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ABSTRACT

Nanoparticles of cobalt oxides were synthesised by steady state y irradiation technique using various
alcoholic salt solutions of cobalt ions with aniline acting as a stabiliser. Preliminary results were investigated
using UV-vis and Fourier transform infra red analysis. The X-ray diffractograms revealed major peaks at 260
values of ~ 36.4°, 39.1°, 44.2°, and 65.7° corresponding to the Co,0,phase and one peak at ~30.7° (100 per
cent intensity) for Co,0,phase. Lower alcohols yielded particles while fibres were formed in higher alcohols
as observed from transmission electron microscopic analysis. [so-propanol was observed to yield cobalt oxide
nanoparticles with highest stability, conversion yield and homogeneity in size. The average measured diameter
and length of these fibres were ~29 nm and 130 nm respectively. Energy dispersive spectroscopy supports
the formation of cobalt oxide. The X-ray photoelectron spectroscopic results for iso-propanol sample show

a peak at 781.6 eV confirming the formation of Co,O,.
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1. INTRODUCTION

Magnetic nanoparticles have important applications
in catalysis', ferrofluids?, high-density recording media®,
microwave absorbing materials*, etc. The preparation of
nanoscale magnetic materials with desired properties is
difficult, especially magnetic transition metal oxide nanoparticles
like nickel, cobalt and iron, present a significant challenge.
Cobalt oxide-based materials have been widely used for
energy storage systems, electrochromic thin films,
magnetoresistive devices, and heterogenecous catalysis.
In the presence of CO and H,, thin films of Co,0, show
reversible changes in the Vis-near IR absorption band’.
This phenomenon can be applied in the fabrication of
solid-state gas sensors. Thin films of lithium-doped Co,0,
have been reported to exhibit change in colour from brown-
to-light yellow®. The reversible changes in optical properties
of Co,O, under an external stimulus can be used to fabricate
electrochromic devices’. Such a broad perspective of utilisation
has increased the importance of synthesising cobalt oxide
nanoparticles.

Metal oxide nanocrystals have also been utilised for
the destructive adsorption of warfare agents. The nanoparticles,
which can be used on both acids and bases, bind to molecules
of the hazardous substances and convert these to safer
by-products rapidly. The use of magnetic nanoparticles to
detoxify contaminated military personnel or civilians following
a poison gas attack is under investigation by several research

groups. Areas currently under investigation include
nanoparticles to make smart coating on vehicles, nanosensors
in light weight uniforms, sensors to detect life signs, and
advanced computing power for code breaking and encryption.

Various methods such as spray pyrolysis®, plasma
sputtering®, thermal salt decomposition'’, powder
immobilisation'!, y-irradiation'?, hydrothermal'3, micro-emulsion'*
sol-gel technique'® and laser ablation technique'® have
been used so far for the synthesis of metal oxide nanoparticles.
Often, synthesis is carried out using water as a solvent'”'
except few reports quoting non-aqueous solvents.

In the present study, the preparation of nanoparticles/
nanofibres of cobalt oxides in alcoholic medium in the
presence of aniline as a stabiliser by y-radiolysis technique
is reported. These sols were characterised using UV-visible
spectroscopy (UV-vis), Fourier transform infra-red spectroscopy
(FT-IR), X-ray diffraction measurements (XRDs) Transmission
electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS). These sols have been tested for catalysis
applications.

2. EXPERIMENTAL STUDIES
2.1 Materials Used

All the reagents used were of AR grade with 99.5 per
cent purity. Cobalt nitrate (Co(NO,),,6H,0) cobalt chloride
(CoCl,, 6H,0) and cobalt acetate (Co(Ac),, H,0) were procured
from Loba Chemie. The alcohols (methanol, ethanol, n-
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propanol, iso-propanol, n-butanol and n-hexanol), aniline
(C,H.NH,) and ammonium persulphate ((NH,),S,0,) were
obtained from Qualigens, India. All the alcohols and aniline
were distilled before use, aniline was stored in dark under
refrigeration. Millipore water was used throughout the
experiment. Stock solutions of 0.1M concentration of cobalt
salts were prepared in water and used for the experiments.

