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Abstract

The construction and assessment of an effective, cost-efficient anode catalyst for methanol oxidation reactions (MOR) are
crucial in direct methanol fuel cells (DFMC) applications. This work unveils a quick, simple, yet effective method for syn-
thesizing poly(aniline-co-pyrrole) using the “chemical oxidative polymerization” technique and creates an affordable and
stable anode catalyst for DMFC applications. The chemical oxidative polymerization approach was employed to copolymerize
aniline and pyrrole with incorporation of nickel, and the electrocatalyst showcased remarkable activity towards methanol
oxidation reaction (MOR). Physiochemical characterizations such as scanning electron microscopy, FT-infrared spectroscopy,
Raman spectroscopy, and thermogravimetric analysis were performed to validate the incorporation of transition metal nickel
into the copolymerized conducting polymers (aniline-co-pyrrole), abbreviated as PANiPPy. Electrochemical techniques like
cyclic voltammetry, chronoamperometry, and electrochemical impedance spectroscopy (EIS) were used to investigate the
capability of the electrocatalysts to oxidize methanol in alkaline conditions. The electrode material NiPANiPPy displayed a
higher oxidation current density 280.60 mA/cm?” from the cyclic voltammogram of the electrocatalysts in I M KOH+ 1 M
methanol compared to the other synthesised electrocatalysts since nickel provides a low onset potential while the copolymers
PANIiPPy provide good conductivity and mechanical stability. Moreover, NiPANiPPy exhibits the lowest current rate loss and
a substantially higher current density among them after 3600 s with the highest current density of 100 mAcm~2. NiPANiPPy
was also observed to have the lowest solution resistance with 0.8  compared to other electrocatalysts in EIS spectra. Thus,
the synthesized electrocatalysts has potential applications as an enhanced anode electrode for DMFC.
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Introduction

Direct methanol fuel cell (DMFC) is now thought to be
one of the most effective substitute energy supply tech-
nologies [1-4] owing to its superior energy efficiency,
unpretentious construction, less carbon dioxide produc-
tion, and ease of use and is upcoming alternative along
with other energy conversion devices like water splitting
[5-8] as well as energy storage devices like supercapaci-
tor [9-14] and batteries [15-17]. The usage of low-cost
liquid fuel that is simple to handle, store, and replenish
like methanol, which has an energy density comparable
to that of petrol, makes DMFC interesting [18, 19]. The
activity of DMFCs is greatly influenced by their electro-
catalytic activity of both anodic and cathodic region of the
fuel cell which includes properties like good proton con-
ductivity and low permeability to reactants [20, 21]. The
anodic reaction of DMFC is often considered a sluggish
chemical reaction that requires active catalytic sites for
both the oxidation of the methanol and the absorbate inter-
mediates thus making commercialisation of DMFC chal-
lenging. Therefore, at least three problems must be solved
before DMFC can be utilized commercially: (i) currently
expensive electrocatalysts like platinum (Pt) or palladium
(Pd) alloy are opted faster oxidation of methanol [22], (ii)
electrocatalyst poisoning, especially from methanol oxi-
dation products, and (iii) poisoning leads to low catalyst
electrocatalytic efficiency. Because of their inherent short-
comings—high cost and low robustness as a result of their
lowered resistance to carbon monoxide poisoning—pure
platinum electrocatalysts will not be able to commercial-
ize DMFCs [23]. The generated hydroxyl species on the
platinum surface oxidize the absorbed carbon monoxide
(CO) at a higher potential, significantly slowing down the
methanol oxidation reaction process and thus researchers
are on the lookout for effective yet inexpensive replace-
ments of anode catalysts for methanol fuel cells [24].
Many transition metals are investigated because of their
superior electrochemical activity and inexpensive cost and
among them nickel has several uses in electrochemical
systems [25]. Nickel and nickel-based heterostructures are
regarded as a viable contender among the non-noble group
because they are due to its abundance, affordability, and
strong electrocatalytic activity and increase the pace at
which CO oxidizes via the oxides' surface redox activity
[26, 27]. Both inexpensive and oxyphilic, nickel is a use-
ful element. By increasing the adsorbed hydroxyl ions on
the electrocatalyst and by supplying adsorbed hydroxyl
at a lower potential, nickel can improve methanol oxida-
tion reaction activity by enabling the oxidative desorption
of intermediate [28]. However, the metal nanostructures
tend to agglomerate during the electrochemical tests, thus
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reducing the cyclic life and hence a support of these nano-
structures that would not just prevent the agglomeration
but would enhance the methanol oxidation reaction is
often sought after.

