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Abstract
In this work, a novel co-deposited nano spherical polydiphenylamine-palladium supported graphitic carbon nitride (GCN/
PDPA/Pd NS) nanohybrid was fabricated via the in-situ one-pot electrochemical co-deposition method. The GCN/PDPA/
Pd NS nanohybrid electrode was characterized by morphology studies, which found that the average diameter of the PDPA/
Pd nanospherical size is 250 nm over the graphitic carbon nitride nano matrix as well as elemental composition, structural 
and vibrational spectra also observed through FESEM, EDX, Mapping, and XRD, FT-IR studies. The electrochemical 
characterizations of the GCN/PDPA/Pd NS electrocatalyst were studied using cyclic voltammetry, chronoamperometry, and 
electrochemical impedance spectroscopic techniques. The fabricated GCN/PDPA/Pd NS–modified electrode shows signifi-
cant electrocatalytic activity, lower oxidation potential (− 0.15 V), high stability, and longevity (1800s) towards methanol 
oxidation reaction (MOR) in an alkaline medium. The fabricated GCN/PDPA/Pd NS electrocatalyst is a significant anode 
catalyst for the direct methanol fuel cell application.
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Introduction

Direct methanol fuel cell (DMFC) is one of the greatest 
ecologically sustainable and exciting sources of electricity 
for upcoming developments to be used in portable energy 
sources, electric vehicles, and transport applications [1, 2], 

for the reason that DMFC has outstanding properties such as 
high energy density, high-power proficiency, least possible 
emission, cost-effectiveness, ambient operation state, safety 
operation, and easy storage. A DMFC has been viewed as a 
very promising power source device for the future due to its 
unique merits, which include its theoretically high conver-
sion efficiency (more than 96%), liquid methanol fuel han-
dling safety compared to that of hydrogen, and nearly zero 
pollution emission [3]. Platinum (Pt) is the most effective 
and most widely used electrocatalyst for methanol oxida-
tion reaction (MOR) in DMFCs. However, platinum-based 
catalysts struggle with several difficulties such as expensive, 
insufficient stability, rare availability of Pt, combined with 
the catalyst poisoning impact caused by methanol oxidation 
reaction products (carbon monoxide (CO)) on the Pt catalyst, 
needed a search for alternative catalytic systems. So, these 
problems are overcome by one of the most potential candi-
dates to substitute platinum which is palladium (Pd), which 
has been extensively studied as an efficient anode catalyst 
for fuel cell reactions [4, 5].

Therefore, the growth of highly active Pd-based anode 
catalysts has attracted considerable attention as a promising 
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electrocatalyst for MOR owing to their higher surface area, 
superior electrocatalytic activity superior resistance to the 
formation of CO-like intermediates in an alkaline medium, 
and inexpensive compared to Pt-based electrocatalysts. The 
catalytic activity of pure Pd catalyst can be improved by 
(1) conducting polymers such as polyaniline, polydiphe-
nylamine, and polypyrrole, and (2) carbon-based materials 
such as graphene, carbon nanotube, and graphitic carbon 
nitride [6–11]. Palladium-based catalysts have emerged as a 
good electrode material for oxidation in an alkaline medium.

