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Abstract 

One of the effective way to increase the electrocatalytic activity of carbon based electrocatalyst 

in a fuel cell is by in-situ incorporation of heteroatom into the carbon nanostructure. Herein, a 

cost effective catalyst support material, nitrogen rich carbon nanostructure (NCNS) with high 

surface area and tubular morphology was synthesized. NCNS supported palladium-alloy based 

electrocatalyst (Pd3Co/NCNS) was successfully prepared and used on both sides of a fuel cell as 

potential alternative to expensive Pt-based electrocatalysts. The large number of nitrogen-carbon 

moieties present in NCNS served as anchoring sites for catalyst nanoparticles. Moreover, the 

tubular morphology and high surface area plays an important role in enhanced electrochemical 

activity of the prepared nanocomposite. The Pd-based bimetallic alloy dispersed on NCNS 

exhibited high activity towards both oxidation of hydrogen and reduction of oxygen in acidic 

medium. Thus, a fully Pt-free electrocatalyst was constructed using a cost effective 

electrocatalyst. The peak power density achieved using Pd3Co/NCNS at both anode and cathode 

simultaneously was found to be almost 25 % of the maximum power density attained using 

commercial Pt/C on both sides, which is the maximum value reported so far in PEMFC without 

using Pt on either sides.  
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Introduction 

Energy has become the major concern in this century, which must be addressed to secure the 

sustainability of technologies needed in daily life. To meet the future energy requirements 

without environmental hazards, development and utilization of renewable energy resources is 

neccessary. Polymer electrolyte membrane fuel cell (PEMFC) is considered to be the most 

promising technology for the rapidly increasing energy demand [1,2]. The main advantages of 

PEMFC are fast start up time, low operating temperature, high efficiency and low pollutant 

emission [3,4]. For the advancement of fuel cell technology, the development of efficient 

electrocatalyst for both anodic and cathodic reaction is of great importance [5]. 

One of the major challenges for commercialization of fuel cell is the high cost and scarcity of 

platinum (Pt), which is the most commonly used catalyst in PEMFC. It can be overcome by 

either alloying Pt with transition metal or replacing Pt with other elements which is having good 

catalytic activity. Recently, palladium (Pd) based electrocatalysts has emerged as an alternative 

to Pt-based system. Pd is more abundant than Pt and have good catalytic activity after Pt. 

Moreover, many reports are available showing better electrocatalytic performance of Pd-TM 

(TM = Transition metal) alloys in fuel cell application than Pd alone [6–9]. Takenaka et al. [10] 

showed that among various Pd-TM ( TM = Fe, Cu, Ni, Co ) alloys, Pd-Co/ CNT  showed higher 

activity towards ORR reaction. Zhang et al. [5] demonstrated N-doped porous carbon 

encapsulated PdCo  alloy as highly durable and active electrocatalysts for both oxygen reduction 

reaction and ethanol oxidation reaction. Moreover, the electrochemical performance of fuel cell 

can be further improved by effective utilization of catalyst nanoparticles by choosing a proper 
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catalyst support material on which the nanoparticles can be homogeneously distributed without 

agglomeration. A perfect catalyst support material should have large surface area, good electrical 

conductivity and strong interaction between the catalysts [4]. 

Many ventures have been made to acquire high surface area electrocatalysts to achieve enhanced 

fuel cell performance using less catalyst loadings. Moreover, the structure of the catalyst support 

material and their interaction with the metal nanoparticles strongly influence the electrocatalytic 

performance of a fuel cell. Among various carbon based support materials, graphene and carbon 

nanotubes are most studied catalyst support material for fuel cell applications due to its 

fascinating properties like large surface area and high electrical conductivity. However, the high 

cost of production of these material limits its application in fuel cell. In addition to high 

production cost, the synthesis of graphene and carbon nanotubes is a multistep process. 

Therefore, it is necessary to have an efficient catalyst support material which is cost effective and 

can be produced in a simple way along with high surface area and good electrical conductivity. 

