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A series of nanostructured cobalt oxides have been prepared from a metal-organic precursor viz. [Co(fum)(H,0).]-H,O (fum = fumarate)
by using capping agents, ethylene glycol and polyethylene glycol via thermal and solvothermal decomposition in ethanol and also by
doping with RuCl;-xH,O via solvothermal route. The nano oxides were characterized by IR, UV-vis spectroscopy, powder XRD, SEM

particles for all the oxides. The band gap energy values the Ru-doped cobalt oxide was found to be lower than the generally accepted values. |
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INTRODUCTION

The nanostructured oxides of 3d transition metals have
attracted significant interests due to their usefulness in various
fields such as data storage devices, catalysis, drug delivery
and biomedical imaging [1]. These have gained importance
because of their good catalytic activity, selectivity and reusablity.
Nano particles show high surface to volume ratios and different
chemical and physical properties compared with the bulk
materials. Transition metal nano oxides are widely used in the
field of heterogeneous catalysis. In particular, cobalt oxides
nanocrystals are significant owing to their potential appli-
cations based on magnetic, catalytic and gas-sensing properties
[2]. Cos04 has applications in many fields, such as hetero-
geneous catalysts, electrochromic devices, solid-state sensors,
energy storage and rotatable magnets. CosO4 has a normal
spinel structure in which Co** and Co™ ions are at the centers
of tetrahedral and octahedral sites, respectively. Numerous
researches have been carried out on the synthesis and property
investigation of Co;0, nanomaterials [3-6]. Various kinds of
morphologies for Co;O,in nanometer scales have been success-
fully fabricated. These include morphologies like nanorods,
nanospheres, hollow-nanospheres, nanocubes, nanotubes, efc.
In recent years, significant advances have been made in the

synthesis of well defined nanostructured materials including
metal oxides nanoparticles [7,8]. The most common and conven-
tional synthetic route for the preparation of transition metal
oxides are solution phase precipitation, sol-gel, solvothermal,
thermolysis, efc. [9,10]. The shape, size, morphology and
properties of the nanoparticles depend largely on several factors
such as the identity and concentration of the precursor, reaction
temperature, aging and on all other reaction conditions [11].

The synthetic route of the nanoparticles controls the various
structural features such as average size, size distribution, close
packing sequences and morphology. The capping agent, nece-
ssary to prevent merging and oxidation of the cobalt nano-
oxides also play a crucial role. Capping agents can be used in
colloidal synthesis to inhibit nanoparticle overgrowth and
aggregation as well as to precisely control the structural charac-
teristics of the synthesized nanoparticles. The residual capping
agents on particle surface have unveiled various adverse and
favourable behaviours in catalytic applications. Often they act
as a physical barrier that obstructs the access of reactants to
catalytic nanoparticles. However, they can also be utilized to
promote catalytic performance of nanocrystals [12,13].

The precursor materials from where the nanoparticles are
synthesized also play a decisive role in determining the particle
size and morphology and even the physico-chemical properties
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[14,15]. The most often used precursors include metal acetates,
metal halides, metal salts and some other organometallic subs-
tances. Literature reports that most of the Co;O, nanostructures
have been prepared using both common cobalt salts and organo-
cobalt precursors, following suitable preparative routes [16].
It may appears that the use of metal salts as the starting mate-
rials for the synthesis of Co;O4 nanostructures is more cost
effective than that of using secondary precursor like organo-
metallic complexes. But many instances suggest that the metal
complexes can be used in a reproducible manner than the
simple metal salts. This may provide better control on particle
size, especially in the case of application oriented Co3;O4 nano-
structures.

In the present work, we describe the synthesis of nano-
structured cobalt oxides from a well defined polymeric metal
complex, viz. [Co(fum)(H-O)4]-H>O which was reported earlier
from this laboratory [17].

EXPERIMENTAL

All the chemicals used in this work were obtained from
the commercial sources and used directly without further purifi-
cation. All materials ethylene glycol, polyethylene glycol,
RuCl;-xH,0, sodium hydroxide purchased from E. Merck,
India was used without further purification. Solvent used was
of reagent grade.