Among the conducting polymers, polyaniline (PANI) and 
its derivatives, such as poly(2,5-dimethoxyaniline) (PDMA) 
and polydiphenylamine (PDPA) have fascinating properties 
like solubility, high conductivity, reversible redox behavior, 
significant electrochemical stability, reasonable price, and 
eco-friendly and hybrid permutations in diverse application 
spreads to electrocatalytic activity, biosensor, supercapaci-
tor, and electrocatalytic oxidation [12–21]. The conducting 
polymer of polydiphenylamine is an N-substituted form of 
polyaniline and it has some special properties such as being 
highly soluble in organic solvents, excellent electrocatalytic 
activity, and particularly it has two stable oxidized forms, 
polaronic (diphenylbenzidine cation, DPSI+) and bipo-
laronic (diphenylbenzidine dication, DPSI2+) structures 
[22, 23]. Also, the conducting polymer of PDPA enhances 
the electrocatalytic activity of palladium metal nanoparti-
cles. Along carbon-based material also boosts electrocata-
lytic activity and stability because of its vastly admirable 
electrical conductivity, virtuous stability, and low-price. 
Among the material, graphitic carbon nitride (GCN) is a 
2-dimensional arrangement like graphite material which can 
be regarded as N-substituted graphite and a potential source 
of free-standing nitrogen-rich carbon material. The (GCN) 
has enhanced the electrocatalytic activities because of its 
exclusive properties, like greater surface area, high poros-
ity, ultrahigh nitrogen content, unique electronic and optical 
properties, and, inexpensive which has been used in various 
applications such as photocatalyst, fuel cells, supercapacitor, 
and sensors [17, 24–30]. Based on several studies that have 
focused on reducing the Pt loading or alternating metals such 
as palladium (Pd), nickel (Ni), (cobalt), iron (Fe), etc., and 
carbon-based materials such as graphene, graphitic carbon 
nitride, and conducting polymers such a polyaniline and 
their derivatives were used [31–38]. Considering literature 
reviews, the nanocomposites of polydiphenylamine-palla-
dium supported graphitic carbon nitride exposed to enhance 
the electro-catalytic properties, and also simple method, bet-
ter stability, durability, and low-priced towards methanol 
oxidation reaction.

Here, we fabricate a single-step process of a novel 
co-deposited nano spherical polydiphenylamine-palla-
dium–supported graphitic carbon nitride nano spherical 
composite (GCN/PDPA/Pd NS) as an anode electrocatalyst 

for the methanol oxidation reaction. The resulting GCN/
PDPA/Pd NS–modified electrode has been characterized 
by field-emission scanning electron microscopy (FESEM) 
with energy-dispersive X-ray spectroscopy (EDX) and map-
ping analysis, Fourier-transform infrared (FT-IR), and X-ray 
diffraction (XRD) methods. The electrochemical activity of 
the modified electrode was studied via cyclic voltammetry 
(CV), impedance spectroscopy (EIS), and chronoamperom-
etry (CA) methods. The fabricated modified (GCN/PDPA/
Pd NS) electrode delivers enhanced electro-catalytic perfor-
mance for the electro-oxidation reaction of methanol with 
high stability and longevity.

Experimental

Chemicals

All the chemicals such as diphenylamine (DPA), melamine, 
and palladium (Pd), were purchased from Merck India. A 
FTO-coated glass substrate (25 mm × 25 mm × 1.1 mm, 
resistivity < 10 Ω) was purchased from Sigma-Aldrich. The 
distilled water was only used for this full experiment.

Reagents

The reagents of sulfuric acid (H2SO4), potassium hydroxide 
(KOH), and methanol were purchased from Merck India.

Instrumentations

The structural information and elemental examination of the 
modified electrode were derived from FESEM (Tescan-Mira 
3-LMH) with EDX and mapping (Bruker Quantax 200). The 
study of the crystalline nature of the material was carried out 
by powder XRD pattern using the Rigaku Smart Lab X-ray 
diffractometer equipped with CuKα radiation. Vibrational 
spectra of the samples were observed by Perkin Elmer mak-
ing Model Spectrum RX1 (Range 4000–400 cm−1) using 
the KBr compressed pellet method. All the electrochemical 
measurements of CV, CA, and EIS techniques were per-
formed using an electrochemical workstation (OrigaLys-
OFG500, France). In this FTO-modified electrode, platinum, 
and calomel were used as a working electrode, a counter 
electrode, and a reference electrode, respectively.

Preparation of GCN/PDPA/Pd modified nanohybrid 
electrode

Synthesis of graphitic carbon nitride (GCN)

Graphitic carbon nitride (GCN) was synthesized by the 
pyrolysis method. The precursor of melamine powder (5 g) 
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was taken into the alumina crucible. Then, crucible was put 
in a muffle furnace, which was maintained at up to 500° 
C under an argon atmosphere. After the reaction, crucible 
was cooled at room temperature. Finally, a pale-yellow fine 
powder was obtained [31].

