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Abstract—This study highlights the method of synthesis and characterization of a novel hybrid material con-
sisting of zinc cobaltite (ZnCo2O4) and the conductive copolymer based on pyrrole and N-methyl pyrrole.
The pure ZnCo2O4 is synthesized by sol-gel method, polypyrrole-ZnCo2O4, poly(N-methyl pyrrole)-
ZnCo2O4 and poly(pyrrole-co-N-methyl pyrrole)-ZnCo2O4 are synthesized by chemical oxidative polymer-
ization and characterized by different techniques. X-ray diffraction results revealed the existence of a cubic
spinel structure of ZnCo2O4 in all samples. The synthesis efficiency of the polymer-ZnCo2O4 nanocomposite
is confirmed by the Fourier transform infrared spectroscopy. The results of scanning electron microscopy
show that the nanoparticles are mostly spherical in shape and the powders morphology structure varies from
sample to sample. The energy dispersive X-ray analysis shows the formation of hybrid material with a sub-
stantial purity.
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INTRODUCTION

Hybrid organic-inorganic materials containing
inorganic and organic components are of a great inter-
est due to their characteristics, resulting in synergistic
improvement of their functional properties [1, 2].

In recent years, conductive polymers have
attracted considerable interest for the development of
advanced materials; the advantage of these polymers is
their processability, especially through the solution
process [3]. Conductive polymers, such as polypyrrole
(PPy), have been proposed for various applications,
e.g. solar cells [4], transistors [5], thermoelectric
power-generation [6], microwave absorption [7], elec-
trochromic devices [8], photocurrent generation [9],
supercapacitors [10] and light emitting diodes [11, 12].
However cycling instability and rate capability restrict
practical applications of conductive polymer.
Recently, much efforts have been focused on the
development of hybrid nanomaterials based on PPy,
such as metal-polypyrrole core-shell nanoparticles
and metal-polypyrrole hybrid nanowires, in order to
improve the polymer stability [13]. In these hybrid
materials, metal nanoparticles function as a skeleton
for docking electroactive materials that can hold the
electrode fragments together, and improve the stabil-
ity of PPy. Particularly, ZnCo2O4 exhibits a higher sta-
bility than that of PPy materials [14].

Spinel is oxide of formulas AB2O4, where A and B
are generally elements belonging to transition metals;
Table 1 summarizes the difference between three
materials of the same spinel family AB2O4. The typical
representative of the spinel is ZnCo2O4. For the
ZnCo2O4 system a cubic face arrangement centered
anions O2– is described. The space group of the crys-
talline is Fd3m. From a structural point of view, the
elementary cell of the general formula “A8B16O32”,
contains 32 O2– anions that delineate 64 tetrahedral
sites (rated A) and 32 sites octahedral (rated B) occu-
pied respectively by the eighth and half cations and
which corresponds to 8 units forms AB2O4 per elemen-
tal cell. The inorganic phase is the metal oxide part
that has attracted significant scientific interest, such as
the spinel zinc cobaltite (ZnCo2O4) is isomorphic to
the Co3O4 crystal structure and seems to be a promis-
ing alternative, due to its higher conductivity and
richer redox reactions, caused by the coupling of the
two metal species [15].

The ZnCo2O4, a ternary oxide material, has been
reported as a promising electrode material for lithium-
ion batteries. With a cubic spinel structure, ZnCo2O4
is isomorphic to Co3O4, i.e., Zn2+ ions occupy the tet-
rahedral sites and the Co3+ ions occupy the octahedral
sites, revealing superior electroactivity to Co3O4. In
addition, Zn element has many other advantages,
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Table 1. Electrical properties of pure ZnCo2O4, ZnRh2O4,
and NiCo2O4

Samples
Specific 

capacitance, 
F/g

Electrical 
conductivity, 

S/cm

Gap
energy, eV

ZnCo2O4 290 [42] 1.8 [44] 2.26 [45]
ZnRh2O4 950 [43] 0.7 [46] 2.74 [46]
NiCo2O4 1580 [17] 0.12 [47] 3.3 [48]
including low cost, abundant resources and environ-
ment friendliness. It is well known that the large vol-
ume change associated with lithiation–delithiation of
TMOs is a very common phenomenon, which can sig-
nificantly impede the practical application of TMO-
based anodes [16, 17].

Among the p-type semiconductors, zinc cobaltite
(ZnCo2O4) is a material with spinel-type structure
that has been mainly used as electrode for Li-ion bat-
teries [18, 19] and supercapacitors [20, 21], due to its
higher electrochemical performances and super con-
ductivities.