In this regard, carbon materials derived from conducting polymers appears to be a promising 

candidate as catalyst support material in fuel cell applications due to its facile and cost effective 

production compared to graphene and carbon nanotubes. Compared to carbon nanotubes, the 

tubular polymer derived carbon nanomaterial can be prepared easily in ambient temperature 

without using highly sophisticated methods in large quantity[11]. Moreover, the polymer derived 

carbon nanostructures have good electrical conductivity due to the presence of heteroatom 

nitrogen and high surface area due to its porous structure. In addition, nitrogen doping effectively 

introduce active sites for nanoparticle dispersion and increases the interaction between catalyst 

nanoparticles and support material [12]. It has been already proved that pyrolysis of conducting 

polymers at high temperature is one of the most simple and efficient way to synthesize nitrogen 
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doped carbon nanostructure with required morphology [13,14]. Among the various carbon 

nanomaterials derived from conducting polymers, one-dimensional nanostructures has gained 

immense attraction as efficient support material due to its unique hollow 1D nanostructure. 

Polypyrrole is the most studied material among conducting polymers. For instance, Zhang et al. 

[15] used polypyrrole nanotubes as advanced support for metal nanoparticle dispersion without 

surface functionalization. Xu et al. [16] decorated gold nanoparticle over polypyrrole nanotubes 

prepared by in situ reduction process. Qiu et al. [11] studied the electrocatalytic oxidation of 

methanol using Pt nanoparticles decorated over polypyrrole nanotubes functionalized with ionic 

liquid as electrocatalyst. Sapurina et al. [17] has shown that noble metal supported nitrogen 

doped carbon structure derived from conducting polymers has good catalytic activity.  

The present study focuses on the development of non-Pt based electrocatalyst using cost 

effective support material for both anodic and cathodic reaction in PEMFC. Nitrogen rich carbon 

nanostructure (NCNS) were prepared by carbonization of polypyrrole nanotubes (PPNT) and 

was used to disperse Pd3Co alloy nanoparticles using polyol reduction method. The nitrogen rich 

catalyst support with tubular morphology and high surface area have significant influence on 

catalyst nanoparticle dispersion thereby increasing its catalytic performance. The synthesized 

material was characterized by both physical and electrochemical characterization methods. Thus 

the evaluation of hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) 

activity of Pd3Co/NCNS is reported and compared with the conventional electrodes of a fuel cell.  

 

 

Experimental  
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Synthesis of electrocatalyst 

Polypyrrole nanotubes (PPNT) were synthesized by the oxidation of pyrrole with ferric chloride 

(FeCl3) in the presence of a template, methyl orange (MO). The synthesis method is briefly 

explained as follows. A calculated amount of MO was dissolved in 500 ml of deionized (DI) 

water followed by the addition of 60 mM FeCl3 solution in to it with continuous stirring. After 

that, calculated amount of pyrrole was added to the solution in drops. Then, above suspension 

was allowed to stir for 24 h. The solution was washed several times with dilute hydrochloric acid 

and DI water till color of the solution changes from dark pink to colorless. Then the product was 

dried in vacuum oven at 60 ºC to obtain PPNT. The obtained PPNT was pyrolysed in argon 

atmosphere at 800 ºC for 2 h to form nitrogen rich carbon nanostructure (NCNS). The palladium-

cobalt alloy nanoparticles were dispersed over NCNS by well-known polyol reduction method 

[18]. The schematic representation for the preparation of Pd3Co/NCNS is shown in Figure 1.  

Physical Characterization 

XRD patterns were recorded using Rigaku X-ray diffractometer using Cu Kα radiation source at 

room temperature. Raman spectra were obtained with a Wi-Tec Raman spectrometer in the range 

of 1000 – 2000 cm-1 at room temperature. The morphological and structural analysis of the 

prepared samples was carried out using scanning electron microscopy (SEM) in Quanta-200 

(FEG) and the transmission electron microscopic (TEM) images were recorded using Technai T-

20. The nitrogen adsorption/desorption studies to calculate the surface area of the synthesized 

samples were carried out using Micromeritics ASAP 2020 instrument. The information regarding 

thermal stability and the amount of metal catalyst loading was obtained from thermogravimetric 

analysis (TGA) using SDTQ600 TA instruments. X-ray photoelectron spectroscopy (XPS) was 



6 

carried out to analyze the elemental composition and oxidation state of the elements present 

using SPECS instrument and it was analyzed using PHOIBOS 100MCD analyzer. 

