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Abstract
Gamma irradiation method has been applied to produce paramagnetic spherically shaped single crystals tricobalt 
tetraoxide ( Co3O4 ) nanoparticles from cobalt oxyhydroxide sols, in alkaline medium pH ~ 12. The present investigation 
has proven the efficiency of gamma rays in inducing changes in structure and morphology of the sols prepared before 
irradiation. Characterization techniques so far discussed in this study revealed that the sol product prepared before 
irradiation corresponded to the standard cobalt(III) oxyhydroxide, CoO(OH) , which, under gamma irradiation, was trans-
formed to tricobalt tetraoxide, Co3O4 , with an average particle size of ~ 30–45 nm.
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1  Introduction

Nanotechnology is the science of production, manipula-
tion and use of materials at subatomic level to produce 
novel products and processes. In recent years, noble metal 
oxide nanoparticles have been the subject of focused 
research due to their unique electronic, optical, mechani-
cal, magnetic and chemical properties that are significantly 
different from those of bulk counterpart [1–3].

The tricobalt tetraoxide is a magnetic semiconductor. It 
crystallizes in a spinel structure which contains cobalt ions 
in two different oxidation states, the Co3+ ions occupying 
the octahedral sites, and a Co2+ ions occupying tetrahedral 
sites with the oxygen ions forming a close-packed face 
centered cubic lattice [4–7].

Despite these important technological applications, the 
amount of available information on Co3O4 is still limited. 
Cobalt oxide is an important multifunctional material and 
it has three well-known polymorphs, the cobaltous oxide 
(CoO), the cobaltic oxide ( Co2O3 ) and the tricobalt tetraox-
ide ( Co3O4 ). Compared to the other two polymorphs, 
Co3O4 has attracted great interest owing to its potential 

application in energy storage [8], efficient catalysts in a 
lot of heterogeneous chemical processes [9], electronic 
devices [10], solar absorber [11], lithium-ion battery as 
electrode material [9], supercapacitor [12, 13], gas sensor 
[14] and thermal stability [15].

Cobalt oxide nanoparticles have been synthesized by 
different techniques including sol–gel techniques [16], 
thermal annealing synthesis [17], co-precipitation method 
[18], microwave-assisted [19], reverse micelles [20], spray 
pyrolysis [21], sonochemical method [22], microwave heat-
ing [23], ionic liquid assisted method [24], polyol method 
[25] and a nonaqueous route [26] and gamma-radiolysis-
assisted cobalt oxide nanoparticle formation [27].

These methods are either complex or require chemi-
cally harsh conditions and/or high processing tempera-
tures for the synthesis of nanoscale crystalline Co3O4 
particles. Gamma irradiation method is a promising new 
technique which avoids the need for chemical and thermal 
extreme conditions for the synthesis of Co3O4 nanoparti-
cles. This technique could be hopefully used to simplify 
the experimental process, which is an interesting strategy 
to construct new catalysts [1–8].
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It is well known that under γ-irradiation, in pure water, 
the primary radiolysis products continue to react with 
each other to form secondary products such as ⋅HO2 , O2 , 
O
⋅−

2
 , and eventually the stable products H2 , O2 and H2O2 . 

The concentrations of the radiolysis products depend on 
the radiation energy absorption rate, solution pH, and the 
temperature [28, 29].

The radiolysis products are highly redox active and 
include both oxidizing ( HO⋅,H2O2 and O2 ) and reducing ( H⋅ , 
e−
aq

 and O⋅−

2
 ) species. These species can readily interact with 

dissolved transition metal ions to change their oxidation 
states. Conversion of dissolved metal species to oxidation 
states with low solubilities can lead to condensation and 
formation of oxide particles.

In our previous works, γ-irradiation method has been 
applied to produce magnetic Fe3O4 nanorod particles and 
Fe2O3 in alkaline medium by controlling the pH, which has 
an influence on the morphology of fabricated iron oxides 
[30–32].

In the present investigation, we report on γ-irradiation 
as a facile method to produce monodispersed Co3O4 nano-
powders, prepared by irradiating the starting aerated sol 
of cobalt oxyhydroxide, CoO(OH) , prepared at pH ~ 12.0.