2.2 Methods of Preparation and Characterisation

Techniques

For preparing nanoparticles, cobalt salts such as nitrates,
chlorides, and acetates were used and conversions were
observed only in presence of nitrate salts. Hence, further
experiments were pursued using cobalt nitrate solution.
Concentration of cobalt ions were varied from 1x107° —
1x102M and that of aniline from 0.1 — 0.01 M. Results were
best at concentration of cobalt ions and aniline as 3x1073
and 0.1 M, respectively. The solutions containing cobalt
ions and aniline in different alcohols such as methanol,
ethanol, n-propanol, iso-propanol (IPA), n-butanol, and n-
hexanol were irradiated in a °Co y-ray source for
different time intervals (up to 72 h) at a dose rate of 5.1
Gy min™.

After obtaining the nanosols, these were characterised
using various techniques such as UV-visible (UV-vis)
spectroscopy and fourier transform infra red spectroscopy
(FT-IR), X-ray diffraction measurements (XRD), transmission
electron microscopy (TEM), energy dispersive spectroscopy
(EDS) and X-ray photoelectron spectroscopy (XPS).
Composites ( Pani-Cobalt oxide prepared by polymerising
the sol) were used for FT-IR and X-ray diffraction analysis.

Absorption spectra of all the samples were recorded
on a Shimadzu (1650 PC) spectrophotometer. Spectra were
taken at regular intervals with reference to a blank solution
without metal ion under identical conditions using double
beam spectrophotometer having a path length of 1.00 cm,
operated at a resolution of 1 nm from wavelength 350 nm
to 900 nm.

FT-IR analysis of samples was done on a Shimadzu
8400 spectrophotometer at a range of 4000-350 cm™'. For
this, 10 mg of the dried composite sample was mixed with
100 mg of spectroscopic grade potassium bromide (KBr)
and the resultant mixture was ground in a mortar and pestle.
The sample was pressed into a transparent homogeneous
pellet by applying a pressure of 7 tons. Typically, 30 scans
per spectrum were recorded at 4 cm™' resolution in the
transmittance mode. The background spectrum was
automatically subtracted.

Philips X’Pert Pro XRD machine was used with Ni
filter and CuKa source operating at 40 kV and 20 mA to
perform crystallographic studies of the prepared nanocomposite
powders by rotating anode XRD. Interplanar distances (d
values) were calculated according to Bragg’s law and were
compared with the ASTM data to determine the crystal
structure. The glancing angle varied from 5°to 80°

TEM micrographs were obtained on a Philips CM 200
microscope using an accelerating voltage of 200 kV. 2 pul
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sol was loaded on a carbon-coated copper grid, excessive
solution was drained on a filter paper and the solvent was
evaporated in air. The point-to-point resolution of the equipment
was 0.23 nm. Elemental composition was determined by
using EDAX attached to the instrument.

XPS measurements were done using VG Scientific
ESCA-3000 spectrometer equipped with a hemispherical
analyser and an A/ anode using MgKa (1253.6 eV) operating
at a voltage of 12—-14 kV and current of 10-20 mA. Samples
were mounted onto a conductive adhesive Cu tape. Spectra
were obtained at room temperature and the operating pressure
in the analysis chamber at vacuum was approx 1x10-3 Torr.
Calibration was performed for carbon correction. The core-
level spectra were corrected for background using the Shirley
algorithm, and the chemically distinct species were resolved
by a nonlinear least square procedure.

3. RESULTS AND DISCUSSION
3.1 UV-Visible Spectroscopy

Nanoparticles of cobalt oxide were obtained by g irradiation
of alcoholic solutions of cobalt ions in the presence of
aniline. Absence of aniline in the solution during irradiation
did not give such a conversion. Figure 1 depicts the time-
evolved spectra of the cobalt nanosols in various alcohols
(methanol, ethanol, n- and iso-propanol, n-butanol and n-
hexanol) after gamma irradiation. Curves (a) in the figure
represent the absorbance of unirradiated solutions showing
negligible absorbance. The absorbance was seen to increase
with irradiation time and a sharp peak was observed in the
range of 430-500 nm Curves (b)-(d) in each case can be
attributed to the formation of cobalt oxide' surrounded
with aniline molecules which stabilise the nanoparticles®.

ABSORBANCE (arb. units)

WAVELENGTH (nm) WAVELENGTH (nm)

Figure 1. UV-vis spectra of cobalt nanosols obtained after: (a)
0, (b) 4, (c) 7 and (d) 24 h of irradiation in (A) methanol,
(B) ethanol, (C) n-propanol, (D) iso-propanol, (E) n-
butanol, and (F) n-hexanol.



