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Abstract. Epoxy (LY-556/HY-951) system was cured at ambient temperature and its copper cobaltite nanocomposites
with different percentage loadings of nanoparticles were prepared via powered shear mixing with HY-951 (triethylene-tetraamine, TETA) hardener. Characterizations of the nanocomposites were done by various methods like XRD, TEM, FTIR,
TGA, DSC, SEM, VNA, DETA and XPS. XRD, XPS and TEM showed the successful preparation of copper cobaltite
nanoparticles. Further, FTIR studies confirmed accomplishment of curing and consequently the formation of cross-linked
network in the nanocomposites. The morphological analysis revealed that the nanoparticles of the copper cobaltite were
uniformly distributed inside the epoxy matrix to 5% loading. The enhancement in impact properties of nanocomposites with
increase in filler content was supported by fractured surface studies for even distribution of copper cobaltite nanoparticles.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) analyses showed enhancement in thermal
stability as well as positive shift in the glass transition temperature for epoxy with copper cobaltite filler in comparison to
neat epoxy resin. The positive shift in the glass transition temperature of the nanocomposites indicated improved interaction
between copper cobaltite and epoxy matrix. These nanocomposites were also evaluated for their electromagnetic properties
using dielectric thermal analyzer (DETA) and vector network analyzer (VNA) for determination of their permittivity and
permeability, respectively. The improved thermal, mechanical and electromagnetic properties of epoxy–copper cobaltite
nanocomposites make them potential candidates for microwave applications in a wide range of areas.
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1. Introduction
The problems caused by electromagnetic interference (EMI)
are important issues with the fast technological developments and extensive use of electromagnetic (EM) waves in
wireless communication at higher frequencies due to the
requirement of high reliability and fidelity, which resulted
in the extensive research on microwave absorption worldwide [1,2]. Ferrites are the materials with excellent magnetic
and dielectric properties and can be used for electromagnetic
wave absorption applications. The attributes of polymers like
light-weight, flexibility and cost-effectiveness can be combined with ferrites to make materials, which exhibit effective
suppression of EMI [3]. The epoxy is a unique material with
several exceptional properties and used in variety of applications as a matrix polymer. Epoxy makes microwave absorber
soft, flexible and easy to be clipped. Many researchers have
reported epoxy-based fabricated composites filled with magnetic materials in micrometre size as filler, such as Ba-ferrite
[4], iron fibre [5], Ni–Zn-ferrite [6] and Fe3 O4 /YIG [7]. However, these polymer-based composites filled with conventional
magnetic particles have difficulty in meeting the criterion of
thin and light-weight microwave absorber. High filler content
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and thickness of material matrix are needed to exhibit a low
reflection coefficient over a wide frequency range [8].
Transition metal oxides have been promising candidates
for the electrode materials in redox supercapacitors because
of their strong activity of reduction as well as high specific capacity mainly 2–3 times higher than that of materials
based on carbon/graphite [9]. Several transition metal oxides
like ruthenium dioxide, manganese dioxide, nickel oxide,
molybdenum dioxide and cobalt sulphide have been used as
electrode materials in energy storage devices [10–12]. Various types of mixed metal oxides and binary metal oxides
have been successfully made and utilized in high performance
electrochemical supercapacitors [13–17]. These mixed oxides
are more superior to single component oxides or hydroxides used in supercapacitors. Cobalt containing spinel oxides
like NiCo2 O4 [18,19], ZnCo2 O4 [20], MnCo2 O4 [21,22],
CuCo2 O4 [23] and MgCo2 O4 [24] have been studied as
the prospective electrode materials for their use in supercapacitors due to their anticipated structural and electrical
properties. Copper cobaltite spinel with the general formula
Cux Co3−x O4 has good potential for use in devices for energy
storage applications due to their low cost, eco-friendly properties, as well as excellent electrochemical performance [25,26].
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Figure 1. Chemical structure of epoxy resin (LY-556) and hardener
(HY-951).

