gap for all samples. The band
gap of pure ZnO is about 3.2 eV, in agreement with the
literature data [56,58—60]. The sharp absorption peak of the
undoped ZnO changes into a broad peak shifted to higher
wavelengths when the concentration of Co ions in ZnO
increases. As can be observed in Fig. 9b, the band gaps
decreases form 3.2eV in undoped ZnO to 2eV when
the Co”>™ concentration reached 15%. This redshift of the
band gap edge by the incorporation of Co into ZnO was
reported before [61] and was associated with sp—d exchange
interactions between the band electrons and the localized d
electrons of the Co>™ ions substituting Zn ions. Seemingly,
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Fig. 7. HRTEM images of ZnO (a), Zng 95C00 05O (b), Zng.90C00.100 (c), ZnygsCop.150 (d) samples.

the incorporation of Co>™ into ZnO in substitution positions
occurs even at higher concentrations of dopant. However, the
presence of Co3;04 in Zn;_,Co,0 (x> 0.05) (confirmed by
XRD measurements) could be also responsible for the redshift
of the band gap. Co;0,4 is known as a black powder, having
strong absorption in the whole UV-vis range. Thus, its
presence also increases the absorption of Zn;_,Co,0O
(x>10.05) in the UV-vis region of the spectrum [29].

3.7. EPR spectroscopy

The EPR spectroscopy was performed in order to under-
stand how the Co ions are incorporated in the ZnO lattice and
to investigate the magnetic behavior of the samples. In this
type of compounds, the cobalt atoms substitute the zinc atoms
and the neutral charge state is Co’" (a 3d’ configuration).
Co’® has I=7/2 which gives rise in single crystals to an eight
line hyperfine pattern. The EPR spectra of Zn;,_,Co,O
measured at -163 °C are presented in Fig. 9. For the
7Zng 95C00 05O and ZnggoCog.100 samples, the spectra are
composed of an intense line near 1500 G and a small line
near 3000 G. These line correspond to the effective g,.=4.4,
gn=2.27, respectively suggesting that the system symmetry is
axially distorted.

The absence of the hyperfine structure could be due to an
increasing number of randomly distributed defects, which
enhances disorder of the crystalline field at Co’™ sites [62].
Usually the isolated Co® ™ ions give a sharper line at 1500 G
[63,64]. In our case of the sample signal is broad, the line
width being about 300 G. This behavior is due to the large
concentration of spins which is known to contribute to the
signal broadening. A similar broadening behavior was
observed in a ZnO thin epitaxial film doped with 10% Co [65].

The EPR spectra of the sample doped with x=0.15 shows in
addition of the line at 1500 G another intense line at 2800 G
whose origin will be explained later. As it can be seen in
Fig. 10, the EPR spectra of the Co dopant in the ZnO
nanopowders depend strongly on the Co concentration. By
increasing the Co concentration the line intensity decreases.
The double integration of the EPR line can be used to estimate
the relative signal corresponding to each sample. The evalu-
ated integral intensity of the spectrum, IEPR, resulted by a
double integration of the EPR experimental spectra is propor-
tional to the spin concentration [66]. Fig. 10 shows the Co
concentration dependence of the integral intensity correspond-
ing to the most intense line.

It can be noticed that by increasing the Co concentration up
to a value of 10%, the intensity decreases abruptly and then
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Fig. 11. The temperature dependence of 1/IEPR for Zn; _ ,Co,0 with x=0.05,
x=0.10 and x=0.15.

remains approximately constant. Therefore, an increase of the
concentration up to 10% leads to a decrease in spin concentra-
tion. This shows that for Co concentration higher than 10%,
besides Co® " ions, responsible for EPR signal, appear Co ions
with a different oxidation state. This conclusion is sustained by
the presence of the secondary phase of Co30, in the sample
with concentration higher than 10%. The presence of Co3;0,
was evidence by XRD measurements. Previous studies have
shown that Co30, is an antiferromagnetic compound whose
EPR signal is composed of a wide line located at a resonance
field of about 2800 G [67]. The sample Zn(, g5C0og 150 presents
a small EPR line at 2800 G and this line probably could be
attributed to the Co30,. Direct information about the magnetic
state of the Zn;_,Co,O powders can be obtained from the
variation of the EPR spectrum integral intensity, IEPR, with
the temperature [65]. The intensity IEPR (7) is proportional to
the spin susceptibility of the paramagnetic species taking part
in resonance. We choose to integrate the most intense line
of the spectra, the one with the resonance field at 1500 G.
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In Fig. 11 we show the temperature dependence of 1/IEPR for
Zn; _,Co,0O with x=0.05, x=0.10 and x=0.15. IEPR (T) was
obtained by the double integration of the corresponding EPR
spectra. In the high temperature limit, the variation of IEPR (7)
can be described by:

C(x)

Tere (1™ 77509

where C is the Curie constant and 6 the Curie—Weiss
temperature, both being dependent on the dopant concentra-
tion, x.

The numerical value of @ is obtained from the linear extrapola-
tion of the high temperature part of 1/IEPR, as indicated by the
straight line in Fig. 11. The evaluated 6 values are — 113 °C,
—98 °C, and —93 °C for the samples with x=0.05, x=0.10 and
x=0.15, respectively. The positive sign of the Curie-Weiss
temperatures indicates that a ferromagnetic coupling between the
Co”™ jons is present in our samples.

4. Conclusions

Co doped ZnO nanoparticles have been synthesized by a
wet-chemical synthesis route using the SimAdd technique. The
full understanding of decomposition mechanism of the as-
obtained oxalate precipitate was achieved by FTIR, DTA-TG
and TG-DTA-FT-IR analyses. The crystallinity, as well as the
morphology of Co doped ZnO nanoparticles are considerably
affected by the Co concentration. The XRD studies reveal a
hexagonal wurtzite-type structure for all the Zn,_,Co,O
samples. TEM investigations show an average particle
size range from 28 to 37 nm and a polyhedral and spherical
morphology with a tendency to form aggregates. The forma-
tion of a Co3;04 secondary phase was evidenced by XRD,
FTIR, UV-vis and EPR investigations. From the analysis of
temperature dependence of the EPR integral intensity, the
Curie-Weiss temperatures were evaluated and a ferromagnetic
behavior was revealed for the investigated samples. On the
other hand, the paper evidences the possibility to modulate the
Co-doped ZnO morphological characteristics and, the optical
and magnetic properties by this wet-chemical method.
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