2 � Experimental details

2.1 � Sample preparation procedure

All reagents for making nanostructured Co3O4 were of 
high-purity analytical grade and were used as received: 
cobalt(II) chloride hexahydrate, [CoCl2·6H2O] as Co2+ 
source, distilled water, isopropyl alcohol, [(CH3)2CHOH], 
anhydrous sodium hydroxide, [NaOH], polyvinyl alcohol 
[PVA] and ammonium buffers.

(a)	 Preparation of CoO(OH) before γ-irradiation

An experiment was setup before the prepared sols 
to be γ-irradiated. Sols of CoO(OH) were prepared from 
CoCl2·6H2O to form a Co (OH)2 precipitate. An anhydrous 
sodium hydroxide was added to aqueous solution of 
0.04 mol L−1 CoCl2·6H2O under constant stirring with a 
magnetic stirrer until the pH of the suspension increased 
to about 9. Ammonium buffers were ultimately chosen to 
avoid the irreversible precipitation of parasitic cobalt salts, 
as occurs, for instance, in buffers containing carbonates 
or phosphates. The reddish coloured sols constituted of 
cobaltous hydroxide, [Co(OH)2] were prepared at pH about 
9.

Concentrated solution of anhydrous sodium hydrox-
ide was added drop wise into the solutions by stirring the 
solutions continuously until brown solution was obtained 

at pH about 12, which expect the formation of Co(OH)3. 
The precipitate was separated from the mother solution 
by repeating filtration and centrifugation and then was 
washed by ethyl alcohol to eliminate soluble salts and/
or chloride ions and cobalt oxyhydroxide, CoO(OH) was 
obtained 2 h later afterwards from Co(OH)3 in air. These 
pH values were chosen based on the solubilities of Co(II) 
and Co(III) species [33].

The obtained precipitates were dried in vacuum oven at 
60 °C for 4 h and analyzed by XRD and their morphology 
was observed by TEM.

(b)	 γ-irradiation preparation of Co3O4 nanoparticles

On the other hand, when the sols CoO(OH) were formed 
at pH about 12, 20 g were mixed with sodium carbonate 
(0.01 mol L−1) to keep the pH values constant at about 12. 
In order to improve the production yield of nanoparticles, 
isopropyl alcohol (3.0 mol L−1) was firstly poured into the 
solutions to act as scavenger for oxidative radicals OH·, 
produced during the radiolysis of water under gamma 
irradiation. To prevent the small particles from coming 
into close contact and undergoing further aggregation, 
an organic surfactant, polyvinyl alcohol, PVA (1%, w/w) 
was then added in the solution.

The prepared sols were irradiated in the field of a 60Co 
γ ray source of 1.2025 × 1016 Bq (325,000 Ci). The absorbed 
dose of irradiation was 30 kGy with a dose rate of about 
0.25 kGy h−1. After γ-irradiation, black coloured precipi-
tates were obtained and they were separated by wash-
ing with distilled water and absolute alcohol, in order to 
remove the by-products, and were finally dried in a vac-
uum oven at 60 °C for 4 h. The black precipitate constituted 
of pure Co3O4 was obtained and analyzed.