In CuCo2 O4 inverse spinel, Co+3 cations occupy all the
A sites and half of the B sites while Cu+2 cations occupy
rest of the B sites in AB2 O4 type crystal lattice [27]. Cubic
CuCo2 O4 spinels have been prepared using variety of methods
like thermal decomposition, urea combustion, sol–gel process
and nanocasting [28–31]. In comparison to the above processes, one step co-precipitation method is eco-friendly, cost
effective and simplest route to make CuCo2 O4 nanoparticles.
In this work, the effect of CuCo2 O4 nanoparticles in
the thermal, mechanical and electromagnetic properties of
epoxy/CuCo2 O4 nanocomposites has been studied for EMI
shielding applications. Epoxy resin LY-556 polymer matrix
synthesized via powered shear mixing using HY-951
triethylene-tetra-amine (TETA) has been investigated. The
curing behaviours, Fourier transform infrared (FTIR), thermal
and electromagnetic properties, scanning electron microscope (SEM) analysis and impact strength properties of
epoxy/copper cobaltite nanocomposites have been studied for
supercapacitor applications.

2. Experimental
2.1 Materials
The matrix materials used in the present study are commercially available epoxy resin (LY-556) and hardener (TETA,
HY-951) supplied by Huntsman, Switzerland. Copper nitrate
(Cu(NO3 )2 ·3H2 O), cobalt nitrate (Co(NO3 )2 ·6H2 O) and
Na2 CO3 were received from Sigma-Aldrich and S.D. Fine
Chemicals. Copper cobaltite was prepared by using hydroxidecarbonate co-precipitation method using nitrate salts of copper and cobalt. These materials were used as received without
any further purification. The structure of LY-556 epoxy resin
and HY-951 triethyltetra-amine (TETA) hardener is given in
figure 1.
2.2 Preparation of copper cobaltite and epoxy/CuCo2 O4
nanocomposites
In a typical procedure, CuCo2 O4 was prepared by hydroxidecarbonate co-precipitation method in which stoichiometric
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amount of nitrate salts of Cu and Co were dissolved in distilled
water and a saturated Na2 CO3 solution was added in a dropwise manner with constant stirring at 60◦ C to get complete
precipitation of metal ions as metal carbonates. The precipitate was filtered, washed thoroughly in distilled water and
dried at 120◦ C for 24 h. Then, the precipitate was decomposed
at 350◦ C for 4 h in air to obtain CuCo2 O4 oxide.
Uniform dispersion of nanomaterials is one of the major
problem faced by the researchers. So, the innovative power
shear mixing technique can be used for reduction of particle
size, dispersion, emulsion and suspension of nanomaterials
in the highly viscous matrixes to transport one phase or
ingredient into the other phase, hence, forming uniform distribution of nanomaterials. The copper cobaltite incorporated
nanocomposites were prepared via powered shear mixing.
The nanoparticles of copper cobaltite were dispersed with
epoxy resin at various loadings i.e., 3, 5 and 9 wt% with
hardener HY-951 (table 1). Initially, the mixture at each loading was cured at room temperature for 12 h. Then, curing
of nanocomposites was done at 120◦ C for 2 h and finally,
sampling of prepared nanocomposites was done for their characterizations.

2.3 Characterizations
The formation of copper cobaltite was confirmed by X-ray
powder diffraction (XRD) pattern recorded on an X-ray
diffractometer (Rigaku, Japan), using CuKα as the radiation
source (λ = 1.54056 Å). Transmission electron microscopy
(TEM) analysis of CuCo2 O4 particles was carried out using
FEI-TECNAI-G2 instrument with an operating voltage of
200 kV. Selected area electron diffraction (SAED) of CuCo2 O4
particles was also obtained using the same instrument. The
interactions between the epoxy, hardener and subsequent
CuCo2 O4 nanocomposites were studied by a Perkin Elmer,
FTIR model 2000, from 4000 to 400 cm−1 . X-ray photoelectron spectroscopy (XPS) analysis of the samples was done
on a PHI 5000 Versa Probe II (ULVAC-PHI, Inc., Japan)
instrument using monochromatic AlKα (1486.6 eV) irradiation as a source and multichannel detector. The thermal
stability of the nanocomposites was assessed using thermogravimetric analyzer (TGA Q500) of TA Instruments, USA,
with the heating rate of 10◦ C min−1 and the differential heat
flow of the samples were analysed using differential scanning calorimeter (DSC, Q200) of TA Instruments, USA, for
the temperature range from room temperature to 300◦ C with
a heating rate of 5◦ C min−1 . To explore the EMI shielding
dielectric measurements of the composite, Agilent E8362B
vector network analyzer was used in the X band. The powder
samples were pelletized in rectangular shape with dimension
22.8 × 10 mm2 of thickness ∼2 mm and inserted into copper sample holder connected between the wave-guide flanges
of network analyzer. The images of morphological studies
were recorded on low-vacuum scanning electron microscope
(LVSEM, EVO50) of Karl Zeiss, Japan.
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Compositions of epoxy resin and hardener with CuCo2 O4 nanoparticles.
Compositions