ATHAWALE, ef al: SYNTHESIS OF COBALT OXIDE NANOPARTICLES BY Y-IRRADIATION TECHNIQUE

Transient spectra of aminyl and amine radical cation have
also been reported in the region between 415-430 nm ?'.
Thus, these absorptions may have an origin in the formation
of similar species in the solution.

A comparison of the absorption spectra reveals highest
absorbance for iso-propanol indicating maximum conversion
of cobalt ions into cobalt oxides. Also, these sols were
observed to be stable up to 5-7 days. On the other hand,
precipitation was observed in remaining alcohols after 48 h.
The stability in the case of iso-propanol can be attributed
to its symmetrical structure and polarity facilitating the
formation of the product as well as stabilising the particles
through weak surface (Vander waal’s forces) interactions.
In n-hexanol this effect is further enhanced.

In lower alcohols the stabilisation as well as formation
is affected due to their small size and higher dielectric
constant i.e. polarity.

3.2 FT-IR Spectroscopy

Figure 2 shows the FT-IR spectra of cobalt oxides
obtained for selected alcohols. The band at 470 cm' corresponds
to the metal-oxygen (Co-O) bond. Additionally, two more
distinct peaks at ~687 cm™! and 715 cm™ are indicative of
the presence of optical vibration modes of cobalt oxide'.

3.3 X-ray Diffraction Analysis

Further, the formation of oxide could be confirmed
from the X-ray diffraction analysis of the samples. The X-
ray diffractograms were scanned between 260 angles of
5-80°. Figure 3 indicates the X-ray diffractograms of the
cobalt oxide nanoparticles obtained in methanol, ethanol,
IPA and n-butanol. Each diffractogram show the peaks
characteristic for the Co,O, phase®” of cobalt oxide at 260
values of ~36.4°,39.1°, 44.2° and 65.7° with the corresponding
hkl planes of (311), (222), (400) and (440), respectively
along with the most intense (100 per cent) peak for Co,O,
at ~30.7° (002). These values are in agreement with the
data in the JCPDS card no. 42-1467 and 02-0770, respectively.

The mechanism of formation probably proceeds through
the following reactions. The alcohol undergoes radiolysis
giving solvated electrons, hydroxide, isopropyl, and acetonyl
radicals along with other radiolysis products

ROH

The cobalt ions (Co*") react with the solvated electrons
and undergo reduction to generate Co* species. However,
the Co* ions are highly unstable, hence undergo
disproportionation reaction as

— Co* )

-~ ¢, H_,OH,ROH,',RCOH ,etc. (1)

sol” ~ “sol?

Co* + ¢
sol

Co™ + Co® = Co° + Co* 3)

The Co?" ions react with hydroxyl ions forming
cobalt hydroxide, a blue coloured suspension (intermediate)
which is the a phase cobalt hydroxide.

Co¥_ + 20H— aCo(OH), 4)

The o form is unstable and rapidly changes to 3 cobalt
hydroxide®.
aCo(OH),— BCo(OH),—CoO+H,0—Co0,0,+0,—Co,0

(5)

The hydroxide finally converts to oxide phase, i.e.,

CoO which subsequently reacts with the oxygen yielding
stable phases of Co,0, and Co,O, oxides.

TRANSMITTANCE (arb. units)

WAVENUMBER (cm™)

Figure 2. FT-IR spectra of cobalt oxides nanosols: (a) methanol,
(b) ethanol (c) iso-propanol, and (d) n-butanol.
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INTENSITY (arb. units)

26 ()

Figure 3. X-ray diffractograms of cobalt oxides: (A) methanol,
(B) ethanol, (C) iso-propanol, and (D) n-butanol
(* represents (002) plane for Co,0,).

