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Electrochemical Capacitive Properties of
Ny/PP/GO Electro-spun Composite Coating on
Stainless Steel in Acid Media
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Abstract — Composite materials were manufactured to
obtain singular properties to be used as in electrochemical
driven energy systems. An electrochemical evaluation was
performed on electro-spun nylon 6,6 fibers (Ny), with different
concentrations of tetra-para-amino-phenyl porphyrin (PP) and
graphene oxide (GO) composite coating over stainless steel (SS),
immersed in 1M H2SOs4 aggressive sulfuric acid solution.
Different film coatings behavior was obtained and compared
using electrochemical impedance spectroscopy (EIS). Also,
cyclic voltametry (CV) were performed on nylon/PP/GO
composite coating system at different scan rates, and over film
covered carbon cloth. For the electro-spun composite coating on
stainless steel EIS, lower electro-spinning times present higher
impedance, hence some corrosion protection. For greater
electro-spinning times, larger capacitance values were observed.
These were possibly due to thicker coating or mass transport
adsorption-diffusion process through the composite film,
respectively. For the composite coating, porphyrins, and
graphene oxide interaction present ionic conductivity, reducing
the impedance and promoting proton formation, property
which could be used in charge storage systems.

Keywords — Capacitance, composite coating, electrochemical
evaluation, graphene oxide, porphyrin, nylon 66.

I. INTRODUCTION

Manufacturing of porous composite and hybrid materials
take advantage of characteristic and singular properties of
each material component forming them to produce singular
new properties from their interactions. Ny/PP/GO composite
compound has proven to be useful in energy applications such
as: fuel cell bipolar plates, super capacitors plates, etc. [1].

Fuel cell polymer electrolyte membrane (PEM) bipolar
plates are graphite made for good corrosion resistance, but
durability under mechanical stress is diminished, when
compared to metallic plates [2], [3]. These as well, present
disadvantages such as electrochemical metal corrosion,
producing reduction in contact resistance and sometimes
fouling of the catalyst and the ionomer [4]-[6].

Carbon porous materials [7]-[11], transition metal oxides
[13]-[17] and conducting polymers [18]-[20] are electrode
materials disposable to be used in energy storage. These
materials present some disadvantages;therefore, efforts are
directed towards the development of nanocomposite or
hybrid electrodes.
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Graphene oxide is obtained treating graphite with strong
oxidizers and is formed of carbon, oxygen and hydrogen
being functionalized in some places of the graphite surface
where defects are present. When dispersed in basic solutions,
monomolecular sheets of graphene oxide, is yielded from the
bulk material [21], and similar disordered and irregular
packed layer structure is maintained with carboxyl and
carbonyl groups placed at the edges. Organic functional
groups attached within, in the surface and around the
grapheme oxide layers made feasible its covalent union with
chemical species.

Synthetic tetra-pyrrole macro-cycle porphyrins present
many properties, due to the rich electronic/photonic
characteristics [23]. The simple synthesis and purification
make them suitable for technological material use. Formed by
four pyrrole rings bonded through methane bridges (=CH-),
they form a highly conjugated and planar macro-cycle, with
four central nitrogen atoms delivering complexation
properties. Metallic ions are accommodated in the central
molecule space, with an atomic radius of less than 0.20 nm.
The larger ions therefore will be accommodated outside of
the molecular plane [3], [4], [24].

Most polymeric materials possess high electrical
resistivity, plastic deformation and low conductivity and
thermal stability rendering limited technological applications.
The combination of graphene oxide and polymers show
resistive properties, and when including polymer electric
donor dopants, the conductivity properties are enhanced.
Porphyrin has shown in a reversible way the ability to
protonate/ deprotonate. Taking these into consideration,
porphyrins and graphene oxide show excellent properties,
and when these are incorporated into polymeric matrixes
forming a nanocomposite or hybrid material, some
shortcomings may be leveled off.

Nylon is a low cost polymer used under different
applications, having good mechanical conditions such as:
strength, stiffness, hardness and toughness due the attraction
of their chains from hydrogen bonds and cross-linking, being
a barrier for protection of metal corrosion.

A possibility of solving metallic bipolar plate passive film
dissolution and metallic corrosion is coating them with a
Ny/PP/GO composite, improving charge transport and
energy transfer through the fuel cell [24]-[26]. This
nanocomposite overcomes the individual compound
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limitations combining their beneficial aspects. Ny and GO
provide good mechanical behavior improving electrical
conductivity and extending useful life [2], [15]. The purpose
of the present research is the electrochemical evaluation and
performance of Ny/PP/GO electro-spun polymer coating as
energy storage capacity as well as electrochemical behavior
and corrosion protection of stainless steel plate substrate.