Sample (code)

Epoxy resin (LY-556) wt%

Hardener (HY-951) wt%

CuCo2 O4 wt%

87
84
82
78

13
13
13
13

0
3
5
9

EP-0
EP-3
EP-5
EP-9

Figure 2. (a) XRD powder pattern for CuCo2 O4 sintered at 350◦ C, (b) TEM image with SAED in inset and (c) particle size distributions
of CuCo2 O4 .

3. Results
3.1 XRD and TEM analyses
XRD pattern of CuCo2 O4 , recorded between 2θ = 0 and 80◦ ,
is shown graphically in figure 2a. The X-ray diffractogram of
CuCo2 O4 is showing its characteristic peaks at 2θ : 18.6956,
30.4347, 35.6521, 37.9812, 43.8876, 58.3913 and 63.4782◦ .
Such diffractions correspond to (111), (220), (311), (222),
(400), (511) and (440) reflections, respectively. This confirms that the hydroxide-carbonate co-precipitation method
produces almost pure and crystalline phase of CuCo2 O4
nanoparticles. Besides this, the crystalline spinel phase follows face centred cubic crystal geometry along unit cell
dimension, a = 8.055 Å. These parameters match with
the standard CuCo2 O4 values reported in literature (a =
8.039 Å, JCPDS ASTM file no. 1-1155). The crystallite size
of CuCo2 O4 particle was calculated by line broadening using
Scherrer’s formula [25], viz.
Crystallite size (S) = kλ/B cos θ,
where S is the mean size of the ordered (crystalline) domains,
which may be smaller or equal to the grain size, λ the X-ray
wavelength (in this case, use CuKα = 1.54056 Å), B the full
width at half the maximum intensity (FWHM) of the peak
(not half of it) in radians and θ the Bragg angle in degrees.

The value of k is normally assigned as 0.89, which depends
on several factors including the Miller index of the reflecting
plane and the shape of the crystal. The average crystallite size
of CuCo2 O4 particles was obtained as 11 nm.
TEM image of CuCo2 O4 particles is provided in figure 2b.
The CuCo2 O4 frame has unevenly distributed mesopores,
which is due to escaping of the gaseous molecules from copper cobaltite particles sintered at 350◦ C. This phenomenon
leads to occurrence of high coarseness in CuCo2 O4 frame
[32]. The SAED pattern of CuCo2 O4 provided in the inset
of figure 2b displays well-defined concentric rings corresponding to (111), (220), (311), (400) and (511) planes,
which confirms the formation of well crystallized particles of
CuCo2 O4 . The particle size distribution provided in figure 2c
shows that the maximum number of CuCo2 O4 particles distributed have size in the range of 11–12 nm.
X-ray diffractogram of cured neat epoxy and its nanocomposites is provided in figure 3. It can be seen that cured
neat epoxy is exhibiting single broad peak at 2θ = 16.23◦ ,
which confirms the amorphous nature of epoxy resin. When
CuCo2 O4 is added to resin, epoxy peak intensity decreases
and characteristic peaks of CuCo2 O4 appear in the nanocomposite due to heteronucleation effect displayed by CuCo2 O4 .
It is also inferred from the figure that the characteristic peaks
of CuCo2 O4 particles do not shift in all compositions, which
reveals that there is no reaction occurred between epoxy and
CuCo2 O4 nanoparticles.
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Figure 3. XRD powder pattern for neat epoxy and its nanocomposites.