Fabrication of modified GCN/PDPA/Pd nanohybrid 
electrode

In this fabrication of modified GCN/PDPA/Pd nanohybrid 
electrode by the in situ one-pot electrochemical co-deposi-
tion method, the precursor of 40 mM diphenylamine, 0.5 g 
of GCN, and 0.01 M PdCl2 (3:3:1 ratio) were dissolved in 
0.5 M H2SO4, which was well stirred up to 30 min in order to 
obtain a milky yellow color homogenous mixture solution. 
Then, FTO substrate was immersed into the above resultant 
mixture and applied potential ranging from − 0.1 to 1 V at 
a scan rate of 100 mV/s for 10 cycles. Finally, GCN/PDPA/
Pd NS nanohybrid was electro co-deposited onto the FTO 
substrate and then dried under ambient temperature over-
night. The overall schematic illustration of GCN/PDPA/Pd 
NS nanohybrid towards MOR is shown in Fig. 1.

Results and discussion

Morphology and elemental analysis

The morphology of (A) GCN, (B) PDPA and (C–E) GCN/
PDPA/Pd NS nanohybrid electrode was shown in Fig. 2. 
Figure 2A GCN depicts the irregular sheet like structure, 

and Fig. 2B PDPA shows the beads like granules morphol-
ogy. The shape and surface morphology of the lower and 
higher magnification of the modified GCN/PDPA/Pd NS 
nanohybrid electrode were shown in Fig. 2C–E. The co-
deposited GCN/PDPA/Pd NS nanocomposite morphology 
shows the nano spherical structure PDPA/Pd over the gra-
phitic carbon nitride nano matrix background (Fig. 2A and 
B). The average nano spherical size of PDPA/Pd is around 
250 nm, which was revealed in Fig. 2C. This nano spherical 
PDPA/Pd is attached to the surface of the graphitic carbon 
nitride nano matrix due to the electrostatic interaction. It 
is clear that nano spherical PDPA/Pd is homogeneously 
distributed on the surface of the graphitic carbon nitride 
matrix. Graphitic carbon nitride matrix is used as support 
material for deposition of PDPA and Pd particles, such struc-
ture would be advantageous of additional point to improve 
the electroactivity of the nanocomposite. The chemical 
composition and elemental mapping analysis were done by 
Energy dispersive X-ray (EDX) spectroscope attached to the 
FESEM and the corresponding elemental map is existing 
in Fig. 3A and B. The EDX spectra with mapping analysis 
designate the existence of elements in the GCN/PDPA/Pd 
NS nanohybrid electrodes such as carbon (Fig. 3C), nitrogen 
(Fig. 3D), oxygen (Fig. 3E), and palladium (Fig. 5F) were 
exhibited, individually.

Crystallographic

The XRD study was performed to determine the type of 
the synthesized material (crystalline or amorphous) and 
the size of the particles. The fabricated GCN, PDPA, 

Fig. 1   The overall schematic 
illustration of GCN/PDPA/Pd 
NS nanohybrid towards MOR
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GCN/PDPA/Pd NS nanohybrid electrode XRD pattern 
was revealed in Fig. 4. The Miller reflections of (100) and 
(002) are shown by the strong peaks of GCN in Fig. 4a at 
2 θ = 12° and 27.5°, respectively. Figure  4b  PDPA 
has distinctive sharp peaks in diffraction at 18.5° and 
Fig. 4c GCN/PDPA/Pd NS nanohybrid shows the char-
acteristic peaks such as 2θ = 12°, 26.5°, 40.2°, 46.5°, 

68° representatives of the Miller reflections of (100), 
(002), (111), (200), (220), correspondingly. The distin-
guishing diffraction peaks positioned at 2 θ values are 
well-matched with the standard diffraction pattern of Pd 
(JCPDS-89–4897), which confirms the presence of Pd in 
the GCN/PDPA. Additionally, the diffraction peaks posi-
tion at 2θ = 40.2°, 46.5°, 68° consistent with the (1 1 1), 

Fig. 2   FESEM images of (A) 
GCN, (B) PDPA, (C) GCN/
PDPA/Pd NS nanohybrid, (D) 
magnified image of (C), (E) 
magnified image of (D), and (F) 
Particle size distribution curve 
obtained from SEM images (E)