2.2 � Characterization techniques

All reagents and solvents for synthesis and analysis were 
commercially available and used as received without fur-
ther purifications. The structure and the phase identifica-
tion of the prepared materials was carried out on X-ray 
powder diffraction (XRD) patterns, using a D/MAX-2550 
X-ray diffractometer with Cu-Kα radiation (λ = 1.54056 Å) 
with a nickel filter (Rigaku Co., Japan). The crystalline sizes 
were calculated by using the Debye–Scherrer formula. 
The chemical bondings in Co3O4 were recorded by Fourier 
transform infrared spectra (SHIMADZU Spectrophotom-
eter) using KBr pellet technique in the range from 4000 
to 400 cm−1 (spectral resolution at 4 cm−1 and number 
of scans at 20). The surface morphology, size of particles 
and elemental compositions of Co3O4 were carried out 
by field emission scanning electron microscopy (FE-SEM; 
JEOL JSM-6700F) well equipped with an energy dispersive 
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X-ray (EDAX) spectrophotometer and operated at 20 kV. 
The chemical bonding on the composite surface was stud-
ied using X-ray photoelectron spectroscopy (XPS), which 
was performed with a Thermo VG Scientific ESCALAB 250 
spectrometer with a monochromatized Al-Kα X-ray source 
(1486.6 eV energy). Optical absorption measurements of 
the composites were performed using a UV–Vis spec-
trophotometer (Perkin Elmer) in 1 cm cuvettes at range 
between 200 and 600 nm. A homogeneous suspension in 
distilled water, obtained through sonication (for 10 min) 
of well dispersed sample is used for UV–vis studies. The 
morphology and the particles size were determined by 
transmission electron microscopy (TEM; Hitachi H-800), 
and selected area electron diffraction (SAED). The TEM 
micrographs were taken with an accelerating voltage of 
200 kV with samples deposited on a carbon coated cop-
per grid. The wavelength of electron in this condition was 
approximately about 2.5 × 10−12 m and the camera length 
was fixed at 170 cm for the selected area electron diffrac-
tion. The magnetic measurements were made at room 
temperature using a vibrating sample magnetometer 
(VSM) (BHV-55, Riken, Japan).

3 � Results and discussion

3.1 � XRD studies

The composition of the as-prepared samples was exam-
ined by XRD. The XRD pattern of the brown products 
prepared in alkaline medium (at pH ~ 12) before irradia-
tion is shown in Fig. 1. The results of XRD measurements 
revealed that all of the refraction peaks can be indexed to 

a rhombohedral structure of CoO(OH) (JCPDC 14-0673). 
Some β-Co(OH)2 phase could also be found as trace due to 
the speed of conversion of Co(OH)2 to Co(OH)3 (and then 
to CoO(OH) ) which is dependent of the alkali concentra-
tion. The insert in Fig. 1, provides a typical SEM image of 
the CoO(OH) sample, illustrating micro sized particles with 
irregular morphology and some spherical agglomeration 
of the particles occurred.

The XRD pattern of the black precipitate produced after 
irradiation is shown in Fig. 2.

All diffraction peaks at 2θ = 19 (111), 31 (220), 37 (311), 
39 (222), 45 (400), 56 (422), 59 (511) and 66 (440) displayed 
on the XRD pattern of the black precipitate produced after 
gamma irradiation can be indexed to a spinel Co3O4 cubic 
structure (JCPDS No. 43-1003). In this pattern, no peak 
associated with metal cobalt can be seen, suggesting 
that the Co3O4 is completely pure. On the whole, these 
diffraction peaks are sharp, narrow and symmetrical with 
a low and stable baseline, suggesting that the sample is 
single phased in the cubic crystal structure. Taking into 
account the fact that the major peak (311) of the interpla-
nar spacing d = 2.41(3) Å, the calculated value of the lattice 
parameter is about 8.00(3) Å. This value agrees with the 
one reported in the literature (7.97 Å) [34].

The average size of the Co3O4 nanoparticles have been 
calculated using Debye–Scherrer’s equation (D = 0.92 λ/β 
cosθ), and was found to be about 45 nm. In Scherrer’s 
equation, 0.92 is a constant, λ is the wavelength of the 
X-rays and β is the full width at half maximum (FWHM) of 
the diffraction peaks and θ is the diffraction angle.

3.2 � SEM and TEM images

The morphology of Co3O4 nanoparticles was studied by 
scanning electron microscope (SEM) and by transmis-
sion electron microscope (TEM). The TEM samples were 

Fig. 1   XRD pattern of cobalt oxyhydroxide, CoO(OH) prepared at 
pH = 12 before gamma irradiation. The various Bragg peaks are fol-
lowed by corresponding Miller indices. Results were obtained using 
CuKα radiation (λ = 1.54178 Å). The transmission electron micro-
graph, in insert, is of CoO(OH) sol synthesized at room temperature 
(pH = 12)

Fig. 2   XRD pattern of Co3O4 fabricated at pH = 12 under gamma 
irradiation. The various Bragg peaks are followed by correspond-
ing Miller indices. Results were obtained using CuKα radiation 
(λ = 1.54178 Å)
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prepared by first dispersing the dried powder constituted 
of Co3O4 particles in alcohol using ultrasonic excitation, 
then transferring the nanoparticles into the copper grid 
with carbon support film.

