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1. Title of the project: Development of Hybrid Catalysts for Oxygen Reduction Reaction 

2. Principal Investigator(s) and Co-Investigator(s): 

Dr. Pankaj Bharali 

3. Implementing Institution(s) and other collaborating Institution(s): 

Department of Chemical Sciences, Tezpur University, 

Napaam, Assam, India 

4. Date of commencement:   30/07/2015 

5. Planned date of completion:  29/07/2018 

6. Actual date of completion:   31/07/2018 

7. Objectives as stated in the project proposal: 

The main objective of this project is to develop newer shape, size and composition 

controlled non-platinum based hybrid catalysts for oxygen reduction reaction (ORR).  Pd has 

been emerged as a good catalyst for the ORR and its abundance is at least fifty times more 

than that of Pt on earth. In this project, it is therefore aimed to tune the reactivity of Pd by 

modifying it with early transition metals, such as, Fe, Co, and Cu etc for ORR. To achieve 

this goal the following tasks will be undertaken: 

 

(i) To synthesize shape, size and composition controlled PdM (M = Fe, Co, and Cu) 

alloy nanostructures by modified surfactant assisted/surfactant-free hydrothermal 

and solvothermal techniques. 

(ii) To evaluate ORR activity of synthesized nanoalloys by voltammetry and other 

techniques.  

(iii) To investigate the impact of promoter, such as, nanostructured CeO2 to form 

hybrid catalysts with PdM for ORR.  

(iv) To characterize PdM nanoalloys, promoter oxide, and corresponding hybrid 

PdM/CeO2 nanocatalysts by various spectroscopic and microscopic techniques. 

(v) To investigate in depth quantitative evaluation of the electrocatalytic activities and 

kinetics of ORR with the help Rotating-disk electrode (RDE) measurements. 

(vi) To investigate the influence of carbon support on the performance of catalysts for 

ORR. 
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8. Deviation made from original objectives if any, while implementing the project and 

reasons thereof: 

The project objectives were slightly deviated because of unavailability/ delay in 

installation of electrochemical workstation. However, the materials synthesized have 

been employed for related catalytic applications. The actual works which were 

proposed have been communicated to journals and we are expecting the articles to be 

accepted soon.  

 

9. Experimental work giving full details of experimental set up, methods adopted, data 

collected supported by necessary table, charts, diagrams & photographs: 

Methodology 

Synthesis of novel catalysts  

       Different shape, size and composition controlled PdM/C (M = Fe, Co and Cu) alloy 

nanostructures and promoter oxide, CeO2 as well as hybrid PdM/CeO2 have been synthesized 

by modified solvothermal method. Effect of various solvent, metal precursor-base ratio, 

treatment temperatures, aging time, etc. are also investigated to design the metal/metal oxide 

nanostructures. 

Characterization of the catalysts 

   A wide range of spectroscopic (FTIR, EPR, XPS/AES, ISS, CV and Raman), structural 

(XRD, SEM-EDX, TEM, TPR/TPO/TPD) methods are extensively utilized to characterize 

the synthesized catalysts systems for the study of active centres and intermediate species in 

the above referred catalytic reaction. 

Evaluation of catalytic activity 

           Evaluation of various synthesized PdM alloy nanocatalysts for ORR is carried out with 

the help of cyclic voltammetry and other techniques. The working electrodes were fabricated 

by using the ink prepared by ultrasonically dispersing the catalyst powders in distilled 

water/Nafion solution. A known volume of the composite ink was then spread onto a mirror 

finished glassy carbon electrode using a micropipette tip. The solvent of the ink was 

evaporated at 40-50 °C, under vacuum, to obtain a well-dispersed catalyst layer on the glassy 

carbon electrode. For in depth quantitative evaluation of the electrocatalytic activities and 

kinetics w.r.t. ORR, rotation-rate dependent Rotating-disk electrode (RDE) experiments were 

carried out. The kinetic current density (jk) can be calculated using the Koutecky-Levich 

equation. 
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Experimental Section 

Hydrothermal synthesis of PdM (M = Co, Cu) nanoparticles: 

 PdM (M = Co, Cu) bimetallic nanoparticles having different composition such as 

Pd:M= 1:9, 2:8 and 3:7 were synthesized by modified hydrothermal method. In a typical 

procedure, to prepare PdCu with 1:9 ratio, 50 ml aqueous solution of 0.3834 g (100 mM) 

CuCl22H2O and 0.04433g (100 mM) PdCl2 was added to 50 ml NaOH solution (0.8 gm, 0.4 

M) at room temperature under constant stirring. After stirring about 15 min, 3.5 ml of 85 % 

hydrazine hydrate was added drop wise to the mixture and stirred vigorously. After about 20 

min the solution was transferred into a teflon cup (250 ml capacity) in a stainless steel 

autoclave. The autoclave was sealed and kept in an oven and maintained at 120 C for 6 h. 

The autoclave was allowed to cool naturally (2.5 h); a black fluffy solid product was 

deposited on the bottom of the teflon cup which indicates the formation of PdCu bimetallic 

nanoparticles. The final product was washed several times with distilled water and then 50% 

C2H5OH solution to remove the un-reacted NaOH and Cl

, and finally collected by 

centrifugation. The product was dried in a vacuum oven. The same procedure was employed 

to prepare PdCo bimetallic nanoparticles. 

Synthesis of CeO2 support: 

An oxalate route was employed for the synthesis of CeO2 nanostructure. Typically, 0.48 M 

(NH4)2C2O4 was dissolved in 50 mL water to form a clear solution which was quickly added 

to the 50 mL cerium salt solution with a concentration of 0.2 M under strong stirring at room 

temperature (about 25 C). The precipitation occurred in several seconds. After stirring for 40 

min, the precipitate obtained was aged for 24 h under static condition. The precipitate was 

filtered, washed with deionized water and absolute ethanol and dried at 80 C. The samples 

were obtained by sintering the precursor in a muffle furnace at 450 C for 5 h. 

Synthesis of CeO2 supported PdM (M = Co, Cu) catalyst: 

CeO2 supported PdM (M = Co, Cu) nanoparticles were also synthesized by modified 

hydrothermal method. In a typical procedure, to synthesize Pd1Cu9/CeO2 ; 25 mL 0.01 M 

PdCl2 with 0.09 M CuCl2 were added to previously dispersed CeO2 (0.33 g) in distilled water. 

The metal loading was kept as 3 wt%. 50 mL 0.8 M solution of NaOH was then added slowly 

with vigorous stirring at room temperature and pressure. After that 5 mL of NH2NH2.H2O 

solution was added dropwise and the whole solution was transferred to the autoclave and put 

in oven at 120 
0
C for 6 h. Then the precipitate was filtered, washed with distilled water and 

absolute ethanol several times to remove the unreacted NaOH and Cl

 and finally dried in a 
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vacuum oven.         