General procedure

Synthesis of nanostructured cobalt oxides via precursor
method: Previous work done in this laboratory involved the
high-yield preparation and detailed characterization of many
simple metal-organic compounds. Complexes of the type
[M(O,CR),(OH,)4] were shown to be good precursors to obtain
binary metal oxides [18]. In this work, a cobalt(Il) fumarate
complex [Co(fum)(H,0)4]-H,O has been used as the precursor
for the synthesis of the nano structured Co;O,. The metal-organic
precursor is prepared following the procedure developed earlier
in this laboratory [17]. Herein, we have made used of a NaOH
neutralized fumaric acid solution instead of the solid form of
sodium fumarate salt.

v

Fig. 1. A section of polymeric chain of the precursor complex
[Co(fum)(H;0)4]-H,O

Cobalt(IT) fumarate hydrate, when studied with thermo-
gravimetry (TG) is found to undergo complete dehydration at
245 °C and if heated beyond this temperature, the final residue
is Co30,at 538 °C. This TG result has been utilized to prepare
Co0;0, by using [Co(fum)(H,0).]-H,O as the precursor.

Synthesis of nanostructured Co;O4 by thermal decomposition

Synthesis of ethylene glycol capped Co030,: A mixture
of NaOH solution (0.4 g in 50 mL H,0), ethylene glycol (2 g
=~ 1.8018 mL) and 20 mL ethanol was stirred for 15-30 min at
room temperature. The metal complex, [Co(fum)(H-0)4]-H,O
(1 g) was added to the colourless solution and the stirring was
continued for 30 min. The resultant black solution was then
refluxed in oil bath at 120 °C for about 2 h. The solution was
then allowed to cool slowly at room temperature and cen-
trifuging the solution separated the black precipitate so formed
out. The black powder obtained was washed several times with
water and dried in oven at 60 °C. The cobalt oxide so formed
is named as EG@Co;0..

Synthesis of polyethylene glycol capped Co;04: A mixture
of NaOH solution (0.4 g in 50 mL H,O), polyethylene glycol
(2 g) and 20 mL ethanol was stirred for 15-30 min at room
temperature. The metal complex, [Co(fum)(H»0).]-H,O (1 g)
was added to the colourless solution and the stirring was
continued for 30 min. The resultant black solution was then
refluxed in oil bath at 140 °C for about 2 h. The solution was
then allowed to cool slowly at room temperature. The black
precipitate so formed was separated out by centrifuging the
solution. The black powder obtained was washed several times
with water and dried in oven at 60 °C. The cobalt oxide so
formed is named as PEG@Co304-1.

Synthesis of polyethylene-glycol capped Co;O, via
solvothermal route: A mixture of NaOH solution (0.2 g in
25 mL H,0), polyethylene glycol (1 g) and 10 mL ethanol was
stirred for 15-30 min at room temperature. The reaction solu-
tion immediately turns blood red on the addition of the metal
complex, [Co(fum)(H,O).4]-H>O (0.5 g). After 30 min of vigorous
stirring, the reaction mixture was transferred into 100 mL Teflon-
lined stainless autoclave which was then put in an oven at 140
°C for 15 h and finally allowed to cool to room temperature
naturally. The black precipitate so formed was separated out
by centrifuging the solution. The black powder obtained was
washed several times with water and finally once with ethanol
and dried in oven at 60 °C. The cobalt oxide so formed is named
as PEG@Co;0,4-2.

Synthesis of ruthenium doped Co30, via solvothermal
route: In a typical reaction, a mixture of NaOH solution (0.2
gin 25 mL H,0) and the metal complex, [Co(fum)(H,0).]-H,O
(1.55 g) was stirred for 30 min at room temperature. The
reaction solution immediately turns black and to it, 5 mL
ethanolic solution of a Ru salt (RuCl;-xH,O) was added and
stirred further for 1 h. A black product was obtained by remo-
ving the solvent at 85 °C, which was finally calcined at 400
°C for 2 h and washed several times to make it chloride free.
The cobalt oxide so formed is named as Ru@Co30..