(B)(A)
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(2 0 0) and (2 2 0) index planes in the face-centered cubic 
(fcc) structure of Pd and the peak at 12° (100), 26.5° (0 
0 2) was attributed to graphitic carbon nitride (12° (100), 
26.5° (0 0 2)) and PDPA (26.5° (0 0 2)), respectively [6, 
11, 32], some of the peaks are shifted due to the syner-
gistic behaviour and π-π interactions, which are caused 
by the hybrid formation of GCN, PDPA, and Pd nano-
particles. The size of the Pd nanostructure was derived 
from Pd (1 1 1) peak and found to be about 9.98 nm by 
the Debye–Scherrer equation. These nanostructures of 
Pd are responsible for the electrocatalytic activity of the 
nanocomposite.

Structural analysis

FTIR analysis was carried out to confirm the interaction 
of composite. Figure 5 shows the vibration spectra of the 
GCN, PDPA, GCN/PDPA/Pd NS nanohybrid electrode 
within the range of 4000 to 500 cm−1. Figure 6a Due to 
the amine group’s amine stretching frequency, GCN exhib-
its a large peak at 3310 cm−1. The C = N stretching modes 
are thought to be responsible for the strong bands at 1671 
and 1437 cm−1, the band at 1100 cm−1 to the vibration of 
the C-N stretching, this corresponds to the characteristic IR 
signature of aromatic amines, and the band at 840 cm−1, 

Fig. 3   A EDX and (B) FESEM 
with mapping Image (C–F) of 
GCN/PDPA/Pd NS nanohybrid (A) (B)

(C) (D)

(E)
(F)

(A)
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which corresponds to the S-triazine rings’ out-of-plane 
bending vibration frequency. These findings demonstrate 
that GCN was successfully synthesized. Figure 6b PDPA has 
a peak at 3301 cm−1 that is linked to N–H bond stretching 
vibration mode, the C = N and C = C stretching in quinoid 
and benzenoid phenyl rings are characterized by the high 
characteristic peaks at 1419 and 1318 cm−1, respectively. 
The peak at 1090 cm−1 is attributed to the C-N modes of 
the secondary aromatic amine, while the peak at 805 cm−1 
is attributed to the out-of-plane bending of aromatic C-H, 
respectively. Figure 6c depicts GCN/PDPA/Pd NS nanohy-
brid. From the spectra, the range of 3600–3000 cm−1 shows 
the peaks that indicate the primary and secondary amines 
of N–H stretching frequency. The sharp characteristic peaks 

at 1625 and 1402 for C = N and C = C of quinonoid and 
benzenoid structures of PDPA, correspondingly. A strong 
sign at 1210 cm−1 is characteristic of the C-N stretching 
vibration which is the universal representative IR sign of 
the aromatic amines. The intense band at 847 cm−1 charac-
terized the out-of-plane bending vibration frequency of the 
S-triazine unit. Moreover, the intense peak at 578 cm−1 is a 
significant characteristic peak of the Pd–N bond [6, 11, 17, 
19]. These FTIR outcomes confirm the interaction of GCN/
PDPA/Pd NS nanohybrid.

Electrochemical characterizations of modified GCN/
PDPA/Pd NS nanohybrid electrode

Cyclic voltammetry catalytic activity of modified GCN/
PDPA/Pd NS nanohybrid electrode

CV performances of modified GCN/PDPA/Pd NS nano-
hybrid electrode electrocatalytic activity are revealed in 