Conjugated conductive polymers, commonly referred to
as organic polymeric conductors or conductive polymers,
are polymeric materials that are intrinsically conductive in
the absence of need for conductive fillers [29, 30]. Because
of its excellent electrical conductivity, chemical and envi-
ronmental stability, low cost, and relatively easy synthesis,
one of the most researched conducting polymers is poly-
aniline. Furthermore, PANi was reported to be an effective
conducting matrix for enhancing the dispersion of platinum
nanostructures, which in turn boosts the stability and elec-
trocatalytic activity. Both chemical and electrochemical oxi-
dative polymerization can be used to synthesis the polymer
with ease [31]. Another well-known conducting polymer
is polypyrrole (PPy), which is easy to synthesize due to
its chemical and mechanical durability. PPy, which has a
higher accessible surface area and outstanding stability, has
been employed to boost the carbon support’s activity and
metal dispersion [32]. Since PPy contains a large number of
nitrogen heterocycles, its high conductivity, electrochemical
stability, and protons-electron conductivity make it poten-
tially useful in fuel cells. Polypyrrole can be produced by a
variety of methods, including oxidative chemical, photonic,
electrochemical, and catalytic polymerization of pyrrole
[33, 34]. These conducting polymers often behave as sup-
port for metal nanostructures for various electrochemical
applications.

In light of the numerous instances in which nickel has
been used as a modified electrocatalyst for the electrooxida-
tion of methanol in potassium hydroxide medium, nickel
has become one of the methanol oxidation reaction’s most
intriguing and affordable catalysts [35]. The authors of this
work presents the inclusion of nickel onto copolymerized
PANIi and PPy, wherein the incorporated nickel raised the
current density along with copolymer of aniline and pyrrole,
improving the electro oxidation of methanol, demonstrat-
ing NiPANiPPy’s suitability as an anode electrocatalyst for
the direct methanol fuel cell (DMFC) in methanol oxidation
reaction.

Experimental
Materials and reagents

Aniline (ANI) monomer (99.5% purity, Aldrich), nickel (IT)
sulfate hexahydrate, pyrrole (SRL 99%), potassium hydrox-
ide, and all additional organic solvents, including methanol
and ammonium persulfate (APS), were of analytical grade
quality and acquired from SRL. The aqueous solutions were
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prepared using Milli-Q water. Nickel foam utilized in the
measurement of 1 cm width, 3 cm height, and 1 mm thick-
ness which were cleaned utilizing acetone and 1 M HCI. The
entire work utilizes double-distilled H,O.

Synthesis
Synthesis of polyaniline (PANi)

First, 100 ml of 1 M HCI was mixed with aniline (0.01 mM)
and agitated rapidly for 20 min in ice bath (maintain temper-
ature close to 0 °C). Then, 20 mM of ammonium per sulfate
(APS) was added drop wise during the course of the follow-
ing 2 h while being continuously agitated and dispersed in
around 50 ml of 1 M HCI solution. For 12 h at room tem-
perature, the entire setup was shaken. A rapid foaming and
a series of color shifts from pale yellow to dark green were
seen during the chemical oxidative polymerization process.
Lastly, PANi formed was rinsed three or four times with 1 M
HCl filtered and left to dry at room temperature for 24 h.

Synthesis of polypyrrole

The first step in the preparation process involved adding
0.02 mM of pyrrole to 100 ml of 1 M HCI and vigorously
stirring for 20 min in ice bath. Next, 30 mM of ammonium
per sulfate (APS) was added to the 1 M HCI solution, and
mixed for 2 h. There was a strong foaming and a sequence of
color shifts from pale yellow to dark black when the mixture
is continuously agitated for 12 h at room temperature. Fol-
lowing three to four rounds of washing with 1 M HCI, the
synthesised polypyrrole was left to dry at room temperature
for a full day.

Copolymerization of PANiPPy

After adding aniline (0.01 mM), which had been dissolved
in 100 ml of 1 M HCI, the mixture was rapidly agitated for

10 min in ice bath. Subsequently, pyrrole (0.02 mM) was
added dropwise tol M HCI solution (100 ml) and stirred
continuously for 20 min. Next, 30 mM of ammonium per
sulfate (APS) was added dropwise to 1 M HCI solution
(50 ml) and stirred continuously for 2 h. For 12 h at room
temperature, the complete setup was stirred. A strong foam-
ing and a sequence of colors, including green and black,
were seen during the chemical oxidative polymerization
process. After synthesis, it was washed three to four times
with 1 M HCl and air dried overnight.