Il. EXPERIMENTAL PROCEDURE

A. Sample Preparation

Electro-spinning of Ny and its different mixtures with PP
and/or GO was prepared at room temperature. The
experimental setup (Fig. 1) and parameters are presented in
Table I [1].
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Fig. 1. Electro-spinning experimental set-up.

TABLE |: EXPERIMENTAL PARAMETERS FOR ELECTRO-SPINNING

Composit Charge FlowRat Viscosit ~ Collector
o Solvent k) (cp) (cm?)
(Uminy VP

Nylon Formic Acid 12 0.3 122.24 15

Nylon/GO  Formic Acid 12 0.4 102.16 12
FormicAcid/

Nylon/PP Chloroform 12 04 101.86 12
Nylon/PP/  FormicAcid/

GO Chloroform 13 0.2 106.96 12

For the Ny/PP electro-spun composite coating, porphyrin
concentrations were 5 or 100 mg equivalent to 0.1% and 1%
by weight of the complete compounds mix. GO
concentrations of 25% or 50% were used for the Ny/GO film
formation, and for the Ny/PP/GO system the weight percent
were 0.1% and 1% porphyrin and 25% GO. Electro-spinning
times were five minutes, one or two hours for all cases.
Experimental procedure and material characterization were
reported, previously [1], [2].

B. Plate Material

Stainless steel 316 (wt. %: C 0.035, Cr 17.9, Ni 10.3, Mo
2.8, Si 0.3, Mn 1.5, S 0.014, P 0.032, Fe balance). Distance
between electro-spinning tip and collectors were 12 or 15 cm.
Stainless steel probes were place at the collector screen, in
order to be covered with the different electro-spun composite
coatings. Afterwards, these were used as metallic plates
exposing a 3 cm? to the sulfuric acid solution (pH 2) for
electrochemical evaluation. Previously, before electro-
spinning the collector stainless steel plate was grounded with
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600 grit using SiC emery paper [13], [14]. Then the stainless
steel collector plates were cleaned by de-ionized water,
degreased with ethanol and dried in hot air before testing.

C. Electrochemical Measurement

The different electro-spun composite coatings on stainless
steel were evaluated performing electrochemical impedance
spectroscopy (EIS) at the open circuit potential, using a
Gamry 1000 interface electrochemical instrument (current
range 100pA-1A) in the frequency range 10 kHz to 0.01 Hz
with £10 mV amplitude. An Ag/AgCl reference electrode and
a graphite rod as counter electrode were used [1], [27], [28].
Similarly, EIS measurements were performed substituting the
metallic plate substrate (316 stainless steel) by a conductive
carbon cloth. Modification in GO concentration from 25% to
80% and 1% porphyrin were made, to obtain the lowest ionic
resistance, because electro-spinning becomes difficult to use
at concentrations greater than 50% GO. The best Ny/PP/GO
paste composite coating was selected and applied, using 100
mg of PP and 80% w/w of GO.

D. Cyclic Voltametry

According to the results observed in the EIS, cyclic
voltametry was used to determine the charge storage
capacitive properties of the Ny/PP/GO compound at different
scanning rates: 5, 10, 20, 50, 100, 200 and 300 mV/s. A three
electrode arrangement namely: carbon cloth working
electrode, Ag/AgCl reference and graphite auxiliary
electrodes were used. Previously, the coatings detailed
synthesis and characterization were presented in the
literature, by the authors [29], [30].

I11. RESULTS AND DISCUSSION

A. Characterization by EIS
1) Characterization of Ny/GO coating

Fig. 2 presents the EIS Nyquist plot showing the
impedance behavior for the SS (blank) sample covered with
the electro-spun Ny/GO coatings for different times of
electro-spinning, at two different GO concentrations: 25%
and 50 %. Capacitive behavior was observed as an almost
increasing straight line, associated to passive metals. In the
presence of SS covered with an electro-spun Ny/GO coating,
the straight line observed is closer to the imaginary
impedance axis suggesting even greater capacitive behavior
ascribed to a very good protective coating for the 50% GO
concentration after 3 and 5 minutes of electro-spinning time.

1) Characterization of Ny/PP coating

Similar behavior was observed (see Fig. 3), for the Ny/PP
electro-spun coating at different porphyrin quantity (5mg and
100 mg) and electro-spinning times. For higher PP quantities
and especially for higher electro-spinning times which,
correspond to an increase in coating thickness, the real and
imaginary impedance increased when compared to the former
case. The capacitive imaginary impedance for longer electro-
spinning times, becomes slightly larger, associated to a
greater time constant, commonly associated to a porous
conducting surface coating or passive metal films produced
by the film or the coating thickness.
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Fig. 2. EIS Nyquist plots electrochemical evaluation for stainless steel and
Ny/GO composite coating at 25% and 50% GO concentrations in 1M
H,SO4 solution at different electro-spinning times.
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Fig. 3. EIS Nyquist plots electrochemical evaluation for SS electro-spun
Ny/PP composite coating with 5 mg and 100 mg of PP in a 1M H,SO,
solution at different electro-spinning times.