Fig. 4   XRD spectrum of (A) GCN, (B) PDPA, (C) GCN/PDPA/Pd 
NS nanohybrid

Fig. 5   FT-IR spectrum of (A) GCN, (B) PDPA, (C) GCN/PDPA/Pd 
NS nanohybrid

Fig. 6   (A) Cyclic voltammetry curves of GCN/PDPA/Pd in 0.5 M 
H2SO4 at scan rate of 100 mV s−1 and (B) Nyquist plot of EIS for 
GCN/PDPA/Pd in 0.5 M H2SO4
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Fig. 6(A). CV peaks of modified GCN/PDPA/Pd NS nano-
hybrid electrode showed a pair of redox forms in the poten-
tial range amid − 1.0 V and 0.6 V at a scan rate of 100 mV/s 
in 0.5 M H2SO4 medium. The first redox peak appeared 
at − 0.48/ − 0.71 V, which displays the oxidation and reduc-
tion form of the adsorbed and absorbed hydrogen (Had and 
Hab), and the second redox peak seemed at 0.2/0.1 V con-
firms the transformation of the polaronic structure of PDPA 
to the bi-polaronic structure of diphenoquinone diamine 
(DPDI2+) [14]. These peaks proved the electrodeposition of 
GCN/PDPA/ Pd nanohybrid on the FTO substrate.

Electrochemical impedance spectroscopy

Electrochemical impedance is an important approach to 
analyzing the charge transfer resistances of the modified 
electrode. Figure 6(B) shows the impedance behavior of 
fabricated modified GCN/PDPA/Pd NS nanohybrid elec-
trode in 0.5 M H2SO4 medium. This Nyquist plot attained 
a small semicircle in the high-frequency region and also 
a straight sloppy line in the lower-frequency region. The 
charge-transfer resistance (Rct) of GCN/PDPA/Pd NS nano-
hybrid showed a value of 40 Ω. Thus, the smaller semicir-
cle reveals the lower charge transfer resistance (Rct) which 
shows that the faster reaction rate of modified GCN/PDPA/
Pd NS nanohybrid electrodes is due to the synergistic inter-
action of the nanohybrid.

The electrocatalyst’s electrochemical behavior was inves-
tigated in a typical ferrocyanide/ferricyanide solution with 
5 mM K3Fe(CN)6 and K4Fe(CN)6 diluted in 0.1 M KCl 
serving as the supporting electrolyte. The findings of CV in 
the range of 0.2 to + 0.8 V are shown in Fig. 7(A). The out-
comes demonstrate the electrode’s strong faradaic reaction 
to the ferro/ferri couple’s electron transport. Using the Ran-
dles–Sevcik equation, electrochemical surface area (ECSA), 
a crucial electro-catalyst parameter, has been determined. 
Ip = 2.69 × 105 × A × D 1/2 × n 2/3 × υ 1/2 × C is the scan rate 
of the potential perturbation (0.05 V s−1), Ip is the redox 
peak current, A is the area of the electroactive surface area 
(cm2), D is the diffusion coefficient of the molecule in solu-
tion (cm2), n is the number of electrons participating in the 
redox reaction (n = 1), and C is the bulk concentration of the 
redox probe (5 Mm) [21]. The ECSA of commercial Pd/C 
catalyst and GCN/PDPA/Pd NS nanohybrid electrodes is 
11.68 cm2 and 86.96 cm2, GCN/PDPA/Pd NS electrocatalyst 
has a greater ECSA than commercial Pd/C, electrocatalyst, 
which is depicted in Table 1.

Electrocatalytic activity towards MOR

The electrocatalytic properties of the GCN/PDPA/Pd 
NS nanohybrid toward methanol oxidation in an alkaline 
medium were assessed in detail. A commercial Pd/C catalyst 

