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ABSTRACT

In this present work, a comparatively less expensive and more abundant nickel
(Ni) supported on poly(diphenylamine) (PDPA) has been utilized as a potential
substitute to noble metal catalyst for methanol oxidation. The hybrid catalyst of
nickel over PDPA matrix (Ni@PDPA) was successfully synthesized via ultra-
sonication method. Average size of nickel catalyst was identified to be
100-200 nm and was analyzed through field emission scanning electron
microscopy. The as synthesized Ni@PDPA hybrid catalyst crystalline natures
were characterized through X-ray diffraction studies. The nature of bonding was
analyzed through Fourier transform-infra red spectroscopy. Ni@PDPA hybrid
catalyst gave a peak current density of 1.93 mA/cm?® at 0.84 V during methanol
oxidation reaction. The results obtained proved that Ni@PDPA hybrid catalyst
serves to be an efficient electrocatalyst for the application of direct methanol fuel
cell.
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small in size, long-lasting, and easy to replenish [1].
The commercialization of DMFCs relies on the anode

1 Introduction

The direct methanol fuel cell (DMFC) is a power
source that converts methanol chemical energy
directly to electricity. There is a great deal toward the
study of methanol oxidation. The methanol fuel has
numerous benefits, including being lightweight,

electrocatalyst of low cost and better performance.
Among the known electrocatalysts, the adsorption
and decomposition of methanol take place by using
the criterion catalyst platinum (Pt) which is consid-
ered to be exhibiting excellent activity toward

Address correspondence to E-mail: ragu.nitpy@gmail.com; ragu@nitpy.ac.in

https:/ / doi.org/ 10.1007 /s10854-022-09231-4
Published online: 19 October 2022

@ Springer



methanol, whereas Pt has a high price and is highly
susceptible to carbon monoxide (CO) toxicity. It is
also volatile, has low long-term resilience, and is
highly susceptible to CO poisoning [2, 3]. The above
demerits can be overruled by the combination of non-
noble metal (Ni, Co, Fe, and Mn) which is the most
promising candidates having a conducting polymer
matrix (polyaniline, poly(diphenylamine), and poly-
pyrrole), i.e., nickel along with the supporting cata-
lysts such as poly(diphenylamine), a
suitable substitute for platinum, and used to be a
superior catalyst in the field of DMFCs [4]. Nickel is a
low-priced metal and earth plenteous -catalytic
material for DMFC. Under alkaline conditions,
nickel-based catalysts have been demonstrated to be
the most active, and they remain the most popular
catalytic material for DMFC applications [5]. Many of
the viable alkaline catalysts for alcohol electro-oxi-
dation comprise precious metals, most commonly
platinum or palladium [6, 7]. During electrocatalysis,
non-noble metal-based catalysts can stay stable and
effective in direct methanol fuel cell. Despite there are
several examples of electrocatalytic fuel oxidation
using non-precious metal catalysts, further study is
required to make these materials compete with their
noble metal competitors [8]. Thus, the supporting
catalyst material deserves a prominent place in
enhancing the electrocatalytic activity in MOR [9-13].
During recent years, conducting polymers such as
derivatives of polyaniline (PANI) like poly (2,
5-dimethoxyaniline (PDMA)) and poly(dipheny-
lamine) (PDPA)), polythiophene (PTh), and poly-
pyrrole (Ppy) have been widely used as
electrocatalyst for various applications including
supercapacitor, biosensor, and electrocatalytic oxi-
dation reaction because of their loftier physicochem-
ical and electrochemical properties [14-20].
Polydiphenylamine (PDPA), a PANI derivative, is an
important conducting polymer since it has special
properties that are similar to PANI, such as high
conductivity, significant electrochemical stability,
reasonable price, excellent electrocatalytic activity,
and two stable oxidized forms, namely polaronic
(diphenylbenzidine cation, DPSI") and bipolaronic
(diphenylbenzidine dication, DPSI*") [21-23]. An
alternate single and double bonds have made PDPA
to form the electron system conjugated. The polaronic
and bipolaronic forms of electron flow have strong
electrical conductivity and reversible redox activity.
Due to its simple synthesis, PDPA has gained a
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special attention under potentiodynamic conditions
and also PDPA matrix is very stable on the electrode
surface in aqueous solutions.