Incorporation of nickel in PANiPPy

Aniline (0.01 mM) and pyrrole (0.02 mM), dissolved in
100 ml of 1 M HCI, were added first, and the mixture was
vigorously stirred for 10 min in ice bath. After dissolving
30 mm of ammonium per sulfate (APS) in 1 M HCI solution
(50 ml), nickel sulfate (0.2 mM) was added dropwise to 1 M
HCI solution (100 ml) and stirred continuously for 2 h. The
entire setup was stirred continuously for 12 h at room tem-
perature. A strong foaming and a succession of green color
were seen throughout the chemical oxidative polymeriza-
tion process. This is followed by filtering three to four times
with 1 M HCI, and left to dry at room temperature for 24 h.
The copolymerisation between aniline and polymer leads to
the probable formation of aniline—pyrrole heterodiads [36]
and nickel ions are most likely to be bound electrostatically
with the lone pair of nitrogen atoms of both polyaniline and

polypyrrole (Fig. 1).

Characterizations

Material characterization

SEM analysis was performed on the synthesised materials

using a JEOL Neoscope JCM-7000. The Shimadzu IR affin-
ity-1S instrument was used for obtaining Fourier transform

1% ‘o)

N

. NH

PPy Ammonium persulphate , 1M HCI l\ H \l H.

Nickel(II) sulfate hexahydrate
NH,
NiPANiPPy
PANi

o O

Fig.1 Schematic diagram of synthesis of NiPANiPPY
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infrared (FTIR) spectra in the 4000-400 cm™! range using
the KBr pellet method. Raman spectra was derived using
Anton Paar Cora 5001 (wavelength 532 nm). Mettler Toledo
TGA/DSC 3 + thermal analysis equipment was used to con-
duct thermogravimetric analysis on the samples.

Electrochemical characterization

The electrochemical performance of the active electrodes
was tested using the Metroohm (Multi Auto lab/M204) elec-
trochemical work station. The electrochemical tests were
carried out in a three-electrode setup where Pt wire was uti-
lized as counter electrode and Ag/AgCl (3 M KCl) electrode
as the reference electrode and nickel foam as working elec-
trode. The electrode material was prepared making a homo-
geneous slurry of active material (8 mg) with Nafion and
ethanol and coated on 1 cm? on nickel foam. The working
electrode material was then subjected to cyclic voltammetric
tests and chronoamperometric tests as well as electrochemi-
cal impedance spectroscopy.

Results and discussion

Physio chemical characterization of NiPANiPPy
composite

Fourier transform infrared spectroscopy

Figure 2(a) displays the FTIR spectra of the PANi. The
band on the quoined ring and benzenoid rings at the C=C

PANiPPy
a)
900cm!
1535cm™*
1298cm™? 2000cm!
3100cm!
800cm ! T
1500cm!
1646cm!
1545cm™

° PPy

< 1049 cm ! 1396cm!

W

<

=

S

= 700cm !

E 1547 cm !

E 3437cm -

[t

PANi 1705 cm!
1456 cm’! 1514cm ! 3410cm™!
860cm! 1700&m-1
500 1000 1sbo 2000 2500 3000  350¢

Wavenumber (cm-!)

stretching vibrations is identified by the rings that absorb
light at 1514 and 1456 cm~! [36]. N-H stretching vibration
of PANi’s band around 3410 cm™! is main aromatic amine.
The identification of the band fall in the 800-860 cm™!
region, which is connected to the C-H bond’s out-of-plane
bending in the 1,4 unsubstituted aromatic rings, has proven
crucial in establishing the existence of benzene [37]. The
reference band for the carbonyl group is located around
1700 cm™'. The existence of every PANi characteristic
peak indicates that aniline has been polymerized success-
fully. The FTIR spectra of PPy is seen in Fig. 2. The band
at 3437 cm™!, 1547 cm™!, and 1396 cm™! is responsible for
the existence of the N-H stretching band, the -C =C group
stretching, and the C-H stretching vibrations. At 1705 cm™!,
the C= 0O carbonyl group peak was found [38]. The presence
of the PPy all-characteristic peaks indicates that the pyrrole
polymerization was successful.

The FTIR spectrum of copolymerized PANiPPy is seen
in Fig. 2(a). The distinctive band at 1646 cm™! is the con-
sequence of quinoid units undergoing C =N stretching dur-
ing PANi oxidation. The benzenoid units’ C=C stretch-
ing deformation mode, which is linked to the polymer’s
reduced state, is shown by the band at 1500 cm~! [39]. The
bands seen at 800-900 cm™!, which are suggestive of para
replacement of the aromatic ring, revealed the head-to-tail
polymerization process [40]. It is believed that when the
emeraldine base is protonated with an acid, quinonoid units
experience proton-induced spin-unpairing, which produces
benzenoid units. Above 2000 cm™!, protonated emeraldine
has a lengthy absorption tail that causes stretching vibration
of N—H in the 3100-3500 cm™! range. The C =C stretching
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Fig.2 FTIR spectrum of (a) PANi, PPy, and PANiPPy and (b) NiPANi, NiPPy, and NiPANiPPy
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at 1646 cm™! and 1535 cm™', respectively, is associated with
the absorption peaks. The band at 1298 cm™! is caused by
the C-N ring stretching [41]. The effective copolymerization
of aniline and pyrrole is indicated by the presence of every
PANiPPy characteristic peak.

