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Electrical and morphological characterization of
a nickel–polyester composite prepared by
spreading and spraying techniques
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Nickel—Polyester samples were produced using polyester resin and metallic particles of

nickel. A scanning electron microscopy study shows that the prepared surface produced

from nickel particles dispersed in the polyester and thermally treated consists of a porous

network. Nickel—Polyester composites with resistivity values around 10!1—10!3 ) cm have

been analysed as potential oxygen evolution electrodes in an alkaline medium. The

dependence of the electronic parameters on the morphological features of the

nickel—polyester samples is evident from the study carried out with samples prepared at

different conditions.
1. Introduction
In recent decades an extensive research effort has
been directed towards the production of composite
materials such as granular metal films [1], conductor
insulator composites [2], cast composites [3], and
disordered semiconductors [4]. Composites are used
in the automotive industry and as energy conversion
devices [5, 6], as antistatic products, electromagnetic
interference (EMI) and radio frequency interference
(RFI) shielding materials [7—10]. Composite mater-
ials can be adjusted to satisfy different requirements
by using different procedures [11—15]. The electrical
and physical properties of polymer composites con-
taining fine particles (e.g., metal and ceramic powders,
chopped carbon fibres, charge transfer salts, etc.)
in random and segregated distributions have been
investigated by several groups [13, 14, 16—21].
These properties can be affected by the concentration
of the conductive filler, the particle structure, its size
and shape, the state of aggregation and agglomer-
ation, the size distribution, matrix morphology,
mixing efficiency, temperature and also the applica-
tion of an alternating electric or magnetic field
during polymerization of the composite. Conductive
composites can be obtained by compaction of a
mixture of powders comprising a polymeric insulator
(polyethylene, polyvinyl chloride, polycarbonate)
and a metallic conductor (nickel, copper, silver,
iron) or by mixing the components in a plastograph
at different temperatures and subsequent moulding.
In the present paper, we report investigations
of the influence of the method of preparation on
the morphology and the conductive and electro-
chemical behaviour for a series of nickel—polyester

samples.
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2. Experimental procedure
2.1. Preparation of the nickel polyester

composite
The nickel—polyester samples were prepared using the
polyester resin Escil Sody 33 and Sody 33C as a cata-
lyst, into which the weighed portions of nickel powder
99.99% Merck (with a particle size (10 lm) were
dispersed by milling. Acetone or methyl ethyl ketone
were used as a solvent [22]. Plaques of nickel—polyester
composite were prepared by two procedures. In the first
case the mixtures were spread over a glass surface with
drawbars. In the second method the nickel—polyester
resin suspension was sprayed onto a pyrex glass sub-
strate held at room temperature employing air as the
carrier gas [22]. After air drying, the composite samples
were cured for 36 h at room temperature or 1 h under
vacuum (1.333]10~3 Pa). Afterwards they were
treated at selected temperatures between 50—170 °C in
air for different time periods [22] after which they were
removed from the glass substrate. The thickness of the
samples, determined by scanning electron microscopy
(SEM), was around 70—100 lm for the samples pre-
pared by spraying the nickel—polyester resin and
300—400 lm for plaques obtained with the drawbars.
Porosity measurements were carried out on the nickel
powder and also on samples of the Ni-polyester com-
posites. A glass container of known volume and
weight was filled with nickel powder or plaques of the
Ni-polyester composites and distilled water. The vol-
ume of liquid inside the sample was determined from
the weight of distilled water able to find a place be-
tween nickel particles packed in the glass container.
The porosity was established by weighing dry samples
and samples soaked with water, a technique discussed

in reference [23].
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2.2. Morphology and electrical conductivity
The morphological characteristics of the nickel—poly-
ester composite samples were determined using a JSM
5400 LV scanning electron microscope. The specimens
for SEM examination were prepared by the com-
monly used procedure but without any evaporated
film coating. The resistivity measurements were ob-
tained by the van der Pauw technique [24] using
a Keithley 195-A digital multimeter with an error of
$0.02% in conjunction with a 224 programmable
current source (error $0.1%; stability $0.05%) and
also by the four-point method. In all resistivity
measurements plaques with an approximate 100 or
400 lm thickness were used. The contacts onto the
samples were made with metallic silver wires (1 mm
diameter) and metallic silver paint (Demetron).

2.3. Electrochemical measurements
For the electrochemical and electrical studies, contact
between the nickel—polyester composite surface and
the copper wire was made with the help of a clamp.
Only a 0.4]0.4 cm surface area of the nickel—poly-
ester composite was used for the study and the rest
was isolated with epoxy resin. All the electrochemical
experiments were performed in a three-compartment
glass cell at room temperature. The electrolyte solu-
tion was prepared with KOH (Merk) and deionized
water, and deaerated with nitrogen. The potential of
the working electrode (nickel—polyester) was mea-
sured against a Hg/HgO reference electrode in the
same solution, via a Luggin capillary. The counter
electrode was a platinum foil. The electrochemical
measurements were made using a potentiostat-
galvanostat. The electrochemical behaviour of the
nickel—polyester composite electrodes was determined
using both the potentiodynamic and also the steady-
state potentiostatic method.

3. Results and discussion
3.1. Morphology and electrical conductivity
Scanning electron microscope studies have indicated
that the nickel particle surface morphology was highly
spiky and angular (Fig. 1) while the superficial
morphology of the nickel—polyester samples prepared
at room temperature using drawbars consists of nickel
particle aggregates embedded in polyester resin
(Fig. 2). When the samples are prepared by spraying
the nickel powder—polyester mixture onto a pyrex
glass substrate held at room temperature the SEM
micrographs show that the surface of the nickel—poly-
ester composite is more porous (Fig. 3) and has less
polyester resin between aggregates of nickel particles.
This was confirmed by the values of porosity a for the
nickel-polyester plaques obtained with drawbars
(a"0.36) and for the nickel—polyester samples pre-
pared by spraying (a"0.61). The porosity a of nickel
powder was 0.5. When the samples were heat treated
up to 150 °C, the plaques contained holes and showed
a low mechanical strength (Fig. 4). The surface of these

samples exhibits a porous network, and has a uniform
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Figure 1 Morphology of the nickel metallic particles.

Figure 2 Superficial morphology of the nickel—polyester sample
prepared using drawbars and curing at room temperature for 36 h.

Figure 3 SEM micrograph of the nickel—polyester composite pre-
pared by spraying the nickel powder—polyester mixture and curing
without thermal treatment.

distribution of nickel in the bulk plaque. Scanning
electron microscopy studies showed that the heat
treatment of samples of nickel—polyester 1 h after
preparation, induces the polymer to flow out from the
aggregate (Fig. 5), producing a decrease of the insula-
ting barrier and the formation of holes (Fig. 6) and at
the same time an increase in the contact between

adjacent particles or aggregates (Fig. 7). It should be



Figure 4 Structure of the bulk for a nickel—polyester sample (pre-
pared using drawbars) after thermal treatment (around 150 °C) by
SEM

Figure 5 SEM micrograph of a nickel—polyester composite surface
showing polymer flow between the aggregates.

Figure 6 Formation of holes and pores on the surface of the
nickel—polyester composite prepared using drawbars after thermal
treatment.

noted that Figs 5 and 6 were obtained by a short heat
treatment followed by a quick cooling of the plaques.
Thermal shock favoured the solidification of the fol-
lowing resin. Since curing of the resin in the composite

obtained by procedure [22] is completed in more than
Figure 7 SEM micrograph of micron-sized aggregates of nickel—
polyester composite. After Davila [22].

Figure 8 Resistance fluctuation of a nickel—polyester sample pre-
pared using drawbars without thermal treatment.

36 h, the surface is covered by a low cross-linked resin.
The thermal treatment accelerates the curing process
yielding a nickel network composed finally of micron
sized aggregates of nickel composites (Fig. 7) for sam-
ples obtained with both drawbars and for plaques
prepared by spraying. However, thinner and more
homogeneous plaques can be obtained using the spray
method. We observed that the heat treatment yields
composites with a higher porosity. This fact can be
explained by the formation of microholes and partial
evaporation of the resin leaving bare nickel particles
(compare Figs 1 and 7) on the surface.

The dependence of the electrical properties on the
morphological features of the nickel—polyester com-
posite samples is evident from the study carried out
with samples prepared at different temperatures and
by two different methods. The resistivity value was of
the order of 10~3 and 10~2 ) cm for both samples
after the thermal treatment. In the case of samples
prepared using drawbars and cured at room temper-
ature i.e., without thermal treatment, they showed

fluctuations or resistance drift (Fig. 8), which might be
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Figure 9 Resistivity of a nickel—polyester sample obtained by draw-
bars at room temperature after the thermal treatment.

Figure 10 Cross-section of a nickel—polyester plaque prepared by
the spraying technique.

the effect of the insulating barrier thickness or destruc-
tive effects due to Joule heating during the measure-
ments. When the nickel—polyester samples prepared
but not fully cured are heat treated (50—120 °C), the
resistivity is two orders of magnitude less (Fig. 9) than
those prepared without thermal treatment. This sug-
gests that the cause of the resistivity change is the
insulating polymer layer between the nickel aggre-
gates (see Figs 2 and 3). The cross-section of the
nickel—polyester samples, shown in Fig. 10 indicates
a random dispersion of the nickel particles in the bulk.

The current—voltage characteristics of all these sam-
ples were ohmic in the low field measurement region.
At high electrical fields (70—90 V m~1) resistance drifts
due to Joule heating were observed. The Joule heating
during the measurements at high fields can lead to
an alteration of the microstructure and conduction
pathway. This can explain the fact that returning
to low fields and repeating measurements starting
from low to high fields, the resistivity values reach
1]10~1 ) cm. The contribution made to the resistiv-
ity by changes in the network due to Joule heating
is around one order of magnitude. On the basis of

previous publications [25, 26], we consider that the
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Figure 11 Sketch of the aggregate-to-aggregate conduction in
a polyester medium. (1) Aggregates of nickel covered with insulating
polyester film, (2) insulating medium, (3) interstitial spaces, (4) con-
ducting paths.

Figure 12 Voltammetric behaviour of the nickel—polyester elec-
trode prepared using drawbars in 1 M KOH with continuous poten-
tial cycling (20 cycles); at x"30 mV s~1.

electrical conductivity of the nickel—polyester results
from electron tunnelling across the small barriers that
separate the conductive pathways (Fig. 11). The con-
ductivity is however controlled by the shape of the
tunnelling barrier, the larger the insulating barrier, the
lower the conductivity and the higher the apparent
energy barrier. This can explain both the effect of the
preparation temperature and the morphology of the
nickel—polyester samples.

3.2. Electrochemical characterization
The combination of a good mechanical strength and
good electrical properties for the nickel—polyester
composite enable it to be used as an electrode. Since
electrodes have to sustain high electric currents, their
electrical properties are considered to be of significant
importance for their performance. The voltammetric
response of nickel—polyester electrodes that did not
undergo a thermal treatment in alkaline solution
shows a very broad oxidation peak and a small cur-

rent density (Fig. 12) while potentiodynamic curves



Figure 13 Cyclic voltammograms in 1 M KOH for a nickel—poly-
ester electrode after thermal treatment.

Figure 14 Voltammetric behaviour of the nickel foil electrode in
1 M KOH.

obtained for the nickel—polyester composite (Fig. 13)
and massive nickel foil (Fig. 14) in 1M KOH show
an oxidation peak related to the formation of nickel
oxyhydroxide in its various phases [27]

a-Ni(OH)
2

% c-NiOOH#H`#e~ (1)
CB CB
b-Ni(OH)
2

% b-NiOOH#H`#e~ (2)
Figure 15 Apparent Tafel plots for oxygen evolution reaction in
3 M KOH on a nickel electrode: (d) nickel foil, (j) nickel—polyester.

The peak height and its area are greater for the nickel
foil in comparison with the nickel—polyester com-
posite. This behaviour is in agreement with the vari-
ation in the morphology and the electrode—solution
interfacial area. The morphological differences be-
tween the nickel—polyester composite and the nickel
foil electrodes leads to a variation in the efficiency of
the electrode towards the oxygen evolution reaction
(Fig. 15). The existence of insulating films of polyester
around the aggregates of nickel particles decreases the
active electrode surface, leaving only a reduced
amount of nickel sites exposed to the electrolyte. This
fact can explain the point that although one could
expect a high efficiency in the oxygen evolution and
charge—discharge values for the porous nickel—poly-
ester surface, it in fact does not occur. However the
nickel—polyester surface electrodes showed good sta-
bility and reproducibility (Table I). The results pres-
ented in this table show, that the apparent current
density of the electrode at steady-state potentials was
stable at low potentials (0.6—0.7 V) after staying in an
air atmosphere. However the apparent current density
is higher at very positive potentials (0.75—0.90 V). It is
possible that at high positive potentials, species with
high catalytic properties are present on the electrode.
The obtained exchange current density i

0
of approx-

imately 10~8 mAcm~2 and the results obtained in the
present work for the Tafel slope in the low overpoten-
tial region studied under steady-state potentiostatic
conditions in alkaline solutions are similar to values
previously reported in the literature [28]. A recent
study in our laboratory has shown that the charge—
discharge capacity and oxygen evolution reaction effi-
ciency can be increased, by the application of different
surface treatments.

4. Conclusions
The results obtained show a clear effect of the method
of preparation and treatment of the Ni—polyester
composites on the morphology, resistivity and on
the electrocatalytic activity for the oxygen evolution
reaction in alkaline solutions. A layer of insulating
polymer is maintained between touching aggregates

which is the reason for the coexistence of a tunnelling
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TABLE I Kinetic parameters for the oxygen evolution reaction of the nickel—polyester electrode in x M KOH at 25 °C

Electrode Concentration Apparent current density i, (mA cm~2)
pretreatment KOH

(mol dm~3) 600 mV 700 mV 800 mV 900 mV b i
0

(mV dec~1) (]10~8mAcm~2)

Fresh electrode 1.0 0.94 13.5 35.0 58.0 60 1.6
After 21 h 1.0 0.96 15.0 44.0 72.0 60 1.2
Fresh electrode 2.0 3.0 23.0 55.0 94.0 55 2.4
After 14 h 2.0 2.9 29.0 72.0 115.0 55 2.0
Fresh electrode 5.0 11.0 48.0 105.0 175.0 55 6.8
Aged electrode! 5.0 15.0 64.0 125.0 200.0 55 5.1

The Tafel slope (b) and the exchange current densities (i
0
) for the oxygen evolution reaction are obtained from the oxygen overpotentials and

the logarithm of current density plots (Tafel equation)
!This type was obtained by subjecting the freshly prepared electrodes to potentiodynamic cycles at 0.03 Vs~1 in the potential region were the

oxygen evolution reaction takes place.
conductance and a percolation like network in the
nickel—polyester composite. The mechanical strength
and electrical properties of the nickel—polyester com-
posites are retained after chemical or electrochemical
treatment in alkaline electrolytes, therefore they can
be used in electrocatalysis and other fields.
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