Preparation of Carbon-supported Pd4xCux Nanoparticles (Pd4xCux /C NPs) 

The Pd4xCux/C NPs (x = 13) were prepared by the solvothermal method. In a typical 

procedure to prepare Pd3Cu/C, CuCl22H2O (0.01113 g) and PdCl2 (0.0347 g), which were 

used as the Cu and Pd precursor respectively, was dispersed in 50 mL of solution containing 

equal proportion of absolute grade ethanol and distilled water along with 0.1 g of carbon 

black (Vulcan XC-72R). The mixture was stirred for about 15 min followed by 5 min 

sonication. After sonication, 30 mL NaOH solution (0.24 g, 0.2 M) was added drop wise to 

the mixture followed by vigorous stirring. After 30 min, 2 mL 85% hydrazine hydrate was 

added dropwise to the mixture and stirred vigorously for another 25 min. After that, the 

solution was transferred into a teflon-lined stainless steel autoclave of 250 mL capacity. The 

autoclave was sealed and kept in an oven maintaining a temperature of 130 C for 6 h. The 

autoclave was allowed to get cooled to room temperature. The final product obtained was 

washed several times with distilled water and then with 50% EtOH to remove the unreacted 

NaOH and Cl

 and finally collected by centrifugation and dried in a vacuum oven. The 

identical procedure was employed for the synthesis of various compositions of PdCu/C and 

Pd3M/C NPs (M = Ni and Co) keeping other conditions unaltered and only varying the initial 

mole ratio of Pd and Cu/Ni/Co salt precursors to required compositions to achieve the final 

NPs. 

Synthesis of Pd3Fe0.5Cu0.5/C NCs 

The 20wt% of Pd3Fe0.5Cu0.5/C NCs was synthesized by the typical solvothermal method. 

To prepare the NCs, to a mixture solutions of 25 mL distilled water and 25 mL C2H5OH was 

mix, 0.197 mmol PdCl2 (0.0350 g), 0.065 mmol FeCl24H2O (0.0132 g), 0.065 mmol 

CuCl22H2O (0.0112 g), and 0.1 g Vulcan XC-72 R were added sequentially at room 

temperature with constant stirring. The mixture solution was ultra-sonicated for 5 min and 30 

mL 0.05 M (0.2 g) NaOH solution was added dropwise at room temperature under constant 

stirring. After ca. 20 min, 2 mL 85% hydrazine hydrate was added dropwise to the mixture 

and stirred vigorously for another 25 min. The solution was then transferred into a Teflon cup 

(250 mL capacity) in a stainless steel autoclave. The autoclave was sealed and kept in an 

oven at 120 C for 6 h and allowed to cool naturally (~2.5 h); the final product was washed 

several times with distilled water and then 50% C2H5OH to remove the unreacted NaOH and 

Cl

, and finally collected by centrifugation. The product was dried in a vacuum oven at 55 

C.  
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Synthesis of Pd4xFex/C NCs 

The synthesis procedures for Pd4xFex/C NCs (x = 1, 2 and 3) were similar to that of 

Pd3Fe0.5Cu0.5/C NCs keeping other conditions unaltered and only varying the initial mole 

ratio of Pd and Fe salt precursors to 1:3, 1:1 and 3:1. 

Synthesis of Pd/C NCs 

The Pd/C NCs were also synthesized using the method similar to that for 

Pd3Fe0.5Cu0.5/C. In this case, only PdCl2 was employed as the metal precursors. 

Physical Characterizations  

The electrocatalysts were characterized by powder X-ray diffraction (pXRD) on a 

BRUKER AXS instrument using nickel-filtered CuKα (λ = 0.15418 nm) radiation source and 

a scintillation counter detector. The intensity data were collected over a 2θ range of 10-80 at 

a scan rate of 0.05° s
1

. The shape, size and distribution of the metal particles over the carbon 

support were obtained through transmission electron microscopy (TEM), using a Technai G
2
 

instrument equipped with a slow-scan CCD camera and at an accelerating voltage of 200 kV. 

The TEM forms an image by accelerating a beam of electrons that pass through the specimen. 

To identify the bulk composition and the relative concentrations Pd and M (M = Cu, Ni and 

Co) in the synthesized samples, ICP-OES measurements were performed in PerkinElmer, 

USA instrument (Model: Optima 2100 DV) with the software Winlab-32. Energy-dispersive 

X-ray spectroscopy (EDS) elemental mapping were performed on an Oxford instrument 

attached to the “JEOL, JSM Model 6390 LV” scanning electron microscope operated at 15 

kV. In addition, we have also employed the XPS studies were performed using a Thermo K-

Alpha XPS equipped with an Al Kα radiation (1486.6 eV) X-ray source at a pressure < 10
–7

 

Torr and an electron take-off angle (angle between electron emission direction and surface 

plane) of 90°. A survey scan was performed using pass energy of 200 eV to determine 

possible contaminants. The binding energies of the samples were charge-corrected with 

respect to the adventitious carbon (C 1s) peak at 284.6 eV. 

 

Electrocatalytic measurements 

The catalytic activities of the freshly prepared catalysts for the electrocatalytic oxygen 

reduction were measured following a typical procedure. In brief, glassy carbon (GC) 

electrode (3 mm diameter, Rotating disk electrode, RDE) was polished with 0.005-μm Al2O3 

powder. A typical suspension of the carbon-supported catalysts was prepared by adding 5 mg 

of fresh catalyst to 0.5 mL 2-propanol, deionized water and 0.5% Nafion solution, 
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respectively. The resultant mixture was sonicated for 30 min until it became a uniform dark 

ink. Then, 3 μL of the suspension was quantitatively deposited onto the surface of the 

polished GC electrode. The electrode coated with a thin film of the ink was dried at 35°C 

under N2 atmosphere for 6 h under vacuum. The modified GC electrode was inserted into an 

electrochemical cell and used as the working electrode. The cell includes two additional 

electrodes: a KCl saturated Ag/AgCl (Metrohm) as the reference electrode and a platinum 

wire (Metrohm) as the counter electrode. Cyclic voltammetry (CV) was performed using a 

computer-controlled electrochemical analyzer (Metrohm Autolab PGSTAT204 workstation, 

The Netherlands) at room temperature. The CV was measured in high purity N2 and O2 

saturated (0.1 M KOH and 0.5 M H2SO4) solution with scan rate 50 mV s
-1

. RDE 

measurements were performed in O2-saturated 0.1 M KOH. Oxygen was purged for at least 