The stretching vibrational peak of NiPANi is responsi-
ble for the FTIR spectra displayed in Fig. 2(b), 651 cm™"
and 774 cm™!. The C=0 groups’ vibrational modes are
found close to 1400 cm™'. The stretching vibration of the
C-N group has been shown to be the absorption band at
2086 cm™. The quinoid rings of PANi were identified as a
vibrational band with a center at 1566 cm™!, and the sym-
metric stretching vibration of the COO-group was identi-
fied as a peak at 1419 cm™. Polyaniline’s N-H stretching
vibration exhibited a peak at 3423 cm™!. NiPPy FTIR spec-
trum’s 774 cm™! is a result of Ni’s stretching vibrational
peak [42]. The absorption peaks of PPy, which were found
at 1547 cm™!, 1396 cm™!, and 1169 cm™!, are responsible
for the C=C group stretching, stretching vibration of C-H,
and C—C stretching vibration of the PPy structure. The bands
observed at 1546 and 1459 cm™! are linked with the funda-
mental vibrations of the pyrrole ring [38]. The broad band
between 1400 and 1250 cm™' is ascribed to the in-plane
deformation of =C—-C modes and the region of the C-N
stretching vibrations is seen in 1250 cm™! and 3427 cm™!,
corresponding to stretching of N—H the pyrrole ring. In the
presence of the NiPANiPPy, 774 cm™! FTIR spectrum is
caused by the stretching vibrational peak of nickel. 3418 and
3095 cm™, respectively, are the N-H and C-H vibrations of
the copolymer. At 1630 cm™!, the fundamental vibrations

of the pyrrole ring are visible. It was found that the C-N*
vibrations were represented by the bands at 1174 cm™' [43].
The C-H band’s plane bending and vibration are found at
940 cm™!, respectively. Using the C=C stretching of the
benzene and quinoid rings as references, the characteris-
tic peaks of PANi were detected at 1490 and 1570 cm™!,
respectively [44]. Electron delocalization in PANi back-
bones resulting from the entire polymerization of aniline is
validated by the unique signal suggesting PANi’s electron
delocalization. The N-H stretching vibrations of PPy chains
were discovered to be the source of the absorption peaks at
2999-3405 cm™! [45]. Thus, it was confirmed that PANi
and PPy polymeric molecules were present in the generated
copolymer.

Raman spectroscopy

The PANi’s Raman spectra shows three distinct peaks
at 1350 cm™! (belonging to D band), 1584 cm™!, and
1235 em™! ( belonging to G band) in Fig. 3(a) [46]. The
peaks were linked with the C=C stretching of the benze-
noid ring and in-plane deformation of the C-N band of the
quinoid ring, respectively. Figure 3(a) shows that PANi had
the fewest possible defects. The Raman spectra of PPy show
bands at 940 cm™! and 1059 cm™!, respectively, which are
caused by the symmetrical out-of-plane and in-plane bend-
ing of the C-H bonds [47].

The pyrrole ring bands that appeared at 1238 cm™! are
caused by the N-H in-plane deformation. The strong band
associated with C—C stretching at 1586 cm™ represents the

Fig.3 Raman spectrum of
(a) PANi, PPy, and PANiPPy
and (b) NiPANi, NiPPy, and
NiPANiPPy
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level of doping in PPy chains [48]. These data suggest that
PPy is polymerizing. In the case of the copolymer PANiPPy,
the wave numbers were different from the PANi and PPy in
the following ways: (i) the G band changed from an elevated
to a lower area; (ii) the D band moved from a low to a higher
position. Symmetric out-of-plane emission can account for
the 940 cm™! bands observed in the Ni PPy Raman spectra.
Deformation of the N-H plane is the cause of the bands at
1238 cm™!. Around 1340 cm™!, bands began to emerge as
a result of the pyrrole’s C-N stretching. The strong band,
coupled with C—C stretching at 1586 cm™', shows polypyr-
role’s level of doping [49]. The peaks at 1351 cm™! (D band)
and 1537 cm™! (G band), respectively, in the copolymer’s
Raman spectra represent the C-N and C—C stretching of the
quinoid ring [50]. The C=N stretching vibrations of the
unprotonated quinoid ring, the C—C stretching of emeral-
dine salt, the C-H in-plane bending vibration of the benze-
noid ring, observations made on NiPANi’s Raman spectra,
and 1593 cm™! from in-plane vibration. The Raman spectra
of the NiPANiPPy show peaks where PANi contributes to
C=C, C=N, and C=C stretching of the benzenoid ring, as
well as three distinct plane deformations of the C-N bond in
quinoid ring: 1315 cm™', 1584 cm™!, and 1236 cm™'. These
peaks have the ring stretching mode and the C=C backbone
in Fig. 3(b) [51, 52].