Herein, we report ultrasonication-assisted synthe-
sis of nanocomposite of Ni catalyst decorated on
PDPA (Ni@PDPA hybrid catalyst) by chemical
method using ammonium persulfate as oxidizing
agent. The as prepared electrocatalysts were charac-
terized by field emission scanning electron micro-
scopy (FESEM) with energy-dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD), and
Fourier-transform infrared (FT-IR) spectroscopy.
Electrochemical work was performed by cyclic
voltammetry (CV), impedance spectroscopy (EIS),
and chronoamperometry (CA) methods. Because of
the synergistic interaction between Ni catalyst and
PDPA, the enhanced Ni@PDPA hybrid catalyst
exhibits enhanced electrocatalytic activity, stability,
and durability in the methanol oxidation reaction.

2 Experimental
2.1 Chemicals and materials

The precursors namely diphenylamine (99%), nickel
chloride (99%), ammonium persulfate (98%), hydra-
zine hydrate (98%), dimethyl formamide (99%), sul-
furic acid (98%), sodium hydroxide (97%), ethanol
(99%), and methanol (99%) were bought from Merck,
India. The chemicals listed in the present experiment
is of analytical grade and utilized as received.
Deionized water was used for the present experi-
ment. Fluorine-doped tin oxide (FTO) substrate was
used as an electrode matrix.

2.2 Instrumentations

Antech ultrasonic cleaner (GT Sonic) was used for the
synthesis of PDPA, Ni, and Ni@PDPA hybrid cata-
lyst. For centrifugation, REMI Centrifuge (R-4C) was
used. Field emission scanning electron microscopic
(FESEM) images were captured through CARL ZEISS
(USA) model. The crystalline nature of the synthe-
sized PDPA, Ni, and Ni@PDPA hybrid catalyst was
characterized by X-ray diffraction (XRD) with Cu-Ka
radiation (Empyrean, Malvern analytical). The
molecular vibrational studies are analyzed by Four-
ier-transform infrared (FT-IR) spectra (Schimadzu IR
Affinity model) using KBr pellet technique ranging
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from 500 to 4000 cm™". OrigaLys-OFG500 (Made in
France) electrochemical work station was used to
perform the electrochemical studies. The three-elec-
trode setup, which includes the working electrode
(FTO), reference electrode (Ag/AgCl), and counter-
electrode (platinum electrode), was used to investi-
gate electrochemical techniques such as cyclic
voltammetry (CV), electrochemical impedance spec-
troscopy (EIS), and chronopotentiometry (CP).

3 Synthesis method

3.1 Synthesis of PDPA using
ultrasonication

Ultrasonication was used to dissolve 40 mM of DPA
in 50 ml of 1 M sulfuric acid for 10 min. In a drop-
wise manner, 50 ml of 20 mM ammonium persulfate
was added to the reaction mixture. Ultrasonication is
continued for another 10 min after the addition of last
drop of APS. Bright green-colored precipitate was
then centrifuged for 2 min at 1000 rpm. The precipi-
tate was rinsed with distilled water multiple times.
The resulting precipitate was dried and stored at
room temperature.

3.2 Synthesis of Ni using ultrasonication

Nickel powders were prepared by reducing nickel
chloride in an aqueous solution using hydrazine
hydrate as a reducing agent. In 60 mL of distilled
water, 0.5 g of nickel chloride (NiCly 0.6H,O) was
dissolved. Solutions were made in a separate beaker
by dissolving 1.0 g of NaOH in 20 ml distilled water,
and 20 ml of hydrazine hydrate. Aqueous nickel
chloride solution was added slowly into it. The
resulting solution was now a royal blue color, and it
was ultrasonicated again for five minutes and the pH
of this solution was found to be 12. Black-colored
precipitate of Ni separated out was centrifuged,
preserved after being rinsed with distilled water, and
dried at room temperature.