30 min before measurement and continuously bubbled through the electrolyte, in order to 

ensure the saturation of the electrolyte with O2 and then blanketing the solution with an O2 

atmosphere during the entire experiment and all experiments were performed at room 

temperature. The electrochemical active surface area (ECSA) of the catalysts was evaluated 

by CVs in a nitrogen-saturated 0.1 M KOH solution. For Pd-based catalysts, to evaluate the 

ECSA of the samples the columbic charge for the reduction of Pd−O monolayer, formed on 

Pd catalysts at the forward scan, was applied. The ECSA were calculated using the following 

equation: ECSA = Q/SL, where L is the Pd loading, Q is the collected charge that calculated 

from the Pd−O stripping, and S is a constant of 210 μC cm
−2

 that assumes a monolayer of 

Pd−O on the surface. The stability of the ORR electrode was tested using 

chronoamperometry. The chronoamperometric response for the ORR was obtained at −0.3 V 

(vs. Ag/AgCl) of in O2-saturated 0.1 M KOH solution at 1600 rpm. For comparison, a 

commercial 20 wt % Pd/C and Pt/C (Alfa Aesar) were measured under the identical 

experimental conditions. 

 

Results and discussion 

Characterization related to unsupported and CeO2 supported PdM (M = Co, Cu) catalyst 

XRD analysis: XRD profile of as-synthesized unsupported and CeO2 supported nanoparticles 

are shown in Fig 1 A and B, respectively. Diffraction peak at angle of 40.1 and 43.2 

corresponds to the Pd (111) (JCPDS 05-0681) and Cu (111) (JCPDS 04-0836), respectively. 

The diffraction peak of bimetallic CuPd nanoparticle is positioned between those of 

monometallic Pd and Cu nanoparticles. This confirms the formation of CuPd alloy structure 
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(Fig 1A). The peaks observed at diffraction angle 2θ = 28.518, 38.37, 47.59, and 56.20 (Fig 

1B) assigned to (111), (200), (220) and (311) reflection, respectively for fcc-CeO2, (JCPDS 

43-1002). In case of bimetallic Pd1Cu9/CeO2 and Pd2Co8/CeO2 where metal loading is ~3 

wt% the XRD patterns predominantly shows the peaks of CeO2 (i.e. the support) only. The 

intensity of the metals present is quite low or sometimes it is negligible due to their minute 

composition.     

 

Fig 1: XRD profile of (A) unsupported Pd, Pd1Cu9, Cu nanoparticles and (B) CeO2, 

Pd1Cu9/CeO2, Pd2Co8/CeO2 nanoparticles. 

 

Raman, UV-DRS and TEM analysis of CeO2: The Raman spectra for CeO2 samples were 

obtained using Ar
+
 ion laser with a wavelength of 514 nm. The peak at 462 cm

1
 typically 

assigned to the F2g symmetrical stretching mode of Ce-O bond in the fluorite type lattice. 

Complementary two more weak bands at 591 and 266 cm
1

 due to the second order 

transverse acoustic (2TA) mode and defect-induced (D) mode (Fig 2A). From the UV-Vis 

DRS analysis it is observed that  CeO2 exhibits two adsorption maxima at ~340 and 255 nm 

(Fig 2B) which are due to Ce
3+
←O

2-
 charge transfer (255 nm) and inter band transitions (340 

nm). Representative TEM images for CeO2 samples are shown in Fig 2C. The honeycomb 

like structures describes the existence of spherical aggregates of cerium oxide nanoparticles 

in the synthesized material. 

 

TEM analysis of unsupported and CeO2 supported PdCo nanoparticle: 

TEM images of unsupported PdCo nanoparticles are shown in Fig 3 A. The shapes of the 

particles drop nearly in spherical nature and scattered in a homogenous manner. Moreover, 

TEM analysis of CeO2 supported Pd1Co9 clearly shows the formation of PdCo bimetallic 

nanoparticles on the surface of face centered cubic lattice of CeO2 (Fig 3B). The metal 

nanoparticles are distributed homogeneously over the surface of CeO2 particles. 
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Fig 2: (A) Raman spectra, (B) UV-DRS analysis and (C) TEM images of CeO2. 

 

                                          

 

Fig 3: TEM analysis of  (A) unsupported PdCo metal nanoparticles and (B) CeO2 supported 

PdCo metal nanoparticles. 

 

XPS analysis:  

The catalyst surface composition of unsupported PdCu and PdCo bimetallic nanoparticles 

were studied by XPS. The XPS survey spectrum clearly shows appearance of peaks for C 1s, 

Pd 3d and Cu 2p of PdCu and C 1s, Pd 3d and Co 2p of PdCo nanoparticles as shown in 

Figure 4 (A) and (B), respectively. In case of Pd 3d, two major peaks formed at binding 

energy 335.2 and 340.3 eV are corresponding to Pd 3d5/2 and Pd 3d3/2, respectively. Two 

major peaks located at the binding energy of 932.3 and 952.1 eV which are corresponding to 

Cu 2p3/2 and Cu 2p1/2, respectively typically due to the zero-valent Cu (Fig 4A (c)). The 

representative XPS spectrum of Co 2p shows a peak with a binding energy of 780.2 eV 

which is corresponds to Co 2p3/2 as shown in Fig 4 B (c). Additionally one more peak at the 

binding energy of 798.2 eV is corresponds to Co 2p1/2 state. 

A B 
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Fig 4: XPS analysis of (A) PdCu and (B) PdCo bimetallic nanoparticles. 

 

Characterization related to Carbon-supported Pd4xCux Nanoparticles (Pd4xCux /C NPs) 

XRD and BET surface area analysis: Figure 5(a) shows the powder XRD patterns of the as-

synthesized PdCu/C NPs. The first broad characteristic diffraction peaks located at 2θ = 24.8 

° is corresponds to (002) crystalline plane of carbon according to the JCPDS PDF 75-

1621.The other three diffraction peaks at 2θ = 40.2, 46.7, and 68.2  could be indexed to the 

(111), (200) and (220) crystal planes of fcc type of Pd nanoparticles (JCPDS PDF 88-

2335).The diffraction peak at 2θ = 40.1° is slightly shifted to the right in case of Pd1Cu3/C i.e. 

with increasing the Cu content. Additionally, it is noted that the relative intensity of the peak 

at 40.2° is gradually increases. No other additional peaks were detected signifying the high 

purity and good crystallinity of the sample. Figure 5(b) represents the N2 

adsorption/desorption isotherms and BJH measurements (inset) for Pd3Cu1/C NPs. The 

isotherms represents type IV hysteresis loop of H1 type which signifies the mesoporous 

material. The BET surface area and the pore diameter are found to 30.1 m
2
g

-1
 and 3.22 nm 

respectively.  