Scanning electron microscopy and energy-dispersive X-Ray
analysis

Scanning electron microscopic images and energy-disper-
sive X-ray analysis (EDX) are listed in Figs. 4 and 5. The
surface morphology and structure of the prepared elec-
trocatalyst in Fig. 4 (a) PANi, (b) PPy, and (c) PANiPPy,
and Fig. 5 (a) NiPANj, (b) NiPPy, and (c) NiPANiPPy was
achieved using SEM examination. Under low magnification,
the NiPANiPPy nanocomposite’s morphology is revealed to
be heterogeneous, with aggregated particles of the polymers
where polypyrrole had granular morphology while polyani-
line has an inter-network fiber-like structure accompanied
with small spherical nanostructures of nickel. From the SEM
images using Image J software, it was derived that the aver-
age granule size of polypyrrole is around 500 nm, the aver-
age diameters of nanofibers of PANi are around 120 nm,
and average diameter of nickel nanoparticles 80 nm. The
further confirmation of the nickel nanoparticles’ existence
was established by the energy-dispersive X-ray (EDX) spec-
trum, which also confirmed the presence of elements carbon,
nitrogen, and nickel in polymers and copolymers of PANi,
PPy, PANiPPy, NiPANi, NiPPy, and NiPANiPPy confirmed
from Figs. 4 and 5 (d, e, f). Cl ion is also observed which
is obtained during the synthesis process. Due to the finer
granular morphology of PPy, the surface area for the deposi-
tion of nickel nanostructures is comparatively slightly more
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than network-like polyaniline and thus %, nickel deposition
is higher in NiPPy compared to NiPANi as observed in the
EDX spectra of NiPPy and NiPANi.

Thermogravimetric analysis (TGA)

Investigation of pyrolysis processes and thermal stability
of polymers is facilitated by thermogravimetric analysis
(TGA). Direct alcohol fuel cells often have low operating
temperatures and could often go up to 250 °C. Thus, employ-
ing TGA analysis gives an insight if the polymers could
withstand higher temperatures as well as the changes they
undergo with the elevation of temperature. The temperature
was heated from 25 to 1000 °C in air at a rate of 10 °C min~!
for the TGA measurements of all electrocatalysts in Fig. 6.
Heat-induced degradation of the remaining water caused
PANI to lose weight initially, while it is estimated that the
functional groups in the PANi decomposed between 200 and
300 °C. Heat-induced degradation of the remaining water
caused PPy to lose weight initially. Almost 60% weight loss
was noted at 1000 °C, while decomposition of PPy was seen
at 200 and 600 °C. PANiPPy thermal stability significantly
enhanced, which was linked to the copolymerization of PPy
with polyaniline. The composite first loses moisture and
weights at 254 °C. The polymer film retains its stability up
to 1000 °C with 48.8% retention. This leads to the conclu-
sion that the PANiPPy composite is thermally more stable
than any of the supported constituents. It is clear that some
molecular group realignment has undoubtedly taken place
during the composite building process. The TGA analysis of
NiPANiPPy is depicted in Fig. 6(f). The first weight losses
associated with the NiPANiPPy at around 100 °C may have
resulted from the samples, surface-absorbed water molecules
evaporating. Following this, NiPANiPPy major weight loss
occurs as a result of the NiPANiPPy backbone degrading
and was observed to have slightly better stability compared
to the polymer due to incorporation of nickel. The copolym-
erization of polyaniline and polypyrrole helped to enhance
the deposition efficiency of Nickel nanostructure, which the
thermogravimetric analysis findings verified.

Electrochemical studies
Cyclic voltammograms

Using cyclic voltammograms (CV), chronoamperometry
studies (CA), and electrochemical impedance spectros-
copy (EIS) of methanol in alkaline medium 1 M KOH, an
investigation was conducted on the NiPANiPPy catalyst’s
electrochemical activity. The electrocatalytic efficiency of
PANI, PPy, PANiPPy, NiPANi, NiPPy, and NiPANiPPy was
investigated for the electrooxidation of methanol (MOR).
Pt wire was utilized as counter electrode and Ag/AgCI(3 M
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Fig.4 SEM images and EDX spectra of PANi, PPy, and PANiPPy

KCl)electrode as the reference electrode using Nickel foam
as working electrode.