Figure 3a shows the TEM image of the Co3O4 nanoparti-
cles. The particles are mostly of spherical shape with a nar-
row size distribution ranging between 20 and 55 nm and 
an average size around 45 nm. Some particles are found 
as agglomerated surface were observed.

It can be seen from this Fig. 3a that there is a uniform 
distribution of particle size with mean particle size 45.2 nm 
which is also supported by XRD data.

The SEM image in Fig. 3c reveals that the synthesized 
Co3O4 is consisted of spherical particles with average size 
of about 45 nm.

Figure 3b shows the electron diffraction micrograph of 
the prepared material. The lattice spacings correspond-
ing to each ring of diffraction were calculated using the 
formula r × d = L × λ . The Lλ value was calibrated using 
the known structure of a polycrystalline gold thin film that 
was deposited onto an amorphous carbon substrate. The 
lattice d-spacing from peaks (111), (220), (222), (400), and 
(511) of the planes causing diffraction were calculated. The 
calculated d-spacings correspond well to the d-spacings 
values obtained from the XRD pattern [35, 36]. This indi-
cates furthermore that the sample is Co3O4.

Using TEM images, the particle size distribution was 
plotted in Fig. 4 for the prepared material. The powder has 
quite narrow size distribution ranged from 20 to 55 nm 
and an average size around 45 nm. This indicates that 
particles are seemed to be monodispersed. The particle 
size calculated from XRD pattern by using the Scherrer 
formula, and the 100% intensity peak, was about 45 nm, 
in agreement with the TEM observations.

3.3 � Energy dispersive studies (EDS)

EDS analysis of cobalt oxide nanoparticles was carried 
out by using internal standard at energy from 0 keV to 
10 keV. EDS spectrum (Fig. 5) showed that the synthe-
sized nanopowder has mainly cobalt and oxygen ele-
ments and there is small amount of about 3% of carbon 
detected in the spectrum (due to the polyvinyl alcohol 
used as caping agent in the preparing Co3O4 nanoparti-
cles) [37]. It is confirmed that the cobalt oxide was pure.

The experimental atomic percentages (Fig.  5, the 
insert) of Co and O are found to be 41.26% and 55.71%, 
respectively, which is near to the theoretical ratio (3:4) of 
Co3O4. The EDX spectrum supports others characteriza-
tion techniques.

Fig. 3   a A low magnification bright field TEM images of Co3O4 nanostructures b a selected area electron diffraction (SAED) pattern of Co3O4 
sample c The SEM image of Co3O4 spinel
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3.4 � FT‑ IR spectroscopy analysis

FT- IR spectroscopy (investigated region: 4000–400 cm−1) 
was carried out in order to ascertain the purity and nature 
of metal oxide nanopowder. The FT-IR spectrum of as-
synthesized Co3O4 nanoparticles is indicated in Fig. 6. The 
spectrum showed significant absorption peaks at about 
567–576 cm−1 and at about 660–670 cm−1.

The former absorption band at about 660–670 cm−1 is 
attributed to the stretching vibration mode of O–Co–O 
in which Co is Co2+ and is tetrahedrally coordinated. The 
latter one at 568–576 cm−1 can be assigned to Co–O of 
octahedrally coordinated Co3+. The band which appeared 
at 3551  cm−1 is attributed to OH stretching of the 

polyvinyl alcohol used as caping agent in the preparing 
Co3O4 nanoparticles and the band located at 1610 cm−1 
has been assigned binding vibrations of absorbed water 
molecules on Co3O4 nanoparticles [38]. The apparition 
of these two strong absorption bands provides the clear 
evidence for the presence of Co3O4 spinel oxide crystals 
[39]. The observed weak band at 1286 cm−1 corresponds to 
–CH2– bending vibrations from the polyvinyl alcohol used 
as an organic surfactant in order to stabilize the growth of 
Co3O4 particles during the synthesis.