2) Characterization of Ny/PP/GO coating

From the previous EIS results obtained and presented, a
significant capacitive change was not observed with
increasing GO or PP concentrations, therefore a decision was
made to use 25% GO and 100 mg PP maintaining them
constant, and only changing the electro-spinning times from
5 minutes to 1 and 2 hours.

The Nyquist plots obtained and presented in Fig. 4, showed
two capacitive depressed semicircles with different
impedance values. The semicircle diameters correspond to
the electro-spun film coating at higher frequencies and charge
transfer resistances at lower frequencies respectively. The
semicircle diameters decreased and comparing them to the 5
minutes electro-spun coating sample, the real impedance is
lower for longer electro-spinning times.

Also, for these higher electro-spinning time samples, a
mass transport low frequencies section at the lowest
frequencies is also present and associated to a third time
constant. A higher PP content due to increased electro-
spinning times and related to a thicker coating layer promotes
a real impedance decrease, when the electro-spinning time
rose from 5 minutes to 1 and 2 hours. This was due to changes
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in the time constants. For these ternary composite coating
systems, the coating is less protective for metallic substrate
but diffusion-controlled process, for longer electro-spinning
times. Detailed SEM analysis of the coatings were performed
and presented in the literature [1].

6000 7 —m— Ny/PP (100mg)/GO (25%)-Electrospun (5 min).
Ny/PP (100mg)/GO (25%)-Electrospun (1 h).
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Fig. 4. EIS Nyquist plots electrochemical evaluation, of stainless steel
Ny/GO/PP in a 1M H,SO;, solution at different electro-spinning times.

Using equivalent electric circuit, the EIS data fitting was
performed using the Z view software, to obtain the
electrochemical parameters. This is in agreement and a
common practice to the observed phenomena for organic
protective coatings [29]-[31]. In the circuit proposed: Rs is
the solution resistance, Rct is the charge transfer resistance
and Rimis the protective film resistance, whereas the ideal
capacitance Criim and Cqi values were fitted due to impedance
depressed semicircles by CPE constant phase elements as the
double layer and film capacitance values and W being the
Warburg impedance, respectively. Table 1l presents the
electrochemical impedance spectroscopy (EIS) data, obtained
for the Ny/PP/GO system coating at different times of electro-
spinning, using the circuit given in Fig. 5.

It is shown in Table 11, the electrochemical values obtained
from electric circuit data fitting where low resistance values
were observed, associated to the porous characteristic of the
composite coating electro-spun over the SS surface. For the
SS/Ny/PP (100 mg)/GO (25%) the highest charge transfer
resistance value was obtained for the 5 minutes coating
electro-spun, reflecting the lowest corrosion rate obtained for
the different coating systems.

— VNV —

R Rct \Y
film /\/\/\

Fig. 5.EIS equivalent electric circuit data fitting for coating systems.
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TABLE IlI: EIS EXPERIMENTAL ELECTRIC CIRCUIT DATA FITTING OF THE NY/PP/GO SYSTEMS IN H,SO4SOLUTION
AT DIFFERENT TIMES OF ELECTRO-SPINNING

Samples Rs Réiim CPEfiim Rut Coeal Rw Ccw
(Q) (Q.cm?) (Flem?)  (Q.cm?) (Flcm?) (Q.cm?) (Flcm?)
Blank (SS) 2.7 - 9141 3.4E-04 2.3E4 9.9E-4
Ny/PP100 mg/
ngs% 5 m?n) 1.9 104 7.4E-06 8030 6.6E-04 1188 1.42E-2
Ny/PP100 mg/
Gyozs% a hg) 3.9 1220 1.6E-05 1015 3.9E-03 625 2.7E-2
Ny/PP100 mg/
G{)ZS% 2 h% 49.9 547 1.4E-04 654 7.4E-03 179 9.3E-2
Nylon (Ny), Graphene Oxide (GO), Porphyrin (PP). Stainless Steel (SS).
It can be observed in the Nyquist plot (Fig. 4), and data 300 ~ .
. . - . B Carbon Cloth (blank)
fitting in Table 11 that the impedance in the SS/Ny/PP systems ® NyH,T(p-NH,PPIGO
changes for different electro-spinning times, causing that
longer electro-spinning times induce higher capacitance -
values as a function of time (see Table Il). The data fitting 200 4 .
shows the presence of different time constants (RC) for all 5
cases, where the electro-spun composite coating was used. g "
The first is due to the coating impedance, with low resistance e .
values, and the second corresponds to the charge transfer N ®
process and the effect of the double layer capacitance. w04 *® ° ¢
Capacitance values observed suggests a loaded storage : e °
capacity for the different systems coating, as seen in Table Il. 12e °
The capacitance for all the electro-spun composite coating r
system presents high values, therefore great charge storage, 0 . : . : . : . )
appropriate for different applications. 0 50 100 150 200
Z' (ohm.cm2)