All electrocatalysts had their cyclic voltammograms
derived from 1.0 M KOH by scanning the potential win-
dow between 0 and 0.7 V at 50 mVs~!, as observed in
Fig. 7(a) and (b). Figure 7(c) depicts the cyclic voltam-
mogram of bare nickel foam in presence and absence of
methanol in 1 M KOH where there is significant change
in shape in cyclic voltammogram in the presence of meth-
anol indicating the methanol oxidation reaction of Ni**
and Ni** of nickel foam. Figure 8 showcases the cyclic
voltammogram of NiPANiPPy and other electrocatalysts
with varying scan rates and it was observed that as scan
rate increases, current also increases due to the improved
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diffusion of hydroxyl ions towards the electrode mate-
rial at higher scan rates. The CV displays an oxidation
peak at 400 mV vs. “"Ag/AgCl, indicating over-oxidized
polypyrrole framework. The reverse scan shows a reduced
peak at —250 mV vs. Ag/AgCl indicating reduction of the
polypyrrole framework. During the reduction process of
polypyrrole, OH- ions may be inserted into the polymer
chain, leading to slight increased current density in the
reverse scan. During redox reaction, polymer PANi trans-
forms from semi-doped emeraldine to completely doped
pernigraniline leading to their anodic and cathodic peaks
in the cyclic voltammograms. Anodic and cathodic peaks
can be seen in forward and backward scans, respectively:
the anodic peak indicates the oxidation of Ni**, and the
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Fig.5 SEM images and EDX spectra of NiPANi, NiPPy, and NiPANiPPy

cathodic peak indicates the reduction of Ni** to Ni2* of
NiPANiPPy nanocomposite electrodes.The oxidation peak
at the potential of 0.45 V has the maximum current density
at 65 mAcm~2 for the NiPANiPPy and is also accompa-
nied with the highest integral area within the cyclic vol-
tammogram, thereby showing the synergistic effect of the
two polymers along with nickel. The possible reaction that
occurs during the redox reaction of the final electrode is
shown below:
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[(NiPANiPPy)(OH),] + OH~ < [(NiPANiPPy)OOH| + H,0 + ¢~

On subjecting PANi, PPy, PANiPPy, NiPANi, NiPPy, and
NiPANiPPy to methanol in Fig. 11, cyclic voltammograms
of all synthesized electrocatalysts in 1 M KOH to a 1.0 M
CH;0H in 1.0 M KOH to cyclic voltammetry study, they
displayed the distinctive oxidation peaks shown in Fig. 9.

The possible reactions in 1 M methanol with 1 M KOH
for NiPANiPPy include [53, 54]:
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PANiPPy — NiOOH + (CH;0H) ;,, — PANiPPy — Ni(OH), + e~ + intermediates
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With a better anodic peak at 0.35 V compared to PANi,
PPy, PANiPPy, NiPANi, and NiPPy in the forward scan,
NiPANiPPy catalyst showed enhanced oxidation peak cur-
rent density. In the backward scan, there was a decrease in
current density of the methanol oxidation and it exhibited
the typical methanol oxidation cycle. When methanol is
added, the reduction peak vanishes and the oxidation cur-
rent rises for all electrocatalysts, suggesting that they are
more electrocatalytically active than pure KOH solution
when it comes to oxidizing methanol. Compared to other
electrocatalysts, NiPANiPPy shows the highest oxidation
current density of 280 mAcm~2 compared to 150 mAcm ™2,
143 mAcm~2, 130 mAcm™2, 95 mAcm ™2, and 72 mAcm ™2
of PANiPPy, NiPANi, NiPPy, PANi, and PPy. The onset
potential shift that is negative and impacts the adsorption
conformations of methanol is primarily caused by the Ni and
the copolymerization of PANi and PPy increased the electri-
cal conductivity. This catalytic activity of methanol oxida-
tion was frequently observed for nickel and nickel-altered
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electrodes in alkaline conditions. Owing to polyaniline and
polypyrrole’s copolymerization, electrical charges may move
easily. Moreover, in accordance with SEM and EDX data of
PPy, their spherical/globular form and network-like structure
of PAN:i that allow for increased surface area are used for the
deposition of nickel nanostructures without agglomeration.
This allows for improved methanol desorption and adsorp-
tion and increased oxidation activity at lower onset poten-
tials [55-57]. The electrooxidation of methanol depends on
the adsorption of both intermediates and reactants where the
hydroxyl bond is broken resulting in methoxy species line
CH,0OH, CHOH, and CO. The oxidation of these intermedi-
ates is confirmed by the backward oxidation peak of the elec-
trocatalyst while the forward corresponds to the methanol
oxidation alone. The peak current density of NiPANiPPy in
the presence of methanol was compared with the reported
polymer based electrocatalysts in Table 1.