 

Fig 5: (a) Powder XRD pattern of as synthesized Pd1Cu3/C, PdCu/C and Pd3Cu1/C, 

respectively and (b) N2 adsorption/desorption isotherms and pore size (inset) for Pd3Cu1/C 

NPs. 

 

A B 
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TEM analysis: Figure 6 (a)-(c) shows the TEM images of Pd3Cu1/C at different resolutions. 

Homogeneous dispersion of the particles on the carbon support can be demonstrated from the 

TEM images. The stability of the synthesized NPs is significant as they are quite uniformly 

distributed on the support evidenced from the respective TEM images. The size and the 

distribution of the particles most of the particles fall in the range of 3-5 nm (inset Fig 6a) with 

spherical morphology. Moreover the selected area diffraction pattern (inset Fig 6 b) 

represents well defined concentric rings which signify the polycrystallinity of the sample. 

 

Fig 6: (a) -(c) TEM images of Pd3Cu1/C at different resolutions. 

 

XPS analysis: 

Figure 7 (a)-(d) represents survey spectrum, high resolution C1s, Pd 3d and Cu 2p XP 

spectrum respectively for Pd3Cu1/C.  The four different components of C1s at the binding 

energies of  284.4, 285.4, 286.6 and 289.3 eV corresponds to CC (sp
3
), C=C (sp

2
), CO and 

O=CH species respectively. The Pd 3d region shows predominantly two major peaks at the 

binding energy of 335.2 and 340.9 eV (Figure 7c) which corresponds to Pd 3d5/2 and Pd 3d3/2 

species respectively. Figure 7d displays the high resolution Cu2p core-level XP spectrum. 

Two major peaks located at the binding energy of 932.3 and 952.1 eV correspond to Cu 2p3/2 

and Cu 2p1/2, respectively. These two peaks are typically due to the zero-valent Cu.  

                                     

Fig 7: XPS analysis for Pd3Cu1/C NPs (a) the survey spectrum; and the high resolution core-

level XP-spectrum of (b) C1s; (c) Pd 3d and (d) Cu 2p region, respectively. 
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Characterization related to Carbon-supported Pd3Fe0.5Cu0.5 and  Pd4xFex Nanoparticles 

XRD and BET surface area analysis: Figure 8 (A) shows the XRD patterns of 

Pd3Fe0.5Cu0.5/C, Pd3Fe/C, PdFe/C, and PdFe3/C. The diffraction peaks centred at ~40
o
, ~47

o
, 

and ~68
o
 correspond to the (111), (200), and (220) reflections, respectively relative to the 

pure Pd (JCPDS no. 87-0641) and a broad peak centred at ∼25
o
 corresponds to the (002) 

reflection of a hexagonal structure in Vulcan XC-72R carbon. In the case of PdFe/C and  

PdFe3/C with the increase of Fe content, minor peaks are observed in the XRD patterns at 

30.1, 35.5, 57.2, and 62.8 which can be assigned to Fe3O4 phases (JCPDS no. 19-0629). 

Figure 8(B) shows the N2 adsorption-desorption isotherm of Pd3Fe0.5Cu0.5/C, these carbon 

supported nanoalloy exhibits a high BET specific surface area of 69.8 m
2
/g and a large pore 

volume of 0.104 cc/g. 

 

Fig 8: (A) XRD patterns of the Pd3Fe0.5Cu0.5/C, Pd3Fe/C, PdFe/C, and PdFe3/C 

electrocatalysts; (B) N2 adsorption-desorption isotherm of Pd3Fe0.5Cu0.5/C. Inset the 

corresponding pore size distribution. 

 

TEM analysis: From the TEM images (Figure 9A-C) it could be observed that many nearly-

spherical Pd3CuFe NPs of dark contrast are highly dispersed on the larger particles of Vulcan 

XC72R carbon of lighter contrast. The average particle-size of Pd3Fe0.5Cu0.5 NPs was 

estimated to be about ~ 6-7 nm (inset in Fig. 9A). The NPs exhibit various crystal defects on 

their surfaces, as manifested in HRTEM images (Figure 9 D,E). As shown in figure 9F, 

Pd3CuFe NPs are half embedded in the carbon matrix. The concentric circles with well-

defined crystalline facets in the SAED pattern (Figure 9G) infer high crystallinity of 

Pd3CuFe/C NPs. The comprehensible d-spacings ∼0.22 nm (Figure 9H) can be observed in 

the lattice fringes of a Pd3CuFe/C NPs. 
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Fig 9: Typical (A) low, (B,C) medium and (D,E,F,H) high-resolution TEM images of 

Pd3Fe0.5Cu0.5/C; (G) corresponding SAED pattern; (E) is magnified HRTEM image taken 

from (D), marked by the rectangle. 

 

XPS analysis: Figure 10 (A-D) illustrates the XPS spectra of C 1s, Pd 3d, Fe 2p and Cu 2p 

regions. The C 1s core-level XPS spectrum (Fig. 10A) of Pd3Fe0.5Cu0.5/C is slightly 

asymmetric and can be deconvoluted into three different peaks viz one strong peak at 284.6 

eV along with two small peaks at 285.94 and 289.82 eV, consistent to form –C=C−, −C−O−, 

and O=C−O− bonds, respectively. The core-level Pd 3d spectra display a doublet signal with 

binding energies of 335.72 and 341.06 eV for Pd 3d5/2 and Pd 3d3/2, respectively. The 

additional small doublets around 336.89 and 342.51 eV can be assigned to the Pd 3d5/2 and 

Pd 3d3/2 peaks of PdO (Fig. 10B). Fig. 10C displays display the Fe core-level spectrum for 

the nanocatalyst. Two peaks at 711.13 and 724.96 eV are clearly visible which correspond to 

the Fe (2p3/2) and Fe (2p1/2) core-level energies for iron oxide. 
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Fig 10: (A) C 1s, (B) Pd 3d, (C) Fe 2p, and (D) Cu 2p XPS spectra of Pd3Fe0.5Cu0.5/C.  

 

Electrocatalytic oxygen reduction activity related to Carbon-supported Pd4xCux 

Nanoparticles (Pd4xCux /C NPs) 

 The electrocatalytic activities of the as-prepared Pd4xCux /C towards ORR were 

examined using cyclic voltammetry (CV) and rotating disc electrode (RDE) measurements. 

Figure 11a shows the CV plots of Pd3Cu/C in 0.1 M KOH solution for both N2 and O2-

saturated environment. An obvious and well-defined cathodic peak is observed in O2 

saturated KOH solution compared to that of N2 which indicates good electrocatalytic activity 

of the catalyst towards ORR.
 