 Electrochemical measurements 

The electrocatalytic activity of the synthesized samples were studied using cyclic voltammetry 

(CV), linear sweep voltammetry (LSV), and rotating ring disk electrode (RRDE). All the 

electrochemical half-cell measurements were carried out using a three electrode electrochemical 

set up in Biologic SP300 instruments. The working electrode used was a glassy carbon electrode 

coated with electrocatalyst ink. Platinum rod and saturated calomel electrode (SCE) was used as 

counter and reference electrode, respectively. All half-cell measurements were carried out in 0.5 

M H2SO4.  Prior to the measurements, the electrocatalyst ink was prepared by dispersing 2.5 mg 

of electrocatalyst in 150 µl of DI water and 5 µl of 5 wt % of nafion solution. The calculated 

amount of electrocatalyst ink was drop-casted over well-polished glassy carbon electrode. Same 

catalyst preparation method was followed for LSV and RRDE measurements to study the ORR 

activity of the electrocatalysts. 

PEMFC single-cell tests 

The single-cell measurements were carried out using KPAS fuel cell test station. The 

electrocatalyst ink was prepared by ultrasonicating the calculated amount of electrocatalyst in a 

mixture of deionized (DI) water, isopropyl alcohol (IPA) and 5 wt % Nafion solution. The 

electrodes were prepared by brush coating this ink over a gas diffusion layer (GDL) which is 

single-sided teflonized carbon cloth (Nickunj Eximp Entp Pvt Ltd, India). After preparing the 

electrodes, the membrane electrode assembly (MEA) was prepared by sandwiching a polymer 

membrane (Nafion-212) in between anode and cathode. The MEAs were assembled between the 

flow field plates made of graphite having serpentine geometry. The effective electrode area was 
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11.56 cm2. To control the hydrogen and oxygen gases in electrodes, mass flow controllers were 

used. The water content in the membrane was maintained using humidifiers, which humidify the 

incoming hydrogen and oxygen gas to the anode and cathode of the fuel cell.  

 

Figure 1: Schematic representation for the preparation of Pd3Co/NCNS. 

Results and discussion                                                                                                                                                                                                                                                                                                                                                                                                                                               

Figure 2 shows the XRD pattern of NCNS, Pd/NCNS and Pd3Co/NCNS. In Figure 2a, the broad 

peak centered around 2θ value of 25° can be ascribed to graphite (002) and broadness shows the 

amorphous nature of PPNT [13]. Along with carbon peak, the peaks centered at 40.02°, 46.53°, 

67.97°, 81.93° and 86.44° in XRD pattern of Pd/NCNS can be assigned to the (111), (200), 

(220), (311) and (222) reflections of palladium, respectively, which in turn confirms the 
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successful deposition of Pd nanoparticles on NCNS. Whereas in case of XRD pattern of 

Pd3Co/NCNS, the Pd peaks were shifted to higher angles compared to that of Pd/NCNS (shown 

in enlarged version of XRD pattern of Pd/NCNS and Pd3Co/NCNS (Figure 2b), which is due to 

lattice contraction caused by the addition of small Co atoms. Moreover, no separate signals can 

be observed corresponding to Co, which further confirms the formation of Pd and Co alloy. 

 

Figure 2: (a) XRD patterns of NCNS, Pd/NCNS and Pd3Co/NCNS and (b) Enlarged version of 

XRD patterns of Pd3Co/NCNS and Pd/NCNS. 