3.2 FTIR analysis
FTIR spectra of neat LY-556 epoxy resin, TETA hardener and
their nanocomposite with CuCo2 O4 is illustrated in figure 4.
For neat epoxy, the peaks at 2840, 2865, 3016 and 3098 cm−1
are attributed to the C–H stretchings of the methyl group
(at the junction of the two aromatic rings), methylene and
methine groups of oxirane ring and CH2 group adjacent to
oxirane ring. Further, the peaks at 1610, 1505 and 1448 cm−1
are due to the stretching of C=C bonds in aromatic moiety.
The hydroxyl group is showing its peak at 3380 cm−1 and is
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broader in nature due to intermolecular hydrogen bonding.
Besides this, oxirane ring is exhibiting its characteristic peak
at 918 cm−1 . On the other hand, the TETA hardener is showing various peaks in the range between 3100 and 3350 cm−1 ,
which are the consequences of different stretching vibrations
of its CH2 , NH2 and NH bonds. However, the spectrum of
its cured nanocomposites reveals that the characteristic peak
of the oxirane moiety disappeared due to the opening of the
ring. Moreover, the broader peaks at 3385 and 3310 cm−1 are
due to the complicity of OH and NH stretching vibrations.
Again, the C=C stretching frequencies of aromatic ring are
appearing at 1615, 1505 and 1440 cm−1 . The peaks at 555
and 654 cm−1 correspond to Co3+ –O2− in tetrahedral complex and Cu2+ –O2− in octahedral complex, respectively. The
short nature of these peaks is due to the low concentration of
CuCo2 O4 nanoparticles in the matrix [33]. This shows that
the curing has been taken place as a result of ring opening of
oxirane moiety, which leads to the formation of cross-linked
network.
The mechanism of curing involves typical nucleophilic
substitution reaction in which nucleophilic NH2 group of
hardener HY-951 attacks on the electrophilic carbon of the
C–O bond of the epoxide ring of LY-556 resin making it to
break, resulting in the ring opening. This reaction repeats and
propagates and hence, leads to the formation of cross-linked
structures (figure 5).
3.3 Thermal analysis
Thermogravimetric is an ideal tool for the determination of
thermal stability of the material. The heat flow characteristics

Figure 4. FTIR spectra of neat epoxy, hardener and epoxy/CuCo2 O4 nanocomposite.
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Figure 5. Curing mechanism of epoxy resin/CuCo2 O4 nanocomposites with HY-951 hardener.

of the samples have been determined by DSC and are
presented in figure 6a. From the figure, it can be seen that
the glass transition temperatures of the neat epoxy and its
nanocomposites lie in the range between 91.3 and 92.3◦ C.
Further, no major effect on glass transition temperatures of
epoxy nanocomposites is observed when CuCo2 O4 nanoparticles are added, which implies that the epoxy matrix is
unaltered [34]. Moreover, small endotherms are seen in the
DSC scan of neat epoxy and its nanocomposites. This phenomenon is possibly due to the loss of moisture from the
surfaces of cured epoxy and its nanocomposites. The moisture
contents are absorbed on the surfaces via hydrogen bonding interaction of water molecules with the oxygen atoms of
hydroxy and ether groups and also with the nitrogen atoms of
amine groups present in the epoxy moiety [35].
The thermograms of the made-up neat epoxy matrix and
CuCo2 O4 epoxy nanocomposites are depicted in figure 6b and
table 2. Alteration of epoxy with 3, 5 and 9% improved the
thermal stability and enhanced decomposition temperatures
of epoxy resin with respect to the loadings of CuCo2 O4 as
filler used. Neat epoxy is showing its weight loss at 290◦ C.
However, for 3, 5 and 9% epoxy nanocomposites, weight
loss is observed at 322, 325 and 368◦ C, respectively. These

results show that the decomposition temperatures of 3, 5 and
9% epoxy nanocomposites are higher than that of neat epoxy
matrix. 3 and 5% epoxy nanocomposites have almost same
initial decomposition temperature as there is no much difference in their filler content. High thermal decomposition
temperatures of epoxy nanocomposites are due to the formation of interfacial bonding interaction between CuCo2 O4 and
epoxy resin.