Nirav Joshi et al. [22] have shown that ZnCo2O4
microspheres can be synthesized by co-precipitation
and subsequent annealing. The yolk-shelled ZnCo2O4
sensor was highly sensitive to detect ozone down to
80 ppb with both a.c. and d.c. electrical measure-
ments, with fast response and recovery, and good
selectivity. The mechanism of detection was found to
be based on adsorption of ozone molecules on the
ZnCo2O4 surface, as a layer of holes is created which
affects the conductivity, as in a typical p-type semi-
conductor. Finally, the enhanced performance owing
to the large surface area to volume ratio of ZnCo2O4
yolk-shelled microspheres are promising for develop-
ing further gas sensor devices to monitor the environ-
ment [23].

In this research, pyrrole and N-methyl pyrrole are
used. The process of synthesis and characterization of
hybrid material poly(Py-co-NMPy)-ZnCo2O4 nano-
composites by in situ polymerization method is
emphasized. The properties of nanocomposites, mor-
phology, thermal stability and electrical conductivity
have been investigated.

EXPERIMENTAL

Materials

Pyrrole, N-methylpyrrole, ammonium persulfate
((NH4)2S2O8, 98%), hydrochloric acid (36.5–38.0%),
ethanol (99.7% purity) and ammonium hydroxide are
obtained from Aldrich. Distilled water is obtained
from Elga Labwater Purelab Ultra system.
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Preparation of ZnCo2O4

The zinc cobaltite (ZnCo2O4) solution is obtained
by sol-gel method by dissolving of 2.11 g of a tetrahy-
drated zinc nitrate powder (Zn(NO3)2 · 4H2O) in
20 mL of ethanol. The mixture is stirred or 10 min
until the colorless solution is obtained. Then 4.70 g of
hexahydrated cobalt nitrates (Co(NO3)2 · 6H2O) is
dissolved in 30 mL of ethanol to produce dark purple
solution. After that two solutions are mixed and a solu-
tion of oxalic acid prepared by dissolving 7 mg of
C2H2O4 in 50 mL of ethanol is added. The overall mix-
ture is slowly heated to 80°C for 2 h with magnetic stir-
ring. The ZnCo2O4 solution is dried at 120°C for 12 h
and then charred at 350°C for 2 h to obtain a well-crys-
tallized black powder [24].

Preparation of Nanocomposites

The hybrid material is prepared by the oxidative
polymerization. Thus, 0.5 g of ZnCo2O4 nanopowder
functionalized by 1 M HCl is added to 0.05 mol of pyr-
role and/or N-methyl pyrrole solution in 50 mL of
HCl 0.1 M and stirred for 1 h. Then, an aqueous solu-
tion of APS (0.05 mol) is added drop wise and the
mixture is stirred for 24 h, while the temperature is
maintained at 0–5°C by an ice bath.

The precipitated nanocomposite is filtered and
washed with ethanol until the filtrate become color-
less, then with water for three times and finally, with
NH4OH. The precipitates are dried at 60°C for 24 h to
obtain a black dark powder.

Three different samples of polymer-ZnCo2O4
nanocomposites are synthesized, polypyrrole-
ZnCo2O4, poly(N-methyl pyrrole)-ZnCo2O4 and
poly(pyrrole-co-N-methyl pyrrole)-ZnCo2O4 [25, 26].

RESULTS AND DISCUSSION

The crystalline phases of the samples are identified
by using a diffractometer with CuKα radiation (λ =
1.5406 Å) and a scan speed of 5 grad/min. The result-
ing spectrum is identified by comparison with the cor-
responding JCPD.

All the lines observed on the diffractograms (Fig. 1)
correspond to the planes (111), (220), (311), (222),
(400), (422), (511) and (440) and can be attributed to
the cubic spinel structure of ZnCo2O4 (JCPDS no. 23-
1390, characteristic of space group Fd3m and a mesh
parameter a = 8.0717 Å) [27], with preferential orien-
tation according to (311). Table 2 shows that the dif-
fraction nail, interreticular distance and lattice param-
eter of all planes structure of ZnCo2O4.

X-ray diffraction spectra are used to determine the
particle size of the nanoparticles. The particle size is
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Fig. 1. XRD diffraction patterns of (1) ZnCo2O4, (2) poly(NMPy)-ZnCo2O4, (3) PPy-ZnCo2O4, and (4) poly(Py-co-NMPy)-
ZnCo2O4 nanocomposites.
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calculated by using the formula of Debye-Scherrer
[28] applied to the diffraction line (311):

FTIR spectra of samples ZnCo2O4, PPy-
ZnCo2O4, PNMPy-ZnCo2O4 and poly(Py-co-
NMPy)-ZnCo2O4, clearly show the existence of char-
acteristic bands of polymer and zinc cobaltite (Fig. 2).
For nanoparticles of ZnCo2O4, the adsorption bands
at 663 and 527 cm–1 are attributed to the tetrahedral
and octahedral coordination vibrations of Zn–O and

=
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Table 2. Structural characteristics of ZnCo2O4

Miller indices (hkl) Diffraction
nail θ, deg

(111) 9.53
(220) 15.60
(311) 18.45
(222) 19.40
(400) 22.51
(511) 29.68
(440) 32.51
Co‒O respectively [29]. The band at 1635 cm–1 can be
assigned to the vibrations of –OH groups for free or
absorbed water [30].

For the hybrid materials PPy-ZnCo2O4, PNMPy-
ZnCo2O4 and P(Py-co-NMPy)-ZnCo2O4, the exis-
tence of wide bands with low intensity at 3227 cm–1 is
attributed to the stretch vibration N–H of the pyrrole
[31] and the bands 2970 and 2875 cm–1 are related to
the groups stretching CH3 of PNMPy [32, 33]. The
bands at 1600–1540 cm−1 arise from C=C stretching
vibrations of the aromatic rings [34, 35], the bands
observed at 1519 and 1444 cm–1 are attributed to the
asymmetric and symmetric ring stretching vibrations
of the pyrrole respectively [36–38]. The C–N stretch-
ing vibrations are observed at 1272 cm–1. The bands
between 1025 and 909 cm–1 can be attributed to C–H
in plane and C–H out of plane deformations respec-
tively [39, 40].
LYMER SCIENCE, SERIES B  Vol. 62  No. 6  2020

Interreticular 
distance dhkl, Å

Lattice 
parameter a, Å

4.65 8.06
2.86 8.10
2.43 8.07
2.32 8.03
2.01 8.05
1.56 8.08
1.43 8.11
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Fig. 2. FTIR spectra of the (1) ZnCo2O4, (2) poly(N-methyl pyrrole)-ZnCo2O4, (3) polypyrrole-ZnCo2O4, and (4) poly(pyr-
role-co-N-methyl pyrrole)-ZnCo2O4.
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Fig. 3. The SEM images of (a) ZnCo2O4, (b) PNMPy-ZnCo2O4, (c) PPy-ZnCo2O4, and (d) P(Py-co-NMPy)-ZnCo2O4 nano-
composites.

1 μm 5 μm

5 μm 30 μm

(а) (b)

(c) (d)
Figure 3 shows the SEM micrographs of ZnCo2O4

and nanocomposites. All micrographs reveal a com-

plete encapsulation of ZnCo2O4 in the polymer

matrix. The overall particles are spherical in shape

with an irregular size distribution throughout, this is

due to the formation of many agglomerates, the parti-
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cles in the samples are in the nanoscale range, which
confirms the results obtained by XRD.

The EDX spectrum shown in the Fig. 4 shows the
presence of the five constituent elements of the syn-
thesized material, namely, C, N, Co, Zn, and O, indi-
cating the formation of ZnCo2O4 and poly(Py-co-
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Fig. 4. EDX spectra of (a) ZnCo2O4 and (b) poly(Py-co-NMPy)-ZnCo2O4.
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NMPy)-ZnCo2O4 hybrid material with a very high

purity. The analysis also shows the presence of a quan-
tity of chlorine (Cl) linked mainly to the precursor [41].

Solubility test represents the ability of the solvent to
dissolve certain materials at a given temperature. It is
shown that Ppy-ZnCo2O4 is insoluble in all the stud-

ied solvents, unlike to PNMPy-ZnCo2O4. The latter is

well dispersed in chloroform, dichloromethane, THF,
and N-methyl-2-pyrrolidone. Poly(Py-co-NMPy)-
ZnCo2O4 is less soluble then PNMPy-ZnCo2O4.

CONCLUSIONS

The zinc cobaltite is synthesized by sol-gel method
and is used to produce polypyrrole, poly(N-methyl
pyrrole), and poly(pyrrole-co-N-methyl pyrrole)
nanocomposites. The structure and morphology stud-
ies confirmed the production of the desired products.
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