Detection method: Diffuse reflectance UV-vis-NIR spectra
(DRS) have been obtained by using a Hitachi U- 4100 spectro-
photometer. BaSO, powder was used as reference (100% reflec-
tance). From the reflectance data using the Kubelka-Munk
function (a/S = (1-R)¥2R where ‘a’ is the absorption coefficient,
‘R’ the reflectance and ‘S’ the scattering coefficient), absorption
data were calculated from the reflectance data. The IR spectra
(4000-240 cm™) of the complexes were recorded as KBr disc
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by using Shimadzu FT-IR spectrophotometer. X-ray powder
diffraction pattern of the synthesized oxide samples were recor-
ded using Philips X pert Pro X-ray diffractometer with Cu-K,,
radiation (A =1.5418 10\) with 20 ranging from 10 to 80° (wide
angle) with a 0.05° steps and speed equal to 1 °/min. The SEM
images were obtained with a field emission scanning electron
microscope (FESEM, XIGMA, Zeiss, Germany). Transmission
electron microscopic (TEM) images were taken on a JEM-
2100 instrumentation equipped with a high resolution CCD
camera and at an accelerating voltage in the 60-100 kV range.

RESULTS AND DISCUSSION

Synthesis and characterization: As described in the experi-
mental section, we have made use of the metal-organic species
‘[Co(fum)(H,0)4]-H,O’, i.e., cobalt(Il) fumarate hydrate as the
precursor for the synthesis of nanostructured oxides of cobalt.
The metal fumarate based method developed by us for the
synthesis of Cos;0O, has several advantages over the existing
methods reported elsewhere. For this purpose we have explored
several procedures for obtaining the oxide material under a
variety of condition so that in due course it becomes possible
on our part to examine if the synthesis conditions can influence
the size and shape of the oxide particles.

Powder X-ray diffraction (XRD): All of the synthesized
materials were primarily investigated by powder XRD that is
known as the best technique to study the crystallographic phases
and other structural parameters of crystalline materials. Then,
other techniques like TEM, SEM, EDS etc. were used to charac-
terize the materials in detail. The XRD patterns of the synthesized
EG@Co0;04, PEG@C0;0,-1 and PEG@Co;0;,-2 (Fig. 2) are
compared with that of the phase-pure Co;0.(JCPDS, Ref. No.
71-0816). It can be seen from the Fig. 2a-c that all the synthe-
sized capped Co;0O4 materials exhibit three distinct peaks at
the 20 values of 37.02, 59.67 and 65.57° which correspond
to the (311), (400), (511) and (440) reflections of pure Co;Os.
Similarly, the diffractogram of the Ru deposited material (Fig.
3) can also be indexed to Cos;0,. The additional less intense
peaks that appear at the 20 value of 33.43 and 57.59 in the
diffractogram is for Ru.
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Fig. 2. X-ray diffractrogram of (a) EG@Co0;0,, (b) PEG@C0;04-1 and (c)
PEG@C0304-2
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Fig. 3. X-ray diffractrogram of Ru@Co;0,

Electron microscopy (TEM and SEM): The TEM and
HRTEM images of PEG@Co304-1 and PEG@Co0;04-2 are
shown in Figs. 4 and 5 respectively from which it has been
found that the average diameter of the oxide grains lie in the
range of 6-8 nm and also that the particles are homogenously
distributed.

The morphological characteristics of the ethylene glycol
and polyethylene glycol capped Co;O, were studied by scanning
electron microscopy (SEM). Fig. 6a displays the agglomerated
morphology of the EG@ Co;0,, while Fig. 6b-c shows that the
particles of the PEG@Co0;0,-1 and PEG@Co;04-2 are spherical
in shape.

The TEM image (Fig. 7) shows that the average particle
size of Ru@Co30, is 5 nm and also that the particles are homo-
geneously distributed. The SEM image of Ru@Co;0, (Fig. 8)
shows the grass shaped morphology of the particles.

Energy dispersive X-ray spectroscopy (EDX): The EDX
spectra provide complementary information about the
composition of the materials. As shown in Fig. 9, both cobalt
and ruthenium are present in the synthesized Ru@Co;O,. The
weight and atomic percentage composition of cobalt and
ruthenium are listed in Table-1.

