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Effect of calcination and structural additives
on the EPR spectra of nanocrystalline cobalt oxides
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Samples of nanocrystalline Co;04 were prepared at various calcination temperatures and with various
amounts of structural additives (CaO and Al,Os). The samples were characterized by X-ray diffraction.
The average size and size distribution of nanoparticles have been calculated. Electron paramagnetic reso-
nance (EPR) spectra of the samples were recorded at room temperature. The spectra have been attributed
to divalent cobalt ions. Samples calcinated at higher temperatures showed an almost symmetrical, inten-
sive EPR line. Temperature of calcination determined the character of the EPR spectra. The intensities of
EPR spectra depended on the presence of CaO and Al,Os additives.
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1. Introduction

Preparation, characterization and application of some transition metal oxides, such
as cobalt oxide, have attracted an increasing interest due to their physical properties as
well as rich technological applications. Cobalt oxides, due to their magnetic and cata-
lytic properties, are used in a wide range of applications in various fields of industry,
including catalyst, pH sensors, gas sensors and magnetic materials [1-6]. Many meth-
ods have been used in recent years to prepare Cos;Oy: sol-gel route [7, 8], reduction-
oxidation route [9], cobalt salt decomposition [10—-13], chemical vapour deposition
[14], electrochemical and sonochemical synthesis [15] and pulsed laser deposition
[16]. In particular, methods of obtaining nanocrystaline Co;O, are very important,
because the properties of Co;0, are highly sensitive to the particle sizes as well as to
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the concentrations of defects or other phases. Crystals of the above compound with
anormal spinel structure (similar as Fe;O4) form two sublattices with different va-
lences of cobalt ions, one with cobalt(Il) ions in the ground state ‘4, (high spin,
S = 3/2) in tetrahedral A sites and the other with cobalt(Ill) ions in the ground state
1A1g (low spin, non-magnetic, S = 0) occupying octahedral local lattice [17, 18]. The
high-spin state could be stabilised by cation vacancies in the B sublattice. The concen-
tration of oxygen on the surface of Co;O4 could be different from that in the bulk
[19, 20]. In transition metal compounds, in particular those containing iron(Il) and
cobalt(IIl), spin-state transitions between the low-spin- and the high-spin states occur.
Electron paramagnetic resonance (EPR) is one of the most effective methods to study
the influence of defects on the physical properties of Co;0O, [21, 22]. The conditions
of preparation have a strong influence on the transition to disorder and magnetic or-
dered state [23].

The aim of this report is the EPR study of nanocrystalline Co;O, obtained at vari-
ous calcination temperatures and with various concentrations of structural additives
(CaO and Al,O;). The differences in the EPR spectra have been correlated with the
presence of additives and calcination temperatures.

2. Experimental

The starting materials were Co(NO3),-6H,0, Ca(NOs),-4H,0, AI(NOs);-9H,0 and
25% solution of NH,OH. The nitrate salts of cobalt, calcium and aluminium were
dissolved in distilled water and NH,OH was added. Two kinds of cobalt hydroxides
were precipitated: one with lower concentrations of promoters (samples P) and other
with higher concentration of promoters (samples P’). The precipitated cobalt hydrox-
ides were washed with distilled water and dried at 70 °C to obtain the precursor. The
precursor P was calcined at 500 °C for 1 h and at 900 °C for 3 h to prepare Co;04
nanoparticles used to obtain samples P1 and P3, respectively. The precursor P’ was
calcined at 900 °C for 3 h and was used to prepare samples P2. Co;0, was character-
ized by X-ray diffraction (XRD, Philips, X’Pert Pro equipment, Cug, radiation).

The average crystal size of the nanoparticles was calculated from diffraction
peak half-widths using the Scherrer formula. Grain size distribution has been calcu-
lated by FW(1/5)/(4/5) method. The concentration of CaO and ALL,O; in Co;0,4 was
determined using an inductively coupled plasma-atomic emission spectroscopy
(ICP-AES, JY 238 Ultrace equipment from Jobin Yvon). The concentration of
structural additives in samples P1 and P3 was the same, while sample P2 contained
a greater amount of promoters (Table 1).