As seen from the figure, Pd3Cu/C shows ORR onset potential of 

~ 0.37 V (vs. Ag/AgCl) in N2saturated solution which is much more positively shifted, i.e., 

~ 0.26 V (vs. Ag/AgCl) in O2saturated 0.1 M KOH solution. The CV plots of PdCu/C and 

PdCu3/C in 0.1 M KOH solution for both N2 and O2-saturated environment are presented in 

Figure 12. To get more insight on the catalytic activity for ORR, RDE measurements were 

performed at different rpm. Figure 11b,d,f shows representative linear sweep voltammograms 

(LSVs) at the rotating rate of 400, 900, 1600, 2500 and 3600 rpm for Pd3Cu/C, PdCu/C and 

PdCu3/C, respectively.  
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Fig 11: (a) Cyclic voltammetry plots of Pd3Cu/C NPs in both N2 and O2-saturated 0.1 M 

KOH solution, rotating rate dependent linear sweep voltammogram (LSVs) at the scan rate of 

10 mVs
-1 

in O2-saturated 0.1 M KOH and the Koutecky-Levich plots of j
-1

 vs. 
-1/2

 at 

different potentials (b, c) for Pd3Cu/C, (d, e) for PdCu/C and (f, g) for PdCu3/C NPs.  
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  On the basis of these ORR polarization curves, the number of electron transferred (n) 

in ORR is calculated according to Koutecky-Levich (K-L) equation.   

1/j=1/jk+ 1/B ω
0.5

 

B= 0.62 nF(Do2)
2/3

v
1/6

 Co2 

 Where j is the current density, jk is the kinetic current density,   is the rotating rate of the 

electrode and B is the slope which could be obtained from the Koutecky-Levich plots. F is 

the Faraday constant (96500 C mol
-1

), Do2 is the diffusion co-efficient of O2 in 0.1 M KOH 

(2.0 ×10
-5

 cm
2
 s

-1
),  is the kinetic viscosity (0.01 cm

2
 s

-1
), Co2 is the bulk concentration of 

O2 (1.2 × 10
-6

 mol cm
-3
) and the value of „n‟ represents the number of transferred electron in 

the ORR process. The K-L plots of j
-1

 vs. 
-1/2

 at a potential of 0.35 V, 0.40 V, 0.45 V 

and 0.50 V displays good linearity (Figure 11c,e,g) which also indicates the first order 

kinetics of ORR. From the slope values the „n‟ value was calculated. At 0.40 V, „n‟ is found 

to be 3.9 for Pd3Cu/C, 3.84 for PdCu/C, and 3.6 for PdCu3/C which are very close to 4.0.  

This implies that the ORR mechanism proceeds by “4e

” pathway (O2 + 2H2O + 4e

 
= 

4OH

).  Meanwhile the mass specific activities (jm) are calculated at various potentials in the 

range of 0.35 V and 0.50 V for all the catalysts including the commercial Pd/C.  Figure 

13a shows the plot of mass specific activities of those NPs at different potentials.  

 

  

Fig 12: Cyclic voltammetry (CV) plots in both N2 and O2-saturated 0.1 M KOH solution for 

(a) PdCu/C and (b) PdCu3/C NPs, respectively. 

(a) (b) 
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Fig 13: (a) Mass specific activities of Pd4xCux /C NPs at different potentials, (b) LSV curves 

at the rotating rate of 1600 rpm in O2-saturated 0.1 M KOH, (c) LSV curve after 1000 cycles 

to check the stability of Pd3Cu/C NPs and (d) LSVs and the tafel plots (inset) of OER 

measurements. 

 

  Based upon the calculated value they follow the order Pd3Cu/C > PdCu/C > PdCu3/C. 

It should be mentioned that Pd3Cu/C possess almost two fold enhanced mass activity 

compared to that of commercial Pd/C. Moreover, the LSV plots for both Pd3Cu/C and 

commercial Pd/C at 1600 rpm is compared in the Figure 13b from which it can be noticed 

that the synthesized catalyst exhibits lower ORR onset potential compared to that of the Pd/C. 

Pd3Cu/C shows ORR onset potential of 0.07 V which is much lower than that of Pd/C 

(0.12 V). The above results revealed that Pd3Cu/C NPs exhibited much higher 

electrocatalytic activity toward ORR. This finding may be attributed to the structural 

behavior of that particular composition which enhances the electrocatalytic performance 

toward ORR. It follows an associative pathway/mechanism with the formation of *OOH 

intermediate which further dissociates to form O and OH. It can be believed that for Pd3Cu/C 

NPs the dissociation of *OOH, i.e., OO bond dissociation is more favorable which 

efficiently raise the d-band center and hence enhance the electrocatalytic performance. It is 

predicted that ORR would be enhanced by coupling Cu, with low occupancy of d-orbitals 
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with Pd possessing fully occupied d-orbitals. Catalyst stability and durability is one of the 

major challenges for practical application. To study the stability of the Pd3Cu/C catalyst we 

have performed LSV at 1600 rpm after 1000 reaction cycles. As shown in the Figure 13c, the 

Pd3Cu/C shows very high catalytic stability as the difference of ΔE1/2 (20 mV) with the initial 

is quite low. This indicates that the synthesized catalyst has good recycling stability for ORR. 

Considering the excellent electrocatalytic activity towards ORR, we also investigated activity 

of Pd3Cu/C towards oxygen evolution reaction (OER) in 0.1 M KOH solution. Substantial 

efforts have been made to develop efficient electrocatalyst for OER in the last few years as it 

plays a vital role in several energy conversion and fuel cell applications. Figure 13d displays 

the LSVs for OER in the potential window of 0.2 V to 0.8 V vs. Ag/AgCl. Compared to the 

commercial Pd/C, Pd3Cu/C exhibited high current nearly two fold greater and earliest onset 

potential which signifies the high electrocatalytic activity towards OER. The OER activity of 

the catalysts were further examined by the corresponding Tafel plots provided in the inset of 

Figure 13d. The calculated Tafel slope for Pd3Cu/C NPs is 44 mV dec
-1

 which is much lower 

than the commercially available one (64 mV dec
-1

). As it is well known that smaller the Tafel 

slope and low onset potential indicates high electrocatalytic activity towards OER.  