TABLE-1
PERCENTAGE COMPOSITION OF Co AND Ru IN Ru@Co,;0,
Element Weight (%) Atomic (%)
Cobalt 3542 13.46
Ruthenium 1.21 0.27

Infrared spectral study: The FTIR spectra, in the mid-
IR region, of all the synthesized Co;O4 materials are presented
from Figs. 10 and 11. All the seven oxide samples, exhibit two
strong absorptions around 3440 and 1620 cm™ which can be
assigned to OH stretching or HOH bending vibrations of
adsorbed moisture respectively. Two absorptions around 670
and 560 cm™ have been observed for all the samples, which
can be attributed to the Co-O vibration of Co;O4 [19].

Diffuse reflectance spectra: The diffuse reflectance UV-
vis (DRS-UV-Vis) absorption spectra of the cobalt oxide nano-
particles are presented in Figs. 12 and 13. The peak around
1.79 eV (typical for Co" in tetrahedral coordination) and a
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10 nm

Fig. 6. SEM images of (a) EG@QC0;0,, (b) PEG@C0;0.-1 and (c) PEG@C050,-2
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Fig. 7. (a,b) TEM images (¢) HRTEM image and (d) SAED pattern of Ru@Co;04

- S 012 3456 7 8 91011121314 1516 17 18 19
i - 3‘..- _ .. keV
Fig. 8. SEM image of Ru@Co;04 Fig. 9. EDX spectra of Ru@Co;04
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Fig. 10. FTIR spectra of EG@Co0;04, PEG@C030;4-1 and PEG@C030,-2
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broad absorption within the vicinity of 2.59 eV (typical for
Co™ in octahedral coordination) indicates that the synthesized
oxide is spinel Co;0; in which Co metal is in two different
oxidation states viz. Co(II) and Co(III) [20].

The band gap energy values of the synthesized EG@Co;0.,
PEG@C0;04-1 and PEG@Co;0;-2 (Fig. 12a-c) are found to
be 2.06, 1.99 and 1.94 eV, respectively, which are in good
agreement with the generally accepted values [21,22].
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Fig. 13. UV-vis diffuse reflectance spectrum of Ru@Co;0;, inset showing

the (othv) ? vs. hv plot
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The DR UV-vis spectrum of Ru@Co;0, is shown in Fig.
13, from which its band gap energy value is found to be 1.22
eV, lowest of all the Co;O, materials synthesized in this work.
The optical band gaps of the nanomaterials have been evaluated
following the Tauc’s relationship, which is described as:

(ohv)"? =C(hv-E,)

where, o is the absorption coefficient of the semiconducting
materials at a certain wavelength value A, h is Planck’s constant,
C is a proportionality constant, v is the frequency of incident
light, E, is the band gap energy and the exponent, n = 1/2 and
2 for direct and indirect band gap respectively. The absorption
coefficient (o) can be obtained from the equation:

o= —lln[l—‘J = lAloge
t (I t

o

where A, t, I, and I, represent the absorbance, thickness of the
nanomaterials film, intensity of transmitted light and intensity
of incident light, respectively.

Conclusion

We have prepared a series of Co3;O, nanostructures with
different morphologies (rod, spherical and grass like) by using
the metal organic precursor, [Co(fum)(H,0).]-H,O via solvo-
thermal and thermal decomposition routes. The produced CosO,
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Fig. 12.UV-vis diffuse reflectance spectra of (a) EG@C0;0., (b) PEG@C0;0;-1 and (c) PEG@C0;0.-2, inset showing the (chv)? vs. hv plot
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were characterized by XRD, SEM, TEM, EDS, etc. The average
diameter of the oxide grain has been found in the range of 5-
12 nm. The SAED pattern suggests the highly crystalline nature
and the crystallinity of the oxides decreases with decrease in
calcination temperature. The band gap energy values of Ru@
Co30, are found to be the range of 1.22 eV. This low band gap
value of the nanoparticles (< 1.5 eV), is relevant with semi-
conducting property and thus these can be useful for photo-
catalysis.
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