The Raman spectra of samples PPNT and NCNS are shown in Figure 3. The Raman spectrum of 

PPNT does not show clear characteristic peak of graphitic carbon, only displayed the features 

corresponding to polypyrrole structure. Whereas the spectrum of  NCNS shows two sharp bands 

at 1326 cm-1 and 1582 cm-1 which corresponds to the D and G bands of graphitic carbon, 

respectively. The peak at 1326 cm-1 is due to the defects present in the carbon structure whereas 

the peak at 1582 cm-1 is due to the vibration of Raman active sp2 bonded carbon atoms. Thus, the 

Raman spectra of PPNT and NCNS confirm the formation of carbon materials by pyrolysis of 

polypyrrole nanotubes. 
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Figure 3: Raman spectra of PPNT and NCNS. 

Figure 4 shows the nitrogen adsorption and desorption isotherm for PPNT and NCNS. The BET 

surface area calculated using BET analyzer is only 38 m2 g-1 for PPNT, whereas with pyrolysis, 

the specific surface was increased to 220 m2 g-1 for NCNS. Thus, the pyrolysis of the polypyrrole 

nanotubes at high temperature in Ar atmosphere leads to carbonization and the porous structure 

was created by the removal of functional groups during the carbonization. Thus the method 

adopted here to produce nitrogen rich porous carbon structure is very simple. Moreover, the high 

surface area of NCNS facilitates to improve mass transport in fuel cell. 
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Figure 4: Nitrogen adsorption/desorption isotherm for PPNT and NCNS. 

Thermogravimetric analysis was carried out to obtain the information regarding thermal stability 

of the synthesized materials at zero air atmosphere from room temperature to 800 ̊C. The 

thermogram of NCNS and Pd3Co/NCNS in Figure 5 shows an initial loss in weight at lower 

temperature due to the presence of residual water content present in the samples. Further, the 

rapid loss in weight observed at a temperature range of 400 – 500 ̊C is due to the decomposition 

of carbonaceous species in presence of air. A residual weight of  ̴ 10 wt% is present in NCNS, 

which is due to the presence of impurities that is not washed off while filtering the sample. Thus, 

from the TGA profile of Pd3Co/NCNS, the presence of ̴ 30 wt% of metal catalyst loading can be 

confirmed. 
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Figure 5: Thermogravimetric curve of NCNS and Pd3Co/NCNS. 

The morphological study of the synthesized samples was carried out using SEM and TEM. 

Figure 6 (a, b) shows the SEM and TEM images of NCNS which clearly shows the one-

dimensional structure of NCNS. Figure 6 (c, d) depicts the SEM and TEM images of 

Pd3Co/NCNS which exhibits homogeneous dispersion of uniform sized Pd3Co nanoparticles on 

nitrogen rich carbon nanostructures. The homogeneous dispersion of catalyst nanoparticles can 

be due to more number of nitrogen-carbon moieties present in the support material which acts as 

active sites. Also, the presence of nitrogen atoms in the carbon structure helps in uniform 

distribution of catalyst nanoparticles. Moreover, during carbonization, defects were created due 

to the removal of functional groups which also serve as catalyst anchoring sites. The chemical 

composition of the synthesized electrocatalyst Pd3Co/NCNS was determined from the elemental 

mapping (Figure S1, Supplementary Information). The elemental mapping shows the presence of 

carbon (C), nitrogen (N), palladium (Pd) and cobalt (Co) in Pd3Co/NCNS. 
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Figure 6: SEM and TEM image (a, b) of NCNS and (c, d) of Pd3Co/NCNS. 

The chemical composition of the prepared electrocatalyst Pd3Co/NCNS was confirmed by 

carrying out the X-ray photoelectron spectroscopy (XPS). Figure 7a shows the high resolution 

XPS spectrum of C 1s orbital. A prominent peak centered at 284.09 eV in the deconvoluted 

spectrum of C 1s corresponds to sp2 C=C bonding. Whereas, the two peaks centered at 285.65 

eV and 288.09 eV corresponds to the sp2 C=N and sp3 C-N bonding, respectively [19]. The 

deconvoluted spectrum of N 1s shown in Figure 7b consists of three peaks centered at 398.78 

eV, 401.07 eV and 406.10 eV corresponds to the pyridinic N, quaternary N, and N-oxide 

respectively [20,21]. From XPS analysis, the amount of nitrogen atoms doped in the reduced 

graphene oxide structure was obtained as 4.57 atomic %. Figure 7c shows the deconvulted XPS 

spectrum of Pd 3d which consists of four peaks. Among four peaks, the peaks centered at 335.65 

eV and 341.42 eV correspond to the metallic Pd i.e. Pd0 3d5/2 and Pd0 3d3/2, respectively. 