 

Electrocatalytic oxygen reduction activity related to Carbon-supported Pd3Fe0.5Cu0.5 and  

Pd4xFex Nanoparticles 

The electrocatalytic behavior of the binary PdFe3/C, PdFe/C, and Pd3Fe/C, and 

ternary Pd3Fe0.5Cu0.5/C modified glassy carbon electrode (GCE) are measured in N2 and O2 

saturated 0.1 M KOH, as shown in Fig. 14-17. Fig. 14A shows the CV plots of 

Pd3Fe0.5Cu0.5/C NC in N2 - and O2-saturated 0.1 M KOH solution. A strong and well-defined 

reduction peak is observed in O2-saturated 0.1 M KOH solution whereas no such 

characteristic reduction peak is observed in N2-saturated electrolyte, signifying that the 

synthesized Pd3Fe0.5Cu0.5/C NC has a good electrocatalytic activity towards ORR. Moreover, 

to determine the kinetics of ORR for Pd3Fe0.5Cu0.5/C NC, rotating disk electrode (RDE) 

measurement is performed in O2 saturated 0.1 M KOH solution at a rotating rate of 400, 900, 

1600, 2500 and 3600 rpm as shown in Fig. 14B. Based on the ORR polarization curves (or 

linear sweep voltammograms), the number of electrons (n) transferred during ORR can be 

evaluated using the following Koutecky−Levich (K−L) equation. 
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Fig. 14 (A) CV plots of Pd3Fe0.5Cu0.5/C, N2- and O2-saturated 0.1 M KOH solution with a 

scan rate of 50 mV s
−1

, (B) Rotating rate-dependent ORR polarization curves for respective 

NC with the scan rate of 10 mV s
−1

, (C) K-L plots of j
−1

 vs. ω
−1/2 

for Pd3Fe0.5Cu0.5/C NCs at 

different potential obtained from (B), and (D) The plot of the number of transferred electrons 

vs. potential for Pd3Fe0.5Cu0.5/C NCs. 

 

Fig. 15 Electrochemical data for ORR over Pd3Fe/C nanocatalyst. (A) CV plots in the N2 and 

O2 saturated 0.1 M KOH solution with a scan rate of 50 mV s
−1

, (B)  Rotating rate-dependent 

ORR polarization curves with the scan rate of 10 mV s
−1

, (C) K-L plots of j
−1

 vs. ω
−1/2

 at 

different potential obtained from ORR results, and (D) The plot of the number of transferred 

electrons vs. potential. 
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Fig. 16  Electrochemical data for ORR over PdFe/C nanocatalyst. (A) CV plots in the N2 and 

O2 saturated 0.1 M KOH solution with a scan rate of 50 mV s
−1

, (B)  Rotating rate-dependent 

ORR polarization curves with the scan rate of 10 mV s
−1

, (C) K-L plots of j
−1

 vs. ω
−1/2

 at 

different potential obtained from ORR results, and (D) The plot of the number of transferred 

electrons vs. potential. 

 

Fig. 17 Electrochemical data for ORR over PdFe3/C nanocatalyst. (A) CV plots in the N2 and 

O2 saturated 0.1 M KOH solution with a scan rate of 50 mV s
−1

, (B)  Rotating rate-dependent 

ORR polarization curves with the scan rate of 10 mV s
−1

, (C) K-L plots of j
−1

 vs. ω
−1/2

 at 

different potential obtained from ORR results, and (D) The plot of the number of transferred 

electrons vs. potential. 
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The K−L (j
−1

 vs. ω
−1/2

) plots obtained on the basis of the corresponding ORR 

polarization curves for Pd3Fe0.5Cu0.5/C NC at a potential of −0.40, −0.50, −0.60, and −0.70 V 

show good linearity (Fig. 14C) thereby implying a first-order kinetics for ORR. From the 

slope (1/B) of K−L plots, the n values for Pd3Fe0.5Cu0.5/C NC at −0.40, −0.50, −0.60, and 

−0.70 V can be calculated. Fig. 14D gives the corresponding plot of „n‟ vs. potential (V). It 

can be seen that the „n‟ values from −0.40 to −0.70 V are ~4.0, suggesting that the ORR 

mechanism on Pd3Fe0.5Cu0.5/C NC follows the direct “4e
−
” pathway (O2 + 2H2O + 4e

−
 → 

4OH
−
). The electrocatalytic ORR mechanism of binary PdFe/C NCs also follow the direct 

“4e
−
” pathway in the case of Pd3Fe/C and PdFe/C NCs whereas “2e

−
” pathway possibly in 

the case of PdFe3/C NC (See Fig. 15-17).  

To elucidate the electrocatalytic behavior of the NCs, the electrochemically active 

surface area (ECSA) are calculated for all the NCs using cyclic voltammetry (CV) curves in 

N2 saturated 0.1 M KOH electrolyte at a scan rate 50 mV s
-1
 (Fig. 18A). The peaks in the 

potential range -0.5   0 V originate from the palladium oxide reduction. The ECSA of ternary 

Pd3Fe0.5Cu0.5/C (63.22 m
2
g
1

) is found to be higher than binary Pd3Fe/C (32.99 m
2
g
1

), 

PdFe/C (17.87 m
2
g
1

), PdFe3/C (8.3 m
2
g
1

), standard Pt/C (8.7 m
2
g
1

), and standard Pd/C 

(1.42 m
2
g
1

). This improved electrocatalytic ORR activity can be co-related to the higher 

ECSA values. The higher ECSA values of the binary and ternary NCs can be attributed to the 

synergistic effect between the elements. To understand the superiority of the electrocatalytic 

performance, the ORR polarization curves for the standard Pd/C, standard Pt/C, binary 

PdFe3/C, PdFe/C, Pd3Fe/C and ternary Pd3Fe0.5Cu0.5/C NCs are studied in O2-saturated 0.1 M 

KOH electrolyte at a rotation of 1600 rpm and a scan rate of 10 mVs
1

 (Fig. 18B). The onset 

potential (Eonset = 0.044 V) and half-wave potential (E1/2 = 0.145 V) of Pd3Fe0.5Cu0.5/C NC 

are found to be more positive than those of standard Pd/C (Eonset = 0.103 V, E1/2 = 0.212 

V), Pt/C (Eonset = 0.069 V, E1/2 = 0.154 V), binary PdFe3/C (Eonset = 0.047 V, E1/2 = 

0.168 V), PdFe/C (Eonset = 0.036 V, E1/2 = 0.194 V), and Pd3Fe/C (Eonset = 0.030 V, E1/2 

= 0.147 V) under identical conditions, suggesting superior ORR activity of the ternary 

Pd3Fe0.5Cu0.5/C NC. The overall ORR behavior follows the order: Pd3Fe0.5Cu0.5/C > Pd3Fe/C 

> PdFe/C > PdFe3/C > Pt/C > Pd/C. Moreover, the apparent current density values follow the 

same order.  
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Fig. 18 (A) CV plots of all the electrocatalysts at N2-saturated 0.1 M KOH solution at a scan 

rate of 50 mV s
−1

, (B) Comparison of rotating rate-dependent ORR polarization curves for 

different catalyst at 1600 rpm, (C) Tafel plots, and (D) Mass activities of NCs under different 

potential at 1600 rpm. (These values are calculated as per the loading mass of the NCs). 

 

 

Fig. 19 Comparison of Tafel plots Pd3Fe/C, PdFe/C and PdFe3/C nanocatalysts. 