3.5 � XPS analysis

The surface chemical composition of the stoichio-
metric spinel was studied using X-ray photoelectron 
spectroscopy.

The XPS spectrum for the fabricated cobalt oxide is 
shown in Fig. 7, showing characteristic Co 2p peaks shape 
and binding energies (780 eV and 796 eV) reported for the 
spinel Co3O4 surface.

The O 1s region (peak at 529.6 eV) is consistent with 
stoichiometric Co3O4 single crystal. The main oxygen peak 
due to lattice O2‴ is set to 529.6 eV as has been previously 
found for CoO [40–42] and Co3O4 [43–46]. The very weak 
feature observed at 535.5 eV can be attributed to the lower 
binding energy shoulder of the Co Auger transition [47, 
48].

3.6 � Optical measurements

The optical characterization of the as-prepared Co3O4 
sample was recorded at room temperature on a 
UV–Visible absorption spectrophotometer. Figure 8 shows 

Fig. 5   Energy dispersive X-ray spectrum of Co3O4 nanoparticles fabricated under gamma irradiation

Fig. 6   The FTIR spectrum of Co3O4 nanoparticles synthesized under 
gamma irradiation
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UV–Visible spectra of Co3O4 nanoparticles as a function of 
wavelength.

The optical absorption profile shows two absorption 
bands which appear from 200–370 and 380–600 nm wave-
length ranges. The first absorption band can be assigned 
to the O2− to Co2+ charge transfer process, and the second 
one to the O2− to Co3+ charge transfer [49, 50]. These bands 
are expected for Co3O4 [10]. The optical properties of the 
prepared Co3O4 show that the samples exhibited photoab-
sorption from UV light to visible light region, which implies 
the possibility of high photocatalytic efficiency of these 
materials under visible light.

3.7 � Magnetic analysis

The magnetic measurements were carried out using 
Vibrating Sample Magnetometer (VSM) at room tempera-
ture. The VSM data of bulk commercial Co3O4 shown in 
Fig. 9a. This is compared with the VSM data of as prepared 
Co3O4 nanoparticles, shown in Fig. 9b.

As shown in Fig. 9a related to the bulk Co3O4 , the curve 
exhibits an antiferromagnetic behavior. The bulk Co3O4, 
which is described by a formula unit AB2O4 [A: Co2+, 
B: Co3+] and has a normal spinel structure with antiferro-
magnetic exchange between Co2+ ions which occupy the 
tetrahedral sites (A) and Co3+ ions in octahedral sites (B). Its 
magnetic moment arises due to Co2+ ions largely because 
of spins. On the other hand, Co3+ ions have no permanent 
magnetic moment. Thus, bulk Co3O4 behaves like an anti-
ferromagnetic material.

Although bulk Co3O4 shows anti-ferromagnetic behav-
ior, the fine hysteresis loop in Fig. 9b is characteristic of 
paramagnetic behavior and showed that at 300 K, the 
saturation magnetization (remanence) of the assembled 
Co3O4 particles is extrapolated to about 0.29 emu g−1 at 
the applied field of 8 kOe, different from the bulk commer-
cial material, which exhibits antiferromagnetic behavior 
[51, 52].

It is known that the magnetic properties of nanoma-
terials are shape and size dependent. When the particle 
size decreases to nanometric scale, the oxygen vacancies 
occur. Those oxygen vacancies, mainly located on the 
particle surface, are thought to play a key role for the fer-
romagnetism behavior in Co3O4 nanoparticles. Unpaired 
electrons can be trapped in those oxygen vacancies and 
their spins can polarize together via exchange interactions 
and lead to ferromagnetic order. Thus, we conclude that 
the change from an antiferromagnetic state for bulk Co3O4 
to a weakly ferromagnetic state for the Co3O4 nanoparti-
cles can be ascribed to the uncompensated surface spins 
and finite size effects.