The EPR measurements were carried out with a conventional X-band (v =9.43
GHz) Bruker E 500 spectrometer with 100 kHz magnetic field modulation. The sam-
ples in the form of loose powders, each containing around 30 mg of the substance,
were placed into 4 mm diameter quartz tubes.



The concentrations of structural additives (CaO and Al,O;) in the samples, as well
as mean crystallite sizes determined from the Scherrer formula and from the size dis-
tributions (Fig.1), are given in Table 1. As could be expected, the calcination tempera-
ture has a crucial influence on the mean crystallite size. Sample P1 calcined at 500 °C
consists of crystallites with the mean crystallite size of about 56 nm, while in samples
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3. Results and discussion

P2 and P3, calcined at 900 °C, the crystallite sizes are twice larger.

Table 1. The concentrations of structural additives and the crystallite diameters (d and D).
The parameter o is the dispersion of crystallite sizes

It was also possible to calculate the grain size distribution in sample P1 by the
FW(1/5)/(4/5) method. The detailed mathematical procedure is presented elsewhere
[24, 25]. The average grain size calculated by this method is 48 nm and is smaller
than the value calculated by the Sherrer’s method (56 nm). The dispersion of crystal-
lite sizes o is 19 nm. The grain size distribution is presented in Fig. 1. It could be seen
that the majority of the Co3;0, crystallites have grain sizes in the range of 15-90 nm.

Grain size [nm]

Fig. 1. Grain size distribution of Co;04 (sample P1)

The maximum of the distribution is observed at 40 nm.
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Fig. 2. XRD patterns for the three investigated samples of Co;0y, particles

The XRD patterns of Co30, particles after calcination at various temperatures for
the studied samples are shown in Fig. 2. In all the samples the lines from the Co;0,
phase dominate the diffraction patterns. Co;0O, crystallises in the cubic system, space

group Fd3m, with the lattice parameter a = 8.084 A.
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Fig. 3. EPR spectra of the investigated samples at room temperature

Figure 3 presents the EPR spectra of all investigated samples recorded at room
temperature. Significant differences in the spectra have been observed between three
samples. For the precursor P no EPR signal was recorded while the precursor P’ has
shown the EPR spectrum of cobalt(Il) ions with a hyperfine structure. The EPR spec-
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trum of sample P1 is a superposition of contributions from two paramagnetic centres,
one displaying the hyperfine structure and the other producing a very broad line. The
amount of structural additives is greater for sample P2 than for sample P3 (Table 1)
but the EPR spectrum is more intense for sample P3. An intense, slightly asymmetric
line is recorded for both samples P2 and P3 and the resonance line could be fitted by
the Lorentzian function including the tail of the resonance absorption at negative
fields due to the linearly polarized radio frequency field.
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EPR spectra of sample P1 and sample P3

=
=]



1100 N. Guskos et al.

The results of fitting the EPR spectra of samples P1 and P3 are shown in Fig. 4. In
both cases, only the Lorentzian function for the EPR line centred at higher magnetic
field has been used. A reasonable fit is obtained for samples P3 and P2 with the reso-
nance line centred at g =2.22(1) and g =2.71(1), having the linewidth AH = 1630(9)
Gs and AH=2070(9) Gs, respectively. The EPR line at higher magnetic field for
sample P1 is centred at g =2.52(1) with the linewidth AH=1810(10) Gs. An addi-
tional EPR spectrum with a hyperfine structure appeared in sample P1 at g = 3.5(1).

While cobalt(Il) ions at the tetragonal sites in the spinel lattice should produce
a single EPR line with the Lorentzian lineshape and with the g-factor of about 2.25
[22], often strongly asymmetric lines with effective g-values 4 > g1 > 3.5 and g| =2
are observed. The linewidth depends very strongly on the sample thermal preparation
processes and increases with decreasing calcination temperature [22]. In this system,
the quenching conditions are very important for the very existence of the cobalt(Il)
EPR signal. A slow cooling of the sample results in the disappearance of the EPR
spectrum while doping by other ions could essentially change the intensity of the EPR
signal [21].