3.3 Synthesis of Ni@PDPA hybrid catalyst
using Ultrasonication

40 mM diphenyl amine was treated in 50 mL 1 M
sulfuric acid, to which 0.1 g Ni was added (previ-
ously prepared) and the resultant solution was

ultrasonication for 10 min. Dropwise, 50 ml of
20 mM APS was added to the reaction mixture.
Bright green-colored precipitate was then centrifuged
for 2 min at 1000 rpm. The precipitate was rinsed
with distilled water several times before being dried.

3.4 Fabrication of Ni@PDPA hybrid
catalyst modified electrode

To remove any debris, the FTO electrodes were first
cleaned with distilled water and then rinsed with
ethanol. After that, it is kept for drying which serves
as bare working electrode for electrochemical work-
station. Ni@PDPA hybrid catalyst was fabricated
using a solution of DMF / ethanol (50%). The col-
loidal suspension was mixed well and using a
microsyringe, this suspension is drop cast on the
surface of FTO and cured at room temperature. In a
similar fashion, the other electrodes viz., PDPA and
Ni were also fabricated. The fabrication of Ni@PDPA
hybrid catalyst toward methanol oxidation is given as
a graphical abstract in Fig. 1. Supporting electrolyte
in methanol oxidation is the primary factor in the
reaction which is given in Eq. 1. Methanol oxidation
in alkaline media is a 6e” oxidation that produces
CO,, as illustrated in Eq. 1. Due to the fact that
hydroxide ions play in the entire reaction, the pH of
the supporting electrolyte is a crucial element in
methanol oxidation.

CH;0H + 60H™ — CO, + 5H,0 + 6e” 0
EO = —0.810 vs SHE @ pH = 12

4 Results and discussions
4.1 Structural investigation

FESEM images of pure PDPA, pure Ni and
Ni@PDPA hybrid catalyst are given in Fig. 2. It can
be inferred that pure Ni was found to be present as
aggregated flakes in Fig. 2(i), while pure PDPA
occurs as agglomerated granular structure in
Fig. 2(ii). Figure 2(iii) shows the FESEM images of the
nanocomposite Ni@PDPA hybrid catalyst showing a
heterogeneous morphology in the form of aggregated
particles of PDPA decorated by Ni. Figure 2(iv) is the
higher magnification image of 2 (iii). It can be
depicted that Ni with sizes ranging from 100 to
200 nm on the surface of PDPA. Figure 3 gives the
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Fig. 1 The scheme of
fabrication of Ni@PDPA
hybrid catalyst toward
methanol oxidation
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Fig. 2 FESEM images of (i) Ni, (ii) PDPA, (iii) Ni@PDPA hybrid catalyst, (iv) higher magnification image of (iii)

energy-dispersive X-ray (EDX) analysis of Ni@PDPA
hybrid catalyst which exhibits the presence of carbon,
nitrogen, oxygen, and nickel.

XRD patterns were used to analyze the crystallinity
nature of the nanostructured PDPA, Ni, and
Ni@PDPA hybrid catalysts which are given in
Fig. 4a—c, respectively. In Fig. 4a, PDPA shows a
sharp peak at 20 = 7°,11°, 18°, and 21° which corre-
sponds to the Miller index of (0 2 5), (02 3), (025),
and (1 1 0), respectively, shows the presence of
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PDPA. The crystal growth at a lower 26 values is due
to the effect of ultrasonication which is evident from
its XRD patterns [23, 24]. In Fig. 4b, Ni shows a sharp
peak at 20 = 44°, 51°, 76° which corresponds to the
Miller index (1 1 1), (2 0 0), and (2 2 0), respectively.
Figure 4c depicts the XRD patterns of Ni@PDPA
hybrid catalyst authenticates the peaks at 20 = 7°, 11°,
and 18° with a Miller index of (02 5), (02 3), and (0 2
5), respectively, and 20 = 44°, 51°, 76° with a Miller
index of (0 2 5), (0 2 3), (0 2 5), and (1 1 0),
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Fig. 3 EDX analysis of Ni@PDPA
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Fig. 4 XRD pattern of a PDPA b Ni ¢ Ni@PDPA hybrid catalyst

respectively, conforms the presence of PDPA and Ni.
The values correlated well with JCPDS values bear-
ing the card No 00-047-2216 for PDPA and 01-077-
8341 for Ni [25].

The FT-IR spectrum of PDPA, Ni, and Ni@PDPA
hybrid catalyst is given in Fig. 5a—c. The spectra were
recorded in the mid-infrared region of
5004000 cm™ . Figure 5a shows the FT-IR spectra of
PDPA. The peak of PDPA at 3378 cm™' was attrib-
uted to the N-H stretching vibration mode. The
quinoid and benzenoid phenyl rings namely C=N
and C=C stretching are described by the peaks at
1439 cm™! and 1313 cm ™', respectively, for PDPA.
The peak at 1005 cm™! is assigned to secondary aro-
matic amine C-N modes, while the peak at 865 cm !
is assigned to aromatic C-H out-of-plane bending,
respectively. These molecular vibrational studies
confirm the formation of PDPA. Figure 5b gives the
FT-IR peaks for Ni, which exhibited a peak at
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Fig. 5 FT-IR spectra of a PDPA b Ni ¢ Ni@PDPA hybrid catalyst

470 ecm™!, 650 cm ™Y and 774 cm™! is due to stretch-
ing vibrational peak of Ni, and also the peak at
3437 cm ™' is due to the presence of moisture (H,O
molecules) [26]. The region around 1400-1500 cm ™" is
dedicated to the vibrational modes of carbonyl
groups, which are absent in the FT-IR spectra of Ni,
which suggests the successful synthesis of Ni [27].
Figure 5c gives the FT-IR peaks for Ni@PDPA. The
C=C (quinoid) and C=C (benzenoid) vibration peaks
of Ni@PDPA hybrid catalyst were observed at 1595
and 1492 cm™', respectively. The peak intensity of
the quinoid stretching vibration is decreased in
nanocomposites samples, while the peak intensity of
the benzenoid vibration is enhanced; indicating that
there is an interaction between Ni and PDPA. FT-IR
spectrum of Ni@PDPA hybrid catalyst shows char-
acteristic bands at 1396 cm ™' corresponding to C-N
stretching characteristic bands of secondary amine.
Also the peak at 865 cm ™" is assigned to out-of-plane
bending of aromatic C-H. A peak at 3378 cm™' is
attributed to N-H stretching vibration mode of PDPA
is shifted to 3743 cm™' is due to the interaction of Ni
with PDPA. The peak intensity of C-N stretching of
secondary aromatic amine is increased upon the
addition of Ni [28]. Also the peak around
470-770 cm™' confirms the presence of Ni-O
stretching and Ni-O-H bending confirming the
presence of Ni.
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4.2 Electrochemical properties

4.2.1  Cyclic voltammetry (CV) performance
of the modified electrode

The CV performance of the modified electrodes viz.,
bare FTO, PDPA, Ni, and Ni@PDPA hybrid catalyst,
was analyzed in 0.1 M KOH solution at the potential
range of 0.2 V to 0.6 V at a scan rate of 100 mV s~ is
given in Fig. 6. Figure 6a is for bare FTO electrode
which shows no characteristic redox peak, (b) PDPA
does not exhibits redox peaks in KOH medium,
because the behavior of the conducting polymer
depends on the pH of the medium [29] (c) Ni shows a
redox peaks at 0.496/0.385 V with a current density
(0.82 mA /cm.?). This is due to the formation of nickel
hydroxide layer over the surface of the nickel elec-
trode when suspended in 0.1 M KOH, which further
gets converted to NiO(OH), the equation of which is
given below [30]:

Ni+OH™ — Ni(OH),~ NiO(OH) + H* +e~  (2)

The electrocatalyst of (a) bare FTO, (b) PDPA, and
(c) Ni is given as an insert. Figure 6d shows that
Ni@PDPA hybrid catalyst exhibited a significant
redox peaks at 0.473/0.305 V with an increased cur-
rent density (1.8 mA/cm?) over the entire voltage
window, suggesting that Ni@PDPA hybrid catalyst
has higher activity for methanol oxidation reaction
than PDPA and Ni which follows the equation:

5
o sTE‘ 0.84|— (a) Bare FTO
3 —(b) PDPA
44 % 06]—(@Ni
4 Z 0.4
3 < 0.2
E (b
) £ 0.0
5 . v , . v . 2
C 0.0 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60

4 (a) Bare FTO Potential (V)

—— (b) PDPA
——(c) Ni
—— (d) Ni@ PDPA

Current density (mA/cmz)
N

-1 i vl vl vy vy vy ey
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
Potential (V)

Fig. 6 Cyclic voltametry of a Bare FTO b PDPA ¢ Ni
d Ni@PDPA hybrid catalyst in 0.1 M KOH. Insert shows (a—c)
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[(Ni@PDPA)(OH),] + (OH) ™
« [(Ni@PDPA) OOH] + H,O + e~ (3)

Thus, the oxidation and reduction of oxyhydrox-
ides and oxides in 0.1 M KOH lead to the formation
of sharp peaks as given in Fig. 6. The electrochemical
surface area (ECSA) can be calculated using the
equation:

ECSA = Q/40 x [(Ni)loading}

where Q denotes the charge associated with a
reduction of Ni and Ni@PDPA hybrid catalyst and is
estimated by the integration of the peak area under
the reduction peak of the CVs of Ni and Ni@PDPA
hybrid catalyst as given in Fig. 6. The numerical
value 40 is the charge required for the reduction in Ni
monolayer (pF/ cm?). [(N11oading] is the amount of
loading of Ni on the electrode surface [31]. It is
inferred that Ni and Ni@PDPA hybrid catalyst
resulted in the ECSA values of 4.1 m?/g and 5.2 m?/
g, respectively, which suggests that Ni@PDPA hybrid
catalyst exhibited more active cites for MOR when
compared to Ni.

4.2.2  EIS studies of the modified electrode

EIS is used to analyze the impedance of the prepared
electrocatalyst in 0.1 M KOH alkaline solutions to
give semicircular curves sequentially. The smaller
semi-circle indicates a faster reaction rate, and EIS is
an efficient measurement of charge transfer resistance
(Re). EIS is an important tool for understanding the
electrode material’s electrical behavior [32, 33]. The
EIS performance of modified electrodes viz., bare
FTO, PDPA, Ni, and Ni@PDPA hybrid catalyst, was
analyzed in 0.1 M KOH and is given in Fig. 7. A
semicircular path is obtained for (a) bare FTO elec-
trode indicating the greatest charge transfer resis-
tance at a higher frequency region. The lower
frequency semicircles imply a lower charge transfer
resistance. The charge transfer resistance follows the
order: (a) bare FTO (439 Q.cm?), (b) PDPA (271
Q.cm?), (0) Ni (213 Q.cm?), and (d) Ni@PDPA hybrid
catalyst (184 Q.cm?). From the above data, it is clear
that there is an synergistic interaction between Ni
and PDPA, which improves the mobility of electrons
and thereby contributing to a better electrochemical
oxidation for methanol. The equivalent circuit for
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Fig. 7 Nyquist plot of a Bare FTO b PDPA ¢ Ni d Ni@PDPA
hybrid catalyst in 0.1 M KOH

Ni@PDPA hybrid catalyst is given as an insert in
Fig. 7.

4.2.3  Electrocatalytic activity toward MOR

Alkaline medium is suitable for MOR reaction for Ni-
based catalyst in [34, 35]. Figure 8 depicts the redox
peak for the modified electrode PDPA, Ni, and
Ni@PDPA hybrid catalyst in 0.1 M KOH at the
potential range of 0.3 V to 1.0 V which is kept in 1 M
methanol. Figure 8a, b is the CV response for the bare
FTO and PDPA with 1 M methanol, where a notice-
able change was not inferred, but the response of

3.0

]| = (a) Bare FTO
2.54|=(b) PDPA
J|=—(@©Ni

== (d) Ni@PDPA

2.04
1.54
1.0+

0.5

Current density (mA/cmz)

0.04

(2)
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Potential (V)

Fig. 8 Cyclic voltammetry of a Bare FTO, b PDPA, ¢ Ni, d Ni@
PDPA hybrid catalyst in 0.1 M KOH and 0.5 M methanol

PDPA is attributed to the conversion of PDPA to
partially oxidized diphenyl benzidine cation
(DPSI +). Figure 8c gives the methanol oxidation
peak for Ni, which suggests that addition of metha-
nol leads to an increase in the current density
(2.6 mA/cm?) with a pair of redox peaks at 0.5/
0.45 V revealing that this electrode is efficient toward
methanol oxidation. Ni powders were very sensitive
to molecular oxygen in the solution that is adsorbed
on the Ni surface and inhibits methanol oxidation
reaction. However, quite good catalytic activity was
observed for Ni@PDPA hybrid catalyst deposited on
FTO substrate as given in Fig. 8d. In both the anodic
and cathodic sweeps, distinct pairs of redox peaks are
seen for Ni@PDPA hybrid catalyst. Anodic oxidation
takes place at 0.84 V with a current density of
1.93 mA/cm® with its cathodic counterpart at a
potential of 0.86 V and 2.7 mA/cm? as its current
density. Also, the forward peak current density (Iy) is
generally regarded as methanol oxidation on non-
poisoned catalysts, while the backward peak current
density (Ip) is associated with methanol oxidation on
regenerated catalysts (after the removal of the car-
bonaceous intermediate) [36]. The electrocatalyst
Ni@PDPA hybrid catalyst’s methanol electro-oxida-
tion was found to be lower in potential when com-
pared to some of the other modified electrodes
previously available in the literature and is given in
Table. 1, [3, 37, 38] from which it is clear that
Ni@PDPA hybrid catalyst has good catalytic activity
for oxidation of methanol. This lower potential is due
to the synergistic interaction of Ni on PDPA electro-
catalyst and also due to depletion of the poisonous
species on the catalyst surface is quite efficient.
Electrocatalytic performance of Ni@PDPA hybrid
catalyst toward methanol oxidation at different scan
rates 20 mV/s, 40 mV/s, 60 mV/s, 80 mV/s, and
100 mV/s) in 0.1 M KOH and 1 M methanol is given
in Fig. 9. By increasing the scan rate, there is a posi-
tive increase in the peak current density for methanol
oxidation reaction which suggests that diffusion
process predominates during methanol oxidation
reaction.

Multiple CV tests (100 cycles) were used to inves-
tigate the long-term stability of Ni@PDPA hybrid
catalyst and are given in Fig. 10. After 100 cycles, the
current density of Ni@PDPA hybrid catalyst
decreased to 96% of its initial value suggesting a good
cycling stability and better durability for methanol
oxidation.
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Table 1 Comparison of electrochemical performance of various electrocatalysts toward methanol oxidation reaction

S. Electrocatalyst Methanol oxidation condition

Oxidation Synthesis method References

potential No

1 PDPA/PTA/Pt
scan rate

2 PDMA copolymer
DABSA-Pt rate

3 Au-mercaptoacetic acid
0.5 mV/s scan rate

4 Ni@PDPA
100 mV/s scan rate

0.5 M methanol in 0.1 M H,SO,4 with 100 mV/s | Y

1 M methanol and 0.5 M H,SO,4 with 10 mV/s scan 0.9 V

0.5 M methanol and and 0.5 M H,SO, with 1.2V

0.1 M KOH and 0.5 M methanol with

Electrodeposition  [3]
Electrodeposition [37]
Electrodeposition [38]

084V Ultrasonication This work

To highlight our work with other works, bold letters were used

3.0

q|=—=100 mV/s
2.5d|==80 mV/s
60 mV/s
e 4() mV/s
=120 mV/s

2.04

1.54

1.0+

0.54

0.04

Current density (mA/cmZ)

03 04 05 06 07 08 09 1.0
Potential (V)

Fig. 9 Cyclic voltammetry curves of Ni@PDPA hybrid catalyst in
0.1 M KOH and 0.5 M methanol at different scan rates
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1 —IStCycle
259 — 100t Cycle

2.04

1.54

1.0+

0.5+

Current density (mA/cmZ)

0.0

03 04 05 06 07 08 09 1.0
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Fig. 10 Cycle stability of Ni@PDPA hybrid catalyst in 0.1 M
KOH and 0.5 M methanol
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Figure 11(i) represents the performance Ni@PDPA
hybrid catalyst toward electro-oxidation of methanol
at different concentrations of methanol (1-6 M) in
0.1 M KOH solution. Methanol oxidation current
density increases linearly with increase in methanol
concentration, i.e., the potential is shifted toward
more positive. This is thought to be caused by active
site saturation at the electrode’s surface. This effect
may be noticed because the poisoning rate of Ni rises
as the methanol concentration increases, causing the
adsorbed intermediates at the Ni surface to be elim-
inated at higher positive potentials. Also the regres-
sion coefficient value (R* = 0.9286) suggests that the
reaction is diffusion controlled as evident from
Fig. 11(ii).

The long-term stability of (a) bare FTO, (b) PDPA,
(0 Ni, and (d) Ni@PDPA hybrid catalyst in 0.1 M
KOH and 1M methanol was studied through
chronoamperometry (CA) technique. The CA curves
were obtained at 0.84 V for 30 min and are given in
Fig. 12. As shown in Fig. 12d, Ni@PDPA hybrid cat-
alyst shows better catalytic activity than (b) PDPA
and (c) Ni. The current density of (d) Ni@PDPA
hybrid catalyst catalysts drastically reduced at first.
This could be due to the reactive intermediates pro-
duced during oxidation of methanol. At the initial
state, the current density was 1.4 mA/cm? which is a
higher anodic current density than (a) bare FTO
(0.28 mA/cm?), (b) PDPA (0.55 mA/cm?), and (c) Ni
(0.83 mA/cm?). After the measured time (30 min),
still it had higher current density than (b) PDPA and
(c) Ni indicating that during methanol electro-oxi-
dation, the Ni@PDPA hybrid catalyst has a better
tolerance to the generated intermediates (CO) con-
firming the increased catalytic performance of
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Fig. 11 (i) Cyclic voltammetry curves of Ni@PDPA hybrid
catalyst in 0.1 M KOH at different concentrations of methanol and
(i) plot of oxidation peak current density vs. methanol
concentration

Ni@PDPA hybrid catalyst compared to (b) PDPA and
(o) Ni.

5 Conclusion

In this work, we have produced a unique combina-
tion of modified Ni@PDPA hybrid catalyst for
methanol oxidation reaction in an alkaline medium
using ultrasonication (chemical technique). FESEM
and XRD were used to investigate the morphological
and structural properties of PDPA, Ni, and
Ni@PDPA hybrid catalysts. FESEM images show a
heterogeneous morphology in the form of aggregated

(a) Bare FTO
2.54 —— 1) PDPA

(¢) Ni
——(d) Ni@PDPA

%)

D
)

-
(3]
1

_¥ (d)

-
o
1

.¥ (C)

(b)

(@)

. 1l0 ' 1'5 . 2l0 ' 2'5 . 30
Time (min)

Current density (mA/cm

=4
)

o
(3]

Fig. 12 Chronoamperometric curves of a Bare
FTO, b PDPA, ¢ Ni, d Ni@PDPA hybrid catalyst in 0.1 M
KOH and 0.5 M methanol at 0.84 V

particles of PDPA decorated by Ni. Ni@PDPA hybrid
catalyst revealed remarkable characteristics such as
increased current density (1.93 mA/cm?) at a poten-
tial of 0.84 V, thereby exhibiting improved electro-
catalytic activity and good stability (30 min) when
compared to Ni and PDPA. The result implies
superior performance of the Ni@PDPA hybrid cata-
lyst for methanol oxidation and as a result, non-pre-
cious metal catalysts for alkaline electrochemical
applications may be developed in future.
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