The anodic current density of methanol increased in
the presence of the polymeric substrate containing nickel.
The copolymer PANiPPy exhibits higher surface rough-
ness and electrical conductivity due to its porous network
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Fig.8 Cyclic voltammogram of (a) PPy, (b) PANi, (c) PANiPPy, (d) NiPPy, and (e) NiPAN:i at varying scan rates in 1 M KOH

containing several amine groups. The copolymer of PANi
and PPy improved the electron as well as mass transport by
preventing the agglomeration of the nickel nanoparticles
active sites and protecting the supported nickel nanopar-
ticles from corrosion, thereby increasing the durability of
the nickel nanoparticles for methanol oxidation. Moreo-
ver, the copolymers PANi and PPy have N atoms in their
structure which interacts with the metal nanoparticle and

also enhance the electrical conductivity since conducting
polymers are electrically conductive materials. In actual-
ity, the metal’s electron density is significantly increased
due to the nitrogen content, improving the metal’s electri-
cal properties. This leads to the synergistic effect between
nickel and the copolymer and hence exhibits the highest
methanol oxidation peak current density compared to the
other electrocatalysts.
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Table1 Comparison of methanol oxidation electroactivity of
reported polymer based electrocatalysts with NiPANiPPy

Electrocatalyst Electrolyte Anodic peak cur-  Ref
rent density
Pd/P(Py-ani) 0.5M KOH 1.79 mA cm™ [55]
Au/PANi 0.5 M NaOH 3.36 mA cm™2 [58]
Ni/PPy 0.1 M NaOH 3.9 mA cm™? [59]
Pd/PANi/TiO, 0.5 M KOH 80.12 mA cm™2 [60]
PdPtAu/PPY 1 M KOH 32.35 mA cm™2 [61]
NiPANiPPy 1M KOH 280 mA cm™2 This work

For a cyclic voltammetry experiment, the impact of scan
rate as well as concentration on the peak oxidation current i,
is expressed by the Randles—Sevcik equation. Simple redox
processes depend on scan rate in addition to the electroac-
tive component’s concentration to confirm their diffusional
characteristics.

anD)%
RT

i, = 0.4463 nFAC(

i,: peak current density, A: electrode area, D: diffusion coef-
ficient, v: scan rate n: number of electrons transferred in the
redox reaction, F: Faraday constant, C: concentration, 7:
temperature, R: gas constant.

Peak current increases when methanol concentration and
oxidation rate grow, as observed in Fig. 8 for NiPANiPPy
which is intended to assess the impact of methanol con-
centration on methanol oxidation processes of NiPANiPPy
at the scan rate of 50 mV/s, where there is also a greater
chance of rising carbonaceous intermediates. The increase
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in the anodic voltage of Ni(II)/Ni(III) with an increase in
concentration of methanol indicates the rate of oxidation of
methanol dependency on methanol peak current. This also
confirms that NiPANiPPy also follows the Randles—Sev¢ik
equation indicating they are diffusion-controlled process.
NiPANiPPy’s cyclic voltammograms with varying methanol
concentration in 1 M KOH solution are shown in Fig. 10 and
of other electrocatalysts are seen in Fig. 11.

NiPANiPPy’s cyclic voltammograms with varying scan
rates from 5 to 200 mVs~! in a 1 M KOH solution are shown
in Fig. 12. It was established that both cathodic and anodic
peak intensities increase with increasing scan rate which in
accordance with the Randles—Sevc¢ik equation also confirm-
ing its diffusion-controlled process. The same was observed
for other electrocatalysts too as seen in Fig. 13.

From the linear relationship between current density ver-
sus square root of scan rate for methanol oxidation reaction
(Fig. 14) which offers insight into the diffusion coefficient
obtained by the Randles—Sevcik equation. NiPANiPPy has a
diffusion coefficient of 1.11 x 107> cm? s~! and for methanol
oxidation, PANiPPy, NiPANi, NiPPy, PANi, and PPy have
values 7.62x107°, 7.43x 107, 5.80x 107, 5.13%x 107,
and 1.63x 107 cm? s7! respectively, which indicates the
employment of a diffusion-controlled process in the metha-
nol oxidation process.