B. Specific Capacitance
1) Carbon Cloth Electrode Impedance

The Nyquist impedance plot for the Ny/PP/GO deposited
electrode on a carbon cloth substrate to obtain the coating
capacitance is presented in Fig.6. A clear capacitive behavior
was obtained and observed, with a change in the impedance
as compared to the carbon cloth blank sample, due to its film
and double layer resistances and associated capacitances, and
from the mass transport diffusion process at the lowest
frequencies. This was confirmed from electrochemical
voltamograms at different scanning rates, presented in Fig. 7.

Fig. 7 presents the specific capacitance as a function of the
potential scan rate: the specific capacitance of the electrodes
can be calculated according to the following equation (1)
from CV curves:

C=1/mV (1)

where | is the current, m is the mass of reactive material, and
V is the potential scan rate. The specific capacitance of the
Ny/PP/GO electro-spun composite coating was obtained
through the current as a function of potential originated by the
electron transfer reaction, occurring on the electrode surface.

By comparison, in the electro-spun Ny/GO compound
coatings the GO concentration and the electro-spinning times
affect the changes in the coating behavior response, as
reported for the organic coatings [1], [28]. These will be
reflected in a better metallic corrosion protection. Regarding
the Ny/PP electro-spun coating system, concentration, and
electro-spinning times, for low PP content and longer times
the impedance increases while at higher contents the
capacitance increases. Therefore, a compromise may be
proposed depending upon the application as the change
results is more pronounced in the overall impedance
behavior.
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Fig. 6. Electrochemical impedance of the Ny/PP(100mg)/GO(80%)
composite deposited on carbon cloth.
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Fig. 7. Cyclic voltametry of nylon/PP (100mg)/GO (80%) compound at
different scan rates.

For the ternary electro-spun composite coating formed,
overall complex electrochemical reactions may take place in
the metal coating interface, promoting modified barrier
effects [1], [36]. This may be due to the adsorption and
diffusion of species through the coating network. This is
because of the Ny/GO physical coating barrier and the
electrical properties of the PP and GO combinations,
regulating the hydrogen ions within the film making it
difficult to reach the metallic substrate [36], [37]. This is
possible due to the intricate formed porous electro-spun
coating layer of fibers as barrier and reflected in the
capacitance values, presented in Table Il. Also, the change of
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the impedance compared to the SS blank sample as seen in
the EIS Nyquist plots indicates great improvement in ionic
conductivity of the system, reinforcing the theoretical
explanation [38], [ 39].

The voltametric results obtained and presented in Figure 7
revealed a slow reaction process that is reflected in the
specific capacitance properties of the electro-spun coating.
The voltametric scan rate demonstrates an effect in the shape
of the curve formed. At higher rates the voltamogram
becomes flat while at lower rates it tends to widen forming a
more rectangular shape related to more capacitive behavior
presenting two peaks belonging to the anodic and cathodic
reactions taking place at those potentials, and an increase in
the specific capacitance [40], [41]. The schematic
representation of the passage of protons through stainless
steel Ny/PP/GO electro-spun composite coating mechanism
is graphically presented in Fig. 8.

Nylon 66/Porphyrine

ﬁc Graphene Oxide

[§ Proton H+

[/

Fig. 8. Schematic representation of the passage of protons through stainless
steel Ny/PP/GO electrospun composite coating and chemical structure of
Ny/H,T(p-NH2)PP/GO and dipole-dipole interactions and hydrogen bridge
between species.

IV. CONCLUSIONS

Electro-spun Ny/PP and Ny/GO composite coatings
present some protective corrosion properties for stainless
steel in the acid solution. The proton mass transport was
considered the overall controlling reaction taking place
through the binary electro-spun coating compounds
determined by EIS technique.

The ternary electro-spun Ny/PP/GO composite coating
changed the charge transfer resistance, with the increase of
proton formation and by mixing two species, its transport and
porphyrins acting as receptor-promoter of hydrogen ions
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while graphene oxide allows the passage of these protons.

The electro-spun Ny/PP/GO coating systems are adequate
corrosion protection coating. The electro-spun composite
coating presents good ionic conductivity and capacitive
properties, making it attractive for technological applications
such as: coated electrodes in bipolar plates, PEM fuel cell
type membranes, super-capacitors, etc.

Future research will include the evaluation of the
protective coating ageing, the overall evaluation of the films
as storage device or super-capacitor. Consider the effect of
the position of the amino group in the porphyrin
macromolecules and the specific surface, to correlate these
parameters with the efficiency as an energy system.
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