is used as a benchmark material for comparison. Figure 7(B) 
shows the CV studies of the commercial Pd/C catalyst and 
GCN/PDPA/Pd NS nanohybrid in a solution containing 
0.5 M KOH by the potential range amid − 1.0 V and 0.6 V 
at a scan rate of 100 mV/s. Figure 7(C) analyzes the CV 
studies of commercial Pd/C catalyst and GCN/PDPA/Pd NS 
nanohybrid in 0.5 M KOH and 1 M methanol medium by 
the potential range amid − 1.0 V and 0.6 V at a scan rate 
of 100 mV/s, carried out to evaluate the catalytic activity 
towards methanol oxidation, which displays a pair of oxi-
dation peak at − 0.15/ − 0.54 V in forward and backward 
scans, which is much lower than the onset voltage and for 
commercial Pd/C (− 0.057/ − 0.47 V), as well as the current 
densities of the GCN/PDPA/Pd NS nanohybrid, is 4.5 mA/
cm2 for forwarding scan peak and 0.2 mA/cm2 reverse scan 
oxidation peak, which is comparatively 3 times higher than 
the commercial Pd/C catalyst current densities. The nega-
tive shift (0.093 V) of the oxidation potential specifies the 
improved electrocatalytic activity of the nanocomposite. In 
this, the first anodic peak in the forward scan is due to the 
oxidation of chemisorbed intermediate like carbonaceous 
species CO from methanol adsorption on the façade of the 
electrocatalyst and another anodic peak in the backward scan 
can be due to the oxidation of CO to CO2, which easily des-
orbed from the surface of the catalyst [11]. Electrochemical 
characteristics of the proposed modified GCN/PDPA/Pd NS 
nanohybrid electrode significantly lower oxidation poten-
tial and higher current density than other reported electro-
catalysts [12, 17,] which is shown in Table 2. The superior 
electrocatalytic activity of the modified GCN/PDPA/Pd NS 
nanohybrid electrode is the synergistic interaction of the 
GCN, PDPA, and Pd materials as well as the nano spherical 
morphology of palladium nanostructure.

Figure 8 shows the effect of potential sweep rates on 
GCN/PDPA/Pd NS nanohybrid electrodes at different scan 
rates from 5 to 100 mV s−1 in 0.5 M KOH and 1 M MeOH 
(Fig. 8A). The current densities of the forward and back-
ward scan rising by increasing scan rate as well as a posi-
tive shift in the forward peak potential and a negative shift 
in the backward peak potential. These shifts of a couple of 
well-defined peaks suggested that the reaction process was 
regulated by irreversible oxidation. Besides, the cathodic 
peak at negative potentials in the backward scan indicated 

Table 1   The anodic peak current and the electroactive surface area of 
modified electrodes

No Modified
electrodes

Anodic peak cur-
rent (A)

Electrochemical 
active surface area 
(cm2)

1 (a) Pd/C 0.0024 11.68
2 (b) GCN/PDPA/

Pd NS
0.0157 86.96
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that the oxidation of methanol and the desorption of the 
intermediates formed entirely. Figure 8B depicts the Plot 
of scan rate vs. forward peak current density of Fig. 8A. 
This experiment indicates the diffusion process of GCN/
PDPA/Pd NS nanohybrid electrocatalytic activity in meth-
anol oxidation reaction in alkaline solution [11].

Figure 8C displays the influence of different metha-
nol concentrations on the GCN/PDPA/Pd NS nanohybrid 
electrode electro-catalytic activity towards MOR. The 
methanol concentration from 1 to 7 M grows up, the cur-
rent density of the oxidation peak also increases and the 
potential also shifted forward which shows in Fig. 8C. 
Figure 8D illustrates the plot of concentration vs. forward 
peak current density of Fig. 8C. The peak potential shifts 
to the positive potential because of the active sites at the 
electrode’s surface and the direct correlation between the 

overpotential of methanol oxidation reaction (IR drop) and 
the amount of oxidation current [11].

Stability of the modified GCN/PDPA/Pd NS nanohybrid 
electrode for MOR

The electrocatalyst stability is an important factor for their 
practical application in DMFCs. The cyclic voltammetry and 
chronoamperometric studies revealed the long-term stabil-
ity of the fabricated modified GCN/PDPA/Pd NS nanohy-
brid electrode in Fig. 9. Figure 9A reveals the stability of 
GCN/PDPA/Pd NS nanohybrid electrode was swept poten-
tial window between − 0.1 and 0.6 V in a solution of 0.5 M 
KOH and 1 M methanol for 50 cycles with the scan rate of 
100 mV s−1. The current densities of the GCN/PDPA/Pd NS 
nanohybrid were constant with increasing cycle numbers (1st 

Fig. 7   Cyclic voltammetry 
curves in (A) (a) Pd/C and 
(b) GCN/ PDPA/Pd in 0.1 
M KCl containing 5 mM 
Fe(CN)6

-3/-4 at the scan rate 
of 50 mV/s (B) (a) Pd/C and 
(b) GCN/ PDPA/Pd in 0.5 M 
KOH absence of methanol (C) 
(a) Pd/C and (b) GCN/ PDPA/
Pd 0.5 M KOH presence of 1M 
methanol at scan rate of 100 
mV s−1