Chronoamperometric studies

Chronoamperometry was used to measure the durability of
PANI, PPy, PANiPPy, NiPANi, NiPPy, and NiPANiPPy in a
1 M methanol solution in 1 M KOH up to 3600 s, to analyze
the long-term stability is seen in Fig. 15. By maintaining a
constant voltage on the working electrode while analyzing
current as a function of time, the poison tolerance of all the

100
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@ 50mVs?!

T T T T T T T T

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Potential [V vs. Ag/AgCl]

Fig. 10 Cyclic voltammograms (CV) of NiPANiPPy in 1 M KOH at
varying methanol concentrations
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Fig. 11 Cyclic voltammograms of (a) PPy, (b) PANi, (c) PANiPPy, (d) NiPPy, and (e) NiPAN:i at variable methanol concentration in 1 M KOH

electrocatalysts was evaluated. The current density slightly
decreased initially in the chronoamperometry profiles, then
it quasi-stabilized, with NiPANiPPy being more stable than
all other electrocatalysts.

Catalyst NiPANiPPy exhibits the lowest current rate loss
and has a substantially higher current density among them
and its seen that, after 3600 s, the highest current density
is correlated with 100 mAcm™2 for NiPANiPPy. The initial

blockage of active sites was finally maintained by either
blocking a specific favored site or establishing equilibrium
adsorption/desorption.

EIS impedance spectroscopy

Diffusion and charge transfer behavior in a 0.1 M KOH solu-
tion were studied using the EIS technique in the frequency
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Fig. 12 Cyclic voltammogram of NiPANiPPy in 1 M KOH+1 M
methanol at varying scan rate

range 0.1 to 10 kHz at 10 mV amplitude. Figure 16 shows
Nyquist plots for NiPANiPPy and other electrocatalysts. It
has been seen to exhibit a partial semi-circle in the high-
frequency area and a linear plot in the low-frequency zone.
The electrode material NiPANiPPy has the lowest solution
resistance (0.8 Q cm™?) when compared to other electro-
catalysts with solution resistances ranging from 1.5 to 2.5
Q c¢cm™2. To boost electrooxidation, nickel nanoparticles
and conducting polymer work together to increase electron
mobility. The inset includes the enlarged Nyquist plot in
high-frequency area showcasing the partial semi-circle along
with the equivalent circuit of the NiPANiPPy that character-
ize the resistive or capacitive behavior of the active material
and interfaces. In the circuit, Rs is the electrolytic solution
resistance (Table 2). Parallel R—C elements are designated
as Rp and CPE. Diffusion resistance is assessed by the War-
burg element. The R — C elements explain the resistive and
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capacitive properties of active materials or interfaces in elec-
trochemical devices. Rp represents the electrical resistance
during OH — adsorption on active material on nickel foam,
whereas CPE represents the electric double-layer capaci-
tance at the NiPANiPPy interface.

Conclusion

In conclusion, this work utilities chemical oxidative
polymerization technique to copolymerize conducting
polymers polyaniline and polypyrrole (PANiPPy) with
the incorporation of nickel nanostructures and the result-
ant electrode material, NiPANiPPy, was studied as anode
catalyst for direct methanol fuel cell applications. The
physiochemical characterizations like FTIR, SEM, Raman
spectroscopy, and TGA were carried out to confirm the
integration of nickel on the copolymerized PANiPPy con-
ducting polymer. Electrochemical characterizations like
cyclic voltammograms, chronoamperometry, and electro-
chemical impedance spectroscopy methods were used to
investigate the electrocatalytic performances of the elec-
trocatalysts PANi, PPy, PANiPPy, NiPANi, NiPPy, and
NiPANiPPy. Compared to other electrocatalysts, NiPAN-
iPPy shows the highest oxidation current density of 280
mAcm~2 for methanol oxidation reaction (MOR). Copo-
lymerization of polyaniline and polypyrrole improved the
transport of electrical charges and enhanced the specific
surface area. This increased surface area allowed for the
deposition of nickel nanostructures without agglomera-
tion, improving methanol desorption and adsorption and
increased oxidation activity at lower onset potentials and
better stability than other electrocatalysts. Thus, the syn-
thesized electrocatalysts have potential applications as an
enhanced anode electrode for direct methanol (DMFC) at
areasonable cost because of their electrocatalytic qualities
for methanol oxidation reaction.
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Table 2 Comparison of solution resistance of the synthesised electro-

Z' (Q/cm?)

catalysts

Electrocatalysts Solution resistance
(Rs) (ohm cm™2)

PPy 2.31

PANi 2.17

PANiPPy 1.558

NiPPy 1.88

NiPANi 1.47

NiPANiPPy 0.8
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