These oxides could play a major role in digital data 
applications. The adopted synthetic route used in the 
present investigation is expected to be applied in the 

Fig. 7   Survey scan XPS spectrum of Co3O4

Fig. 8   UV–visible spectrum of cobalt-oxide nanoparticles fabri-
cated under gamma irradiation
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synthesis of other metal oxide semiconductor nanoparti-
cles as building blocks for various nanodevices.

3.8 � Mechanism of radiolytic production of Co3O4 
nanoparticles

From the experiment, the following mechanisms could 
be suggested to illustrate the formation of Co3O4 upon 
gamma irradiation process.

It is well known that the radiolysis of water produces 
free radicals such as: e−

aq
 , H⋅ , HO⋅ and ⋅HO2 or O⋅−

2
 , and molec-

ular products such as H2 and H2O2 . It was reported that 
hydrated electron, e−

aq
 , and hydrogen radical H∙ are reduc-

ing species, with the standard electrode potentials of e−
aq

 
and H∙ radical at 25 °C being − 2.77 V and − 2.31 V, respec-
tively; meanwhile, HO⋅ , ⋅HO2 , O

⋅−

2
 , H2O2 are oxidizing species 

[53, 54]. One can write the following equation:

It was observed that, isopropyl alcohol did not totally 
act as scavenger for oxidative OH· radicals, produced dur-
ing the radiolysis of water under gamma irradiation

Some amount of the remained ·OH in the solution could 
act directly as oxidizing agent (Eq. 4) or could recombined 
to produce H2O2.

(1)H2O
�-rays
⟶ H2, H2O2, H

⋅, HO
⋅

, e−
aq
, H2O

+
, H2O

∗
, HO2

(2)
(

CH3

)

2
CHOH + ⋅OH →

(

CH3

)

2
C⋅OH + H2O

(3)⋅OH + ⋅OH → H2O2

Radiation-induced formation of Co3O4 nanoparticles 
requires the presence of stable nucleates of Co2+ species 
[ Cox(OH)

(x−y)+

2y
 ]. Upon exposure to γ-irradiation, the Co2+ 

adsorbed on the nucleates will be quickly oxidized to 
CoOOH by the oxidizing radiolysis products HO⋅ and H2O2 , 
through the reactions [27]:

The CoOOH then undergoes polycondensation with 
Co(OH)2 to form Co3O4 . The conversion of CoOOH to Co3O4 
is accelerated in the presence of H2O2 via reaction (5).

4 � Conclusion

Spherical sharped particles constituted of supermagnetic 
Co3O4 (with an average size of 45 nm) were prepared suc-
cessfully by γ-irradiation technique at room temperature, 
ambient pressure and without any kind of catalysts, in 
water system. The cobalt oxide nanoparticles were char-
acterized by using XRD, TEM, UV–visible and other charac-
terization tools. The XRD confirms the simple cubic crystal 
structure of the  Co3O4 . The optical absorption spectrum 
of cobalt oxide nanoparticles was studied by UV–visible 
spectroscopy. The mean particle size determined by TEM 
is in close agreement with the XRD. The present investiga-
tion has proven the efficiency of the gamma irradiation in 
inducing changes in structure and in morphology of the 
sols prepared before gamma irradiation. The adopted syn-
thetic route is expected to be applied in the synthesis of 

(4)Co
2+
(sol) + HO

⋅

→ [Co(OH)3] → CoOOH + H2O

(5)6 CoOOH + H2O2 → 2 Co3O4 + O2 + 4 H2O

Fig. 9   Magnetization versus APPLIED field graph of a bulk Co3O4 b nanostructures Co3O4 prepared at pH 12 by gamma irradiation (30 kGy)
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other metal oxide semiconductor nanoparticles as build-
ing blocks for various nanodevices and as catalysts. The 
vibrating sample magnetometer (VSM) experiments con-
firmed the purity, single phase and paramagnetic behavior 
of the fabricated oxides.
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