Low annealing temperature of the sample results in the EPR spectrum that is a su-
perposition of signals from two different paramagnetic centres (sample P1 — Fig. 3)
while high annealing temperature of the sample produces the EPR spectrum consist-
ing of one very broad line. In all three cases, the EPR spectra could be regarded as
originating from two kinds of paramagnetic entities, suggesting that during the syn-
thesis two kinds of paramagnetic centres were formed. The structural additives could
give two different additional phases (Table 1) and they contribute to the EPR spectra
of cobalt(Il) ions. For low concentration of additives and low annealing temperature
(sample P1), the EPR spectrum is composed of two much different paramagnetic cen-
tres of cobalt(Il) ions (Fig. 4a), while for high annealing temperature mainly one very
broad line is observed. At higher concentration of structural additives (sample P3), the
EPR spectrum is dominated by a very intense line which probably conceals the other
weaker line (Fig. 4b). It could be considered that the EPR linewidth is determined by
the cobalt(Il) ions spin relaxation time rather than the presence of, e.g., dipolar and
isotropic exchange interactions that could produce an exchange narrowed line with
the Lorentzian lineshape in the centre of the line [26, 27]. The peak-to-peak width of
the resonance line would be approximately given by:

_ 2 M
22 _\/3 Hex

where H,, is the exchange field and M, is the second moment of the line, with M),
being the dipole-dipole interaction, M, — the hyperfine structure interaction and M, —
the fine structure interaction. These interactions, for a sample in a powder form, could
be related by the following formulas:

)
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3
M,, = ZS (S+Dg*uz > (2a)
J
M,, =%A,ff1(1 +1) (2b)
M,, :%(45(5 +1)-3)D* (2¢)

The dipole-dipole interactions between magnetic moments of cobalt ions was es-
timated to have the value of My, =2.6x10° Gs* and the hyperfine interaction M,
~5.25x10* Gs* with H,, = 3x10° Gs [22]. These two interactions (Egs. (2a) and (2b))
could not explain the observed values of the linewidths in our spectra.

For cobalt(Il) ions placed in a near tetrahedral surrounding, the main contribution
to the linewidth arises from the splitting of the ground spin quartet due to the devia-
tion of the local crystal fields from the cubic symmetry. Such a deviation should lead
to the appearance of term H,= DX(S..)* in the spin Hamiltonian and the contribution
to the second moment given by Eq. (2¢). By the procedure described in Ref. [22], the
following values of M, have been obtained: 4.15x10° Gs® for sample P3, 5.27x10°
Gs” for sample P2 and 4.61x10* Gs? for sample P1. The EPR spectrum of tetrahedral
cobalt(Il) ions in Co;0, is extremely sensitive to the disorder created in the bulk of
the crystallites both by the bulk defects and the grain boundary layers, containing the
part of the oxygen prevailing in excess of the stoichiometric amount [22]. As is well
known, the integrated intensity of the EPR spectrum, proportional to the product of
linewidth AH and line amplitude /, is directly related to the number of paramagnetic
centres. Thus comparison of integrated intensities of the investigated samples could
give information on relative influence of the annealing temperature and the structural
additives on the amount of paramagnetic centres. The values of the relative ratio of
the EPR integrated intensities

2 2
CLOER) =1.78  and (AMy) Iy =1.24

2

(AHP‘ )2 Iy, (Asz) I,

suggest an essential increase of the concentration of cobalt(ll) ions in a deformed
crystal field in sample P3.

4. Conclusions
The EPR spectra of Co;0, samples strongly depend on the calcination temperature

and on the concentration of structural additives. For the precursor P the EPR spectrum
of cobalt(Il) ions was not observed while for the precursor P’ an intense EPR spec-
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trum of cobalt(Il) with the hyperfine structure was recorded. An increase of concen-
tration of structural additives (30% increase for CaO and 9% for Al,Os) increases the
EPR integrated intensity of 1.24 times while higher annealing temperature increase by
1.78 the concentration of paramagnetic cobalt(Il) in low symmetry of the crystal field.
Two kinds of EPR spectra of cobalt(Il) ions were observed: one without a hyperfine
structure and the second one with a very broad line for sample P1.
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