Table 2   Comparison of electrochemical performance of Pd based catalyst towards MOR

S no Electrocatalyst Potential window Methanol oxidation conditions Oxidation potential Ref
no

1 Pd/PANI/TiO2/GC  − 0.8 to 0.5 V 1 M Methanol in 0.5 M KOH  − 0.1 mV [12]
2 g-C3N4/PANI/Pd  − 0.6 to 0.6 V 1 M Methanol in 0.5 M KOH 0.24 V [17]
3 GCN/PDPA/Pd NS  − 1.0 to 0.6 V 1 M Methanol in 0.5 M KOH  − 0.15 mV This work
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cycle to 50th cycle), which proves that GCN/PDPA/Pd NS 
nanohybrid electrodes have long-term stability and strong 
electrocatalytic activity toward MOR Fig. 10.

The CA studies were carried out to investigate the 
stability and durability of the commercial Pd/C catalyst 
and modified GCN/PDPA/Pd NS nanohybrid electrode in 
0.5 M KOH and 1.0 M methanol at − 0.15 V during the 
1800s was shown in Fig. 9B. Figure 9B (a) commercial 
Pd/C catalyst shows the initial current density of 1.4 mA/
cm2, which slowly decreased to 0.13 mA/cm2 after the 
1800s, and Fig. 9B (b) displays the initial current density 
of 3.1 mA/cm2, which slowly decreased to 0.5 mA/cm2 
after 1800s. These results prove that GCN/PDPA/Pd NS 
nanohybrid electrode exhibited less decay current than the 

commercial Pd/C catalyst. The synergistic interactions of 
GCN/PDPA/Pd NS nanohybrid and their mechanism of 
has shown in Fig. 10 (A & B). The GCN/PDPA/Pd NS 
nanohybrid electrode has higher stability and better poi-
soning tolerance ability towards methanol oxidation.

Conclusion

In this study, a novel GCN/PDPA/Pd NS nanohybrid elec-
trode was fabricated by an in situ one-pot electrochemical 
co-deposition method. The GCN/PDPA/Pd NS nanohy-
brid electrode morphology and the structural features were 
investigated by FE-SEM, FTIR, and XRD characterization. 

Fig. 8   Cyclic voltammetry 
curves in (A) (a) GCN/PDPA/
Pd in 0.5 M KOH of 1 M 
methanol at different scan 
rate (5–100 mV s−1), (B) Plot 
of scan rate vs. peak current 
density of (A), (C) Cyclic 
voltammetry curves of GCN/ 
PDPA/Pd in 0.5 M KOH of 1 M 
methanol at different concentra-
tion (1–7 M), and (D) Plot of 
concentration vs. peak current 
density of (C)

Fig. 9   CV curves of (A) Stabil-
ity of GCN/PDPA/Pd in 0.5 M 
KOH of 1 M methanol and (B) 
Chronoamperometric curves 
1 M CH3OH with a scan rate of 
100 mV s−1 at − 0.15 V at room 
temperature in 0.5 M KOH
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Fig. 10   (A) Chemical interac-
tions of GCN/PDPA/Pd nanohy-
brid and (B) Mechanisms of 
GCN/PDPA/Pd nanohybrid 
towads MOR

(A)

(B)
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The electrocatalytic activity of this catalyst was assessed 
for methanol electro-oxidation reaction in an alkaline 
medium and compared with that of commercial Pd/C 
catalysts through CV, CA, and EIS techniques. The GCN/
PDPA/Pd NS nanohybrid electrode exhibited significant 
electrocatalytic activity, lower charge transfer resistance, 
high current density, low onset potential (− 0.15 V), and, 
better stability, and durability (1800s) towards MOR when 
compared with commercial Pd/C catalyst because of the 
structural morphology and electrostatic interaction of the 
nanohybrid materials. These findings suggest that GCN/
PDPA/Pd NS nanohybrid electro-catalyst may be a good 
DMFC electro-catalyst for MOR in the future. Vasudevan 
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