3.4 Impact properties
Impact result of epoxy resin filled with copper cobaltite is
shown in figure 7. It is seen that impact strength increases for
values up to 5% copper cobaltite and further addition of copper cobaltite decreases the impact strength. The decrease in
impact strength at higher loading of copper cobaltite makes
it more brittle composite. Impact results suggest that some
additional energy absorbing mechanism is taking place when
nanoparticles are reinforced in matrix. Crack pinning, cavitation mechanisms and crack surface irregularity are the
possible reasons for high impact strength of copper cobaltite
filled epoxy in comparison to neat epoxy resin [36].
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Figure 6. (a) DSC and (b) TGA curves of cured neat epoxy resin and epoxy/CuCo2 O4 nanocomposites.
Table 2. Thermal values of cured neat epoxy and its
nanocomposites obtained from DSC and TGA.
Sample
code
EP-0
EP-3
EP-5
EP-9

DSC
Tg

(◦ C)

91.36
91.54
91.93
92.28

TGA
Tons

(◦ C)

290
322
325
368

Tens (◦ C)

Char yields (%)

408
440
460
465

2
6
10
17

Note: Tons = onset decomposition temperature, Tens = endset decomposition temperature.

seen that the real permittivity of the neat cured epoxy as well
as CuCo2 O4 incorporated epoxy resins were almost constant
over the increase in frequency, except a slight decrease started
from 9.6 GHz and above. This behaviour is expected because
molecules of the polymeric system get less time to orient
themselves with increase in frequency at room temperature.
However, their imaginary permittivity increases continuously
with increase in frequency (figure 8A ). It is also observed that
imaginary permittivity is higher for higher weight percentage
loading of CuCo2 O4 , which is due to the presence of CuCo2 O4
nanoparticles. Polarization within the CuCo2 O4 nanoparticles
takes place, which influences the electrical conductivity in
epoxy resins and hence, contributes to the larger imaginary
permittivity at higher CuCo2 O4 concentrations. When concentration of filler content increases, the inter particle distance
between nanoparticles gets reduced, which enhances the electrical conductivity at interface region, which consequently
increases the e . The maximum value of imaginary permittivity is observed at 9% CuCo2 O4 concentration in epoxy
nanocomposite. Besides this, the real dielectric permeability
is decreasing with increasing frequency for all epoxy resin
samples (figure 8B), which shows a dielectric behaviour of
magnetoplumbite structure. The dielectric losses of the epoxy
resin sample, on the other hand, will slightly increase with
increase in frequency as seen in figure 8B , which is due
to the meshing effect of matrix resin with increasing filler
content. This enhances the percolation threshold, which consequently increases the dielectric loss. Similar trend has also
been observed by several researchers [37–39].
3.6 XPS analysis

Figure 7. Impact strength of epoxy/CuCo2 O4 nanocomposites.

3.5 Dielectric properties
Dielectric properties of epoxy and its CuCo2 O4 nanocomposites are provided in figure 8. From figure 8A, it can be

XPS spectra of copper cobaltite–epoxy nanocomposites are
depicted in figure 9. The full survey scan spectra of copper cobaltite–epoxy nanocomposites (figure 9a) represent the
presence of Co (Co 2p 1/2 and Co 2p 3/2), Cu (Cu 2p 1/2 and
Cu 2p 3/2), C (1s), N (1s) and O (1s) elements. N and C come
from amine and carbon chains, respectively, from the epoxyhardener matrix. The Cu 2p spectra of each nanocomposite
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Figure 8. (A) Real part of permittivity (e ), (A ) imaginary part of permittivity (e ) and (B) real part of permeability (μ ), (B ) imaginary
part of permeability (μ ); EP-0, neat epoxy resin; EP-3, 3%; EP-5, 5%; EP-9, 9% CuCo2 O4 .

(figure 9b) consists of two main peaks at 932.8 and 936.1 eV,
which correspond to the tetrahedral Cu+ and octahedral Cu2+ ,
respectively [40]. Peak for Cu+ occurs due to the reduction
of Cu2+ to Cu+ induced by X-ray reduction in the presence
of adventitious carbon [41]. Satellite peak at ∼942.3 eV indicates divalent Cu. Kα4 and Kα3 radiations are responsible
for other peaks appearing in the spectrum. Further, peak at
952.2 eV is due to Cu 2p 1/2. Cu2+ ion preferentially occupied
octahedral position with Cu2+ (tetrahedral) to Cu2+ (octahedral) ratio ∼0.4 [28]. The ratio of intensity of satellite peak
to main peak in Cu 2p spectrum is 0.491, which indicates that
Cu2+ ion, in inverse spinel copper cobaltite, adopts octahedral
geometry similar to CuO [42]. From the Co 2p XPS spectra
of each nanocomposite provided in figure 9c, it can be seen
that peaks at 797.8 eV and a shoulder peak at 782.7 eV are
corresponding to Co 2p 1/2 and Co 2p 3/2, respectively. Separation of the peaks by spin-orbit splitting of ∼15 eV confirms
the presence of mixed Co2+ and Co3+ ions [43]. Besides this,
the satellite peaks at 786.2 and 802.5 eV are appearing due
to the presence of Co2+ and Co3+ ions. These results reveals
that the copper cobaltite in the nanocomposites contain Cu+ ,
Cu2+ , Co2+ and Co3+ , which is in consistent with literature
results for CuCo2 O4 [44–46]. Moreover, the core level spectra for the O 1s region for all the nanocomposites provided
in figure 9d demonstrate the contributions by two oxygens

O1 and O2. Peak at 528.8 eV is characteristic of Cu–O and
Co–O bonds. While the peak at 531.4 eV, for O2, corresponds
to a high quantity of imperfect sites with minimal oxygen
co-ordination in the copper cobaltite–epoxy nanocomposites
[47,48]. Hence, all the epoxy nanocomposites contain the copper cobaltite with formula CuCo2 O4 .
3.7 Microstructure of fractured surface of cured epoxy and
its nanocomposites
SEM microstructure of the fractured surface of cured epoxy
and its nanocomposites is depicted in figure 10a–d. In
figure 10a, the cured pure epoxy exhibits a smooth fracture
surface belonging to a characteristic brittle failure, which is
accredited to propagation of fast-moving brittle crack in the
material body. However, the SEM images of cured epoxy
nanocomposites with 3 and 5 wt% of CuCo2 O4 (figure 10b
and c) are showing the uniform dispersion of CuCo2 O4 in
the epoxy matrix. Besides this, the rough surface is also
observed in their SEM image, which is due to the typical
ductile failure. Uniform particle distribution and good adhesion between CuCo2 O4 particles and matrix are essential for
the preparation of epoxy-based copper cobaltite nanocomposites, because these factors determine powder to binder ratio,
degree of particle alignment and mechanical properties [49].
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Figure 9. XPS spectrum of copper cobaltite–epoxy nanocomposites: (a) full survey scans, (b) Cu 2p, (c) Co 2p and (d) O 1s.

Figure 10. SEM micrographs of fractured surface of cured epoxy and its nanocomposites; (a) neat epoxy, (b) 3, (c) 5
and (d) 9 wt% of CuCo2 O4 .
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Furthermore, the agglomeration of CuCo2 O4 particles within
the epoxy matrix is observed in figure 10d, which is due to
the increase in concentration of CuCo2 O4 in the nanocomposite; as higher concentration of the copper cobaltite leads
to the agglomeration and more brittleness. The particles of
CuCo2 O4 are clearly seen as agglomerated at high magnification in figure 10d inset. This also causes the observed
decrease in the impact strength at 9% loading of CuCo2 O4
nanoparticals as shown in figure 7.

4. Conclusion
The copper cobaltite (CuCo2 O4 ) was successfully prepared
by hydroxide-carbonate co-precipitation method and confirmed by the XRD, XPS and TEM analyses. The copper
cobaltite incorporated nanocomposites were prepared via
powered shear mixing with different loadings of 3, 5 and
9 wt% and characterized. The decomposition temperature and
Tg of epoxy resin increased with the increase in CuCo2 O4
filler composites that has retarded the decomposition of the
materials at higher temperature. The copper cobaltite incorporated nanocomposites improved the impact strength upto
5% loading of CuCo2 O4 as compression of neat epoxy.
The interfacial effect generated by CuCo2 O4 nanoparticles
caused improvement in electrical as well as magnetic properties of the epoxy–CuCo2 O4 composite which resulted in
the improvement in their microwave absorption performance.
SEM images showed the uniform distribution of the copper
cobaltite nanoparticles inside the epoxy matrix.
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