3.4 Transmission Electron Microscopy

TEM micrographs in Fig. 4 are indicative of morphology
of the cobalt oxide nanoparticles formed in methanol, ethanol,
iso-propanol, and n-hexanol. In case of methanol, relatively
large-sized particles with an irregular shape are observed
with an average size of > 300 nm (Fig. 4 (a)). In ethanol
(Fig. 4(b)) more or less spherical particles with an average
size of ~90 nm can be noted. However, in higher alcohols,
the product exhibits fibrous morphology. In IPA, the fibres
appear to be small, thin, and uniformly dispersed throughout
the image (Fig. 4(c)) with an average length of ~130 nm
and diameter of ~29 nm. Similarly, in n-hexanol the fibres
seem to have average dimensions of ~200 nm x 26 nm and
are agglomerated into a star shape as shown in Fig. 4(d).

In the case of lower alcohols, particle formation is
predominant since they have high polarity, and also they
are volatile. However, due to their small size agglomeration
is stronger.

On the other hand, iso-propanol and n-hexanol are
relatively bulkier and have low polarity, therefore, they
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Figure 4. Transmission electron micrographs of cobalt oxide
nanosols prepared in: (a) methanol, (b) ethanol, (c)
iso-propanol, and (d) n-hexanol.

interact weakly with the nuclei of products (cobalt oxide)
formed and at latter time intervals, growth along a particular
plane is favoured resulting in fibre formation.

Additionally, SAED and EDS analyses for cobalt oxide
sample in IPA support the formation of cobalt oxide. The
atomic composition and crystalline nature of the nanoparticles
were verified with the help of selected area electron diffraction
(SAED) patterns of the cobalt oxide nanosol prepared in
IPA, as shown in Fig. 5(a). SAED profiles were first calibrated
using ‘d’ spacing of a single crystalline Au thin film. Some
broad as well as diffused rings were observed in the deposited
sample. The SAED pattern of the sample shows crystalline
nature. The lattice constants obtained for diffraction lines
are 0.26 nm and 0.38 nm that can be referred to cobalt oxide
phase. Comparison of d-spacing with the JCPDS data confirms
the formation of Co,O, as the major fraction together with
Co,0,.

The length and diameter distribution of cobalt oxides
fibres (Fig. 4(c)) are shown in Fig. 5(b).The degree of
dispersity in diameter is lower as compared to length. The
distribution in length is from 77 nm to 217 nm and diameter
from 25 nm to 34 nm. The elemental composition and possible
molecular formula could be evaluated from the EDS. Spectrum
in Fig. 5(c) shows the presence of cobalt, oxygen, carbon,
and copper. Cu is from copper grid and carbon is in part
from carbon film on the surface of the copper grid and
partially from the polymer carbonisation®,?. It is evident
that presence of both cobalt and oxygen implies the formation
of oxide in the synthesised samples. The elemental composition
of the fibres shows 33 per cent Co and 66 per cent oxygen
in atomic percentage corresponding to cobalt oxide shown
in Table 1. The compositional data from the EDS system
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Figure 5. (a) SAED profile (*) denotes Co,0, phase and the
remaining phases are of Co,0, (b) Histogram of length
and diameter distributions, and (¢) EDAX of cobalt
oxide nanosol in iso-propanol.

agree well with each other and the values match with theoretically
calculated values, indicating a good compositional homogeneity
across the nanoparticles.
3.5 X-ray Photoelectron Spectroscopy

The surface of the as-prepared nanosol was investigated
by XPS, as shown in Fig. 6. In the literature®®, the various

Table 1. EDS data of cobalt oxide nanofibres

Weight Atomic  Uncertainity Detector

Element . k-factor
percentage percentage percentage correction
o(k) 34.940 66.423 0.357 0.514 1.980
Co(k) 65.059 33.576 0.374 0.995 1.576
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Figure 6. XPS of cobalt oxide nanosol in iso-propanol:
(a) general, and (b) cobalt scan.

oxidation peaks of cobalt are reported at 778.3 eV and
793.3 eV for Co°,780.4 ¢V, 795.8 eV for Co* and 778.5 eV
and 794.2 eV for Co*.

In the present spectra, the nanosol exhibits Co 2p, , core
level peak at a binding energy of 781.6 eV, and Co 2p,,
,at 797.2 eV with a difference of 15.61 eV which can be
attributed to the presence of both Co?*/Co*" species?.

4. CONCLUSIONS

Cobalt oxide nanoparticles are formed in pure alcohols
on gamma radiolysis. Lower alcohols yield spherical particles,
while fibres are formed in higher alcohols. As the product
obtained has better yield and stability, IPA is found to be
the best solvent giving stable and homogeneous nanofibres.
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