 

To compare their electrocatalytic activities, the corresponding Tafel plots derived 

from the ORR polarization curves for all NCs are provided in Fig. 18C and 19. The Tafel 

slope calculated for Pd3Fe0.5Cu0.5/C in the high potential range (i.e., 3.9 V to 2.5 V) is 

70.35 mV dec
1

, while the other in the low potential range is 311.93 mV dec
1

. The two Tafel 
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slopes indicates different ORR behaviors in different potential ranges.
 
These two slopes are 

comparatively smaller than those of standard Pt/C (84 and 443.4 mV dec
1

), Pd/C (92.38 and 

603.2 mV dec
1

) as well as for other catalysts compositions and follows the order:  Pd3Fe/C 

(72 and 348.66 mV dec
1

) < PdFe/C (74.59 and 373.17 mV dec
1

) < PdFe3/C (78.92 and 

393.74  mV dec
1

) < Pt/C (84 and 443.4 mV dec
1

) > Pd/C (92.38 and 603.2  mV dec
1

), in 

the high and low potential range, respectively. This indicates that ternary Pd3Fe0.5Cu0.5/C has 

higher efficiency towards ORR as compared to that of the other catalyst systems studied and 

several reported Pd-based catalysts as detailed in Table S1 in the ESI. The mass activity 

(MA) and specific activity (SA) are the two important parameters for better assessment of the 

catalytic activity obtained by normalizing the kinetic current (jk) w.r.t. the mass loading of the 

catalyst.  Here, jk has been calculated based on the K-L equation. The mass activities of 

various NCs under different potential at 1600 rpm are presented in Fig. 18. The MA and SA 

of Pd3Fe0.5Cu0.5/C at 0.4 V (595.8 mA mg
1

 and 84 mA cm
2

, respectively) are much higher 

than the Pt/C (382.2 mA mg
1

 and
 
53.89 mA cm

2
) and Pd/C (241.6 mA mg

1
 and 34.06 mA 

cm
2

) under the identical experimental conditions. The MA and SA values of Pd3Fe0.5Cu0.5/C 

are also larger than those of the PdFe/C NCs which follows the order: Pd3Fe/C (434.9 mA 

mg
1

 and
 
61.32 mA cm

2
) > PdFe/C (349 mA mg

1
 and 49.20 mA cm

2
) > PdFe3/C (288.5 

mA mg
1

 and 40.67 mA cm
2

). These experimental findings are evident of the enriched 

kinetic ability of the Pd3Fe0.5Cu0.5/C, making them an auspicious ORR catalyst.  

Apart from the activity, the high durability of the catalysts towards ORR is also an 

essential factor for energy conversion systems. Thus, to check the durability 

chronoamperometry (CA) test was performed in O2-saturated 0.1 M KOH at 0.3V (V vs. 

Ag/AgCl) with a rotation speed of 1600 rpm for 7200 sec. It can be observed from Fig. 20A 

that the initial activity decay for Pt/C and Pd3Fe/C NC are ~25.5% and ~3.8%, respectively 

after 7200 sec of testing, while the Pd3Fe0.5Cu0.5/C NC unveils only a loss of ~1.4% of its 

initial activity after 7200 sec, under identical experimental conditions. This demonstrates the 

excellent stability of the Pd3Fe0.5Cu0.5/C NC in basic media.  

The structure and morphology of the Pd3Fe0.5Cu0.5/C NC as measured by TEM 

analyses after the CA test are shown in Fig. 21. There is meagre change in the morphology of 

the Pd3Fe0.5Cu0.5/C NC after the CA test. To support the structural stability, an accelerated 

durability test (ADT) is also performed  for 1000 cycles between 0.2 V and 0.80 V vs. 

Ag/AgCl at a scan rate of 100 mV s
1

 in O2-saturated 0.1 M KOH solution for Pt/C and 

Pd3Fe0.5Cu0.5/C NC (Fig. 20B,C). Fig. 20B,C shows the associated ORR polarization curves 
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at 1600 rpm before and after 500 and 1000 CV cycles. The MA of the Pd3Fe0.5Cu0.5/C NC has 

been deteriorated to a lower extent (5.17%) in comparison to Pt/C (11%) after 1000 potential 

CV cycles. There is a clear drop of onset potential in the case of Pt/C, whereas, the onset 

potential remains almost same after 500 and 1000 cycles for Pd3Fe0.5Cu0.5/C catalyst. The E1/2 

of Pt/C (26 mV) also shows a larger change compared to that of Pd3Fe0.5Cu0.5/C (10 mV) NC. 

The above discussion indicates that Pd3Fe0.5Cu0.5/C NC is the most efficient catalyst in basic 

media. To generalize the ORR behavior of the Pd3Fe0.5Cu0.5/C NC in the acidic electrolyte, 

we conducted electrocatalytic studies in 0.5 M H2SO4 solution. As presented in Fig. 22, it is 

apparent that Pd3Fe0.5Cu0.5/C NC is very active towards ORR in 0.5 M H2SO4 solution as 

well. It can be seen that the „n‟ values from 0.1 to 0.05 V are ~4.0, suggesting that the ORR 

mechanism on Pd3Fe0.5Cu0.5/C NC follows the direct “4e
−
” pathway (O2 + 4H


 + 4e

−
 → 2 

H2O). 

 

Fig. 20 (A) CA curves of different catalysts, recorded at −0.3 V in a O2-saturated 0.1 M KOH 

solution with a rotation rate of 1600 rpm towards ORR, (B) ORR polarization curves of Pt/C 

and (C) ORR polarization curves of Pd3Fe0.5Cu0.5/C at 1600 rpm before and after the stability 

test at different potential scans, (D) Comparison of mass activity after the stability test at 

different potential scans at 1600 rpm. 
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Fig. 21. TEM and HR-TEM images of Pd3Fe0.5Cu0.5/C after chronoamperometry test. 

 

Fig.  22  Electrochemical data for ORR over Pd3Fe0.5Cu0.5/C nanocatalyst. (A) CV plots of 

Pd3Fe0.5Cu0.5/C, N2- and O2-saturated 0.5 M H2SO4 solution with a scan rate of 50 mV s
−1

, 

(B) Rotating rate-dependent ORR polarization curves for respective NC with the scan rate of 

10 mV s
−1

, (C) K-L plots of j
−1

 vs. ω
−1/2 

for Pd3Fe0.5Cu0.5/C NCs at different potential 

obtained from (B), and (D) The plot of the number of transferred electrons vs. potential for 

Pd3Fe0.5Cu0.5/C NCs. 

 

 

The enhanced ORR performance of Pd3Fe0.5Cu0.5/C NC is due to their unique 

structural and compositional superiorities. From the HR-TEM images, the unique half-

embedded and half expose interface structure was seen. i.e., one-half of NPs are embedded 

into the carbon matrix and another part exposed from the carbon matrix. Therefore, there is a 
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stable electronic coupling between the carbon matrix and Pd3Fe0.5Cu0.5 NPs. This means that 

the half embedded part possess very faster interfacial electron transfer ultimately enhancing 

the conductivity of the Pd3Fe0.5Cu0.5 NPs. Moreover the other exposed part is also highly 

active as the reactant molecule (O2 diffusion layer) directly interacts with the catalyst layer. 

The carbon matrix also acts as superior support as they effectively prevent the NPs 

aggregation, improving the stability of the Pd3Fe0.5Cu0.5 in the electrochemical process. 

Furthermore, Pd3Fe0.5Cu0.5/C nanoalloy exhibits many crystal defects on their surfaces, 

including vacancy, atomic steps and dislocation defects, that can work as abundant 

catalytically active sites accessible to the reactant, ultimately enhancing ORR activity. The 

ECSA due to unique structure of the catalyst, which can expose more electrochemically 

active sites available to reactant molecule. Alloying Pd (fully occupied d-orbital) with Fe and 

Cu (low occupancy d-orbital) can improve the electronic properties of Pd, which ultimately 

enhance the electro catalytic activity by decreasing the Gibbs free energy of the electronic 

transition involved in the ORR process. One of the salient parameters to understand the 

enhancement of ORR activity is the lattice strain effect in catalysts. The lattice strain changes 

the d-band center of the metal catalyst, which resolve the surface oxygen adsorption property 

of the catalyst surface. A down shift in the d-band center of Pd weakens the binding energy of 

absorption of intermediates such as OH
−

ads and COads thereby conserves more active sites on 

the catalyst surface. As a result, the catalyst shows better electrocatalytic activity. 

Incorporation of Cu and Fe (small lattice parameter) in Pd (0.38898 nm) with larger lattice 

parameter results in lattice strain in the Pd alloys. In this case, we have calculated lattice 

strain from XRD data that Pd3Fe0.5Cu0.5/C has the smallest lattice parameter among all the 

PdFe/C NCs, Pd/C and Pt/C.  

 

 

Fig. 23 Correlation of binding energy change of Pd 3d to ORR activity in terms of mass 

activity for Pd3Fe0.5Cu0.5/C (red), Pd3Fe/C (black), and Pd/C (green) NCs. 
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One of the most important parameters for high performance ORR activity is the linear 

relation between the metal d-band center (d, with respect to Fermi level) and binding energy 

of adsorbed species on the metal surface (e.g., oxygen, hydrogen and methanol).
 
For oxygen 

adsorption, an upper weight position in d increases the interaction of the 2p states oxygen 

with the metal d states, i.e., forms a stronger metal-oxygen bond. On the other hand, a 

downshift of d causes a weak interaction with oxygen. The positive shifts of binding energy 

represent a downshift of d-band center with respect to Fermi level. The downshift of Pd d-

band center can further be closely correlated with the weaker Pd-O bond energy, by means of 

which the intermediate OHad species adsorption on the Pd surface can be decreased, thus 

sustaining the more active sites for ORR and at the end resulting in the enrichment in ORR 

activity.
 
For that reason, the alteration of the d band center for Pt or Pd through the formation 

of alloys with second metals could increase the kinetics of the ORR. There are several 

theoretical reports on ORR where DFT calculation has been used over various catalyst alloys 

with compositions of Pt3X or Pd3X (X = Cu, Ni, Co, Fe, Ag, Au, Ir, etc.) by using d-band 

center model.
 
The upshift of ~0.50 and ~0.40 eV in the binding energies of Pd 3d5/2 for 

Pd3Fe0.5Cu0.5/C and Pd3Fe/C NCs in comparison to Pd/C as shown is Fig. 23 implies the 

aforesaid down shift trends of Pd d-band center which leads to the enhancement of the 

catalytic performance and acceleration in terms of mass activity of the ORR activity. Thus, 

among all the catalytic systems, the Pd3Fe0.5Cu0.5/C shows the best electrocatalytic activity 

towards ORR in both acidic and basic media.
 

 

11. Conclusions summarizing the achievements and indication of scope for future work: 

In this work, we have adopted a facile synthesis of various compositions of PdM/C 

(M = Co, Cu, Fe) and Pd3Fe0.5Cu0.5/C nanoalloys that exhibited remarkably enhanced 

catalytic activity towards ORR. The Cu incorporated Pd3Fe/C NCs modified the lattice 

constrain and d-band center of the Pd3Fe0.5Cu0.5/C, which impressively displayed superior 

activity and long term stability when used as a cathode electrocatalyst. The nanoalloy with 

defects on their surfaces, for instance; vacancy, dislocation and low-coordinate atomic steps 

offer numerous energetic sites accessible to catalyze the fuel cell reaction. Therefore, the 

project work offers new possibilities for the development of sustainable energy conversion 

and related technologies with superior activity, favorable kinetics and long term durability in 

relatively low cost.  



27 

 

This project enabled us to develop various compositions of bimetallic and trimetallic 

Pd-based hybrid electrocatalysts with or without CeO2 as promoter having tunable properties 

that have large impact on catalysts design for ORR, a fundamental reaction of fuel cell. The 

reaction mechanism and kinetic studies toward understanding the ORR have directed the 

avenues for possible commercial exploitation of non-platinum based electrocatalysts for 

cathodic ORR. 
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Remarks 

regarding 

maintenance/ 

 

1 Electrochemical 

work station 

with Rotating 

Disc electrode 

system 

PGSTAT 

204 & 

Autolab 

9,85,496 25.05.2016 100 Using 

current 

project grant 

2 Gas Cylinders 

(N2-1No., O2-1 

No., H2-1No.) 

with regulators 

Aneer 

Engg. 

77,332 12.01.2016 100 Refilling is 

necessary 

3 Vacumm Oven 

+ vacuum 

pump 

NSW 

India + 

Millipore, 

Merck 

1,23,000 02.03.2016 100 Using 

current 

project grant 

 

b) Plans for utilizing the equipment facilities in future              

The equipment would be actively employed for further studies related to 

electrochemical oxygen reduction activity for newly developed catalysts for possible 

commercialization in the near future. This instrument has been actively employed for 

carrying out MSc and PhD dissertation works in the last 2.5 years.  It will further continue to 

train Master and PhD students in the field of electrocatalysis. 

 

 

Name and Signature with Date: 

a. Dr. Pankaj Bharali 

(Principal Investigator) 

 

b. Not applicable 

(Co-Investigator) 



 



 



 

 



 



 



 



 



 

 



 

 



 



 



 



 

 



 

 



 



 

 



  



 



 

 



 

 



 



 



 



 