Whereas, the other two peaks corresponding to +2 oxidation state of palladium is centered at 

337.75 eV (Pd+2 3d5/2) and at 343.58 eV (Pd+2 3d3/2) and it is formed due to the formation of Pd-
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O bond or Pd-N bond [22] spectrum of Co 2p orbital of Pd3Co/NCNS is shown in Figure 7d. The 

two peaks centered around 780.38 eV and 795.39 eV correspond to the Co 2p3/2 and Co 2p1/2 

respectively [23–25].  

 

Figure 7: XPS spectra of (a) C 1s, (b) N 1s, (c) Pd 3d and (d) Co 2p orbitals. 

The cyclic voltammogram of Pd3Co/NCNS (Figure 8a) was recorded at a scan rate of 50 mV s-1 

using saturated calomel electrode (SCE) as reference electrode. The peaks observed between -0.3 

V and 0 V corresponds to the hydrogen desorption/adsorption peak. The anodic peak observed 

above 0.5 V is due to the oxide formation on palladium surface, whereas the cathodic peak 

observed in the voltage range of 0.45 V to 0.1 V is due to the reduction of Pd oxide to form 
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elemental Pd. Since Pd is hydrogen storage material, the electrochemical surface area (ECSA) 

was calculated from the Pd-oxide reduction peak using the Equation (1).  

[ ]*

H

M

Q
ECSA

M Q
                                                                                                   (1)  

Where, QH is the coulombic charge exchanged during reduction of Pd oxide, QM   is the 

adsorption charge for atomically smooth surface area. For Pd, the value of QM 0.42 mC cm-2 and 

[M] is the electrocatalyst loading and ECSA is expressed in m2/g. The ECSA for Pd3Co/NCNS 

was obtained to be 82 m2 g-1. The stability of the electrocatalyst Pd3Co/NCNS was tested by 

taking CV measurements before and after 300 cycles (Figure 8b) and it was found that the 

electrocatalyst is stable without much reduction in current density. 

 

Figure 8: (a) Cyclic voltammogram of Pd3Co / NCNS and (b) Cyclic voltammogram of 

Pd3Co/NCNS before and after 300 cycles. 

The RDE measurements were carried out to probe the ORR performance of Pd3Co/NCNS. 

Figure 9a depicts the LSV curve of Pd3Co/NCNS recorded at a scan rate of 5 mV s-1 in oxygen 

saturated 0.5 M H2SO4 electrolyte solution at room temperature. To explore the kinetic 
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parameters, the electrode was allowed to rotate in different speeds. From LSV curves, it was 

observed that the diffusion-limiting current rises with increase in speed of electrode rotation. 

This can be due to more diffusion of oxygen towards the electrode with increase in rotation rate. 

From LSV curve, the kinetic parameters related to ORR performance can be found out using 

Koutecky-Levich (K-L) plot using K-L Equation (2).  

2

1/ 2

1 1 1 1 1

k d Oj j j nFkC B
                (2)  

where, 

2 2

2/3 1/60.2 O OB nFC D             (3) 

where j, jk and jd is the experimentally measured current density, kinetic current density and 

diffusion-limited current density, respectively. The electrode rotation speed (ω) is expressed in 

rpm, k is the rate constant, F is the Faraday constant (96486 C mol-1), n is the electron transfer 

number per  molecule of oxygen in ORR, 
2OD  is the oxygen diffusion coefficient in electrolyte 

(1.4×10-5 cm2 s-1), ʋ is the kinematic viscosity of the electrolyte (1×10-2 cm s-1) and 
2OC  is the 

concentration of oxygen in the electrolyte (1.1×10-6mol cm-3) in 0.5 M H2SO4 [26,27]. The 

constant B in Equation (3) can be obtained from K-L plots (j-1 vs ω-1/2), from which the electron 

transfer number (n) involved in ORR process can be calculated. Figure 9b shows the K-L lines of 

Pd3Co/NCNS at different potentials along with the theoretical line for two electron (n =2) and 

four electron (n = 4) process. It can be seen that the experimental K-L lines are almost parallel to 

each other as well as to the theoretical n = 4 K-L line. Further, the n value calculated from slope 

of the experimental K-L lines was found to be approximately 3.56. This suggests the ORR 
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catalyzed by Pd3Co/NCNS was via nearly four-electron transfer mechanism. The LSV curve of 

Pd3Co/NCNS at 1600 rpm electrode rotation speed was compared with that of Pd3Co decorated 

over another 1D carbon nanostructure, multiwalled carbon nanotubes (CNT) [18] and 

commercial Pt/C [28] (Figure S2). It was observed that the Pt/C shows better ORR activity than 

that of Pd-alloy based electrocatalysts. Whereas among Pd-based electrocatalysts, the onset 

potential of Pd3Co/NCNS was better compared to Pd3Co/CNT which is an indication of 

improved catalytic activity of Pd3Co/NCNS. 

 

Figure 9: (a) LSV curve of Pd3Co/NCNS at different electrode rotation speed and (b) Koutecky-

Levich plot of Pd3Co/NCNS. 

Further, for gathering more accurate information regarding the ORR reaction pathway, RRDE 

measurements were performed. Figure 10a shows the RRDE curve of Pd3Co/NCNS at 1600 rpm 

with 5 mV s-1 scan rate. The percentage amount of hydrogen peroxide (H2O2) produced and the 

electron transfer number (n) during the ORR mechanism was calculated using the Equation (4) 

and (5) [12].  
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where ir is the ring current, id is the disk current and N is the collection efficiency (0.37). 

 

Figure 10: (a) RRDE curves of Pd3Co/NCNS at 1600 rpm and (b) Percentage of hydrogen 

peroxide produced and electron transfer number during ORR of Pd3Co/NCNS. 

The amount of hydrogen peroxide produced and electron transfer number during ORR by the 

electrocatalyst Pd3Co/NCNS is shown in Figure 10b. The percentage of peroxide produced 

varies from 6 % to 10 % in the potential range 0 V to 0.6 V. The calculated number of electrons 

transferred during the ORR mechanism from RRDE was found to vary from 3.58 to 3.62 in the 

potential range 0 V to 0.6 V vs SCE. Thus, Pd3Co/NCNS is a promising electrocatalyst for ORR 

which follows nearly four electron pathway. 

The fuel cell performance studies were carried out by preparing MEA 1using Pd3Co/NCNS as 

anode electrocatalyst with commercial Pt/C as cathode and were labeled as MEA 1. Similarly, 
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MEA 2 was prepared by reversing anode and cathode. In addition to it, MEA 3 was prepared 

using Pd3Co/NCNS at both anode and cathode. The catalyst loading of Pd3Co/NCNS was 0.5 mg 

cm-2 and that of commercial Pt/C was 0.1 mg cm-2. Figure 11 (a-c) shows the polarization curves 

of MEA 1, MEA 2 and MEA 3 at three different temperatures 40 ºC, 50 ºC and 60 ºC, 

respectively. 

 Prior to the polarization studies, the electrodes were activated between open circuit potential and 

0.1 V. Using MEA 1, the maximum power density of 374 mW cm-2 was obtained at 60 ºC. 

Similarly, in case of MEA 2, the peak power density of 257 mW cm-2 was achieved. The 

maximum power density of Pd3Co/NCNS as cathode electrocatalysts at 60 ⁰ C without back 

pressure is higher than the performance of previously reported Pd based electrocatalysts [29–31]. 

