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Outline 

The highly efficient and eco-friendly properties of the fuel cell (FC) make it a 

promising source of alternative clean energy to meet increasing energy demand. Thus, 

FC is likely to receive extensive commercial use in the field of transportation, portable 

power generation etc. thereby solving the global needs of energy demand and clean 

environment. Owing to its high power density, simplicity, low working temperature as 

well as quick start-up, the proton exchange membrane fuel cell (PEMFC) has been 

actively pursued among the existing FCs. The catalyst coating at the cathode in 

PEMFCs is one of the major limitations for the energy conversion efficiency [1,2]. The 

oxygen reduction reaction (ORR) at the cathode is somewhat lethargic as compared to 

that of the oxidation reaction which takes place at the anode. Therefore, significant 

efforts have been made in developing highly active ORR electrocatalysts. Although Pt 

or its alloy is regarded as the most effective ORR electrocatalysts, the high price, 

inferior durability, and the low availability of Pt restrain the mass production and 

viable commercialization of the FC [1]. Considerable effort has been given to 

overcome this issue by designing Pt-free or low-Pt electrocatalysts [1]. Recent 

development indicates that Pd alloying with 1st row transition metals, (M = Fe, Cu, Ni, 

Co etc.) which form bimetallic or trimetallic alloy [3–12], display substantial 

enhancement in catalytic performance for both fuel oxidation and ORR. Especially, the 

impressive enhancement in ORR activity is achieved by constraining the lattice 

parameter or Pd-Pd interatomic distance, changing the charge distribution and 

preserving more active sites due to synergistic interaction in bimetallic or trimetallic 

alloys [13]. Adzic and coworkers showed that alloying Pd with Fe remarkably 

decreases the lattice constant of Pd, by this means altering the d-band centre and 

weakened the Pd-O binding by 0.10 V, which as a result offering superior activity 

towards ORR [14,15]. Recent progresses show that fabrication of ternary alloy or 

intermetallic in achieving novel structural and electronic properties of Pd-based 

nanoparticles (NPs) which in turn boost the ORR performance [16-20]. 
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Chapter 3: Synthesis and Characterization of Pd4xFex/C (x = 1-3) and 

Pd3Fe0.5Cu0.5/C Nanoparticles: Robust Non-Platinum Electrocatalysts for 

Enhanced Oxygen Reduction Reaction 

 

In this Chapter 3, we have discussed synthesis of different compositions of 

Pd4xFex/C NPs (x = 1, 2 and 3) and Pd3Fe0.5Cu0.5/C NPs, via a solvothermal route 

without adding any surfactant. The synthesized NPs were characterized by different 

analytical and spectroscopic techniques, for instance, XRD, ICP-OES, TGA, EDX, 

BET surface area, TEM and XPS. The catalytic activities were evaluated