The MEA 3 which is completely free from Pt showed maximum power density of 129 mW cm-2 

at 60 ⁰ C, which is a very good performance without Pt on either electrode.Pd3Co/NCNS showed 

enhanced performance compared to other similar reported work from our group, using same 

catalyst alloy nanoparticles over different catalyst support materials with same catalyst metal 

loading [18,28]. For comparison, another MEA was prepared and tested using Pd/NCNS as both 

anode and cathode electrocatalyst, and the maximum power density obtained at 60 ⁰ C was 102 

mW cm-2 (Figure S3). The fuel cell performance of Pd3Co/NCNS is further compared with the 

performance of commercial Pt/C and shown in Figure S4 [18].  The maximum power density 

value obtained using commercial Pt/C with 0.1 mg cm-2 catalyst loading on both sides was 515 

mW cm-2. The peak power density attained using Pd3Co/NCNS at anode, cathode and at both 

electrodes showed almost 73 %, 50 % and 25 % of maximum power density attained using 

commercial Pt/C on both sides, respectively. Thus, the achievement of almost 25 % of maximum 

power density of that of commercial Pt/C catalyst is the best value obtained so far using non-Pt 
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based electrocatalyst on both sides of a fuel cell. The maximum power density values obtained 

using different MEAs at 60 ⁰ C are given in Table 1. The enhanced performance of 

Pd3Co/NCNS can be attributed to the presence of more number of N-C moieties present in 

NCNS which acts as active catalyst sites and improved electrical conductivity due to the 

presence of nitrogen in addition to alloying effect. Moreover, nitrogen doping enhances the 

interaction between catalyst nanoparticle and support material. In addition, the high surface area 

with porous nature of NCNS helps in easy mass transfer thereby improving HOR and ORR.  

 

Figure 11: Polarization curves of (a) Pd3Co/NCNS as anode electrocatalyst, (b) Pd3Co/NCNS as 

cathode electrocatalyst and (c) Pd3Co/NCNS as both anode and cathode electrocatalyst at 40 ⁰ C, 

50 ⁰ C and 60 ⁰ C temperature. 
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Table 1. Maximum power density obtained for different MEA’s at 60 ⁰ C temperature with Pt/C 

loading of 0.1 mg cm-2 and Pd3Co/NCNS loading of 0.5 mg cm-2. 

Sl.No. Anode Cathode Maximum Power density 

at    60 ⁰ C (mW cm-2) 

1. 

2. 

3. 

4. 

5 

 

 

 

Pd3Co/NCNS 

Pt/C 

Pd3Co/NCNS 

Pd/NCNS 

Pt/C  

Pt/C 

Pd3Co/NCNS 

Pd3Co/NCNS 

Pd/NCNS      

Pt/C 

374 

257 

129 

102 

515 

 

 

Conclusion 

Nitrogen rich carbon nanostructure derived from conducting polymer was successfully 

synthesized and employed as an efficient catalyst support material in PEMFC due to its facile 

and cost effective production compared to commonly used carbon nanomaterials like graphene 

and carbon nanotubes. Palladium-cobalt alloy based nanocomposite was prepared using NCNS 

as catalyst support material. Both half-cell and single-cell measurements were carried using as-

synthesized nanocomposite. RDE and RRDE measurements showed that the ORR mechanism in 

Pd3Co/NCNS proceeds via nearly four electron pathway. The peak power density achieved using 

Pd3Co/NCNS at both anode and cathode simultaneously was almost 25 % of the maximum 

power density attained using commercial Pt/C on both sides. The superior performance of 

Pd3Co/NCNS is attributed to the presence of more number of N-C moieties in NCNS which acts 

as active catalyst sites and improved electrical conductivity due to the presence of nitrogen. In 

addition, high surface area of hollow porous structure helps in easy mass transfer thereby 
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improving HOR and ORR. Thus Pd3Co/NCNS has proved to be a promising cost-effective non-

Pt anode and cathode electrocatalyst in PEMFC with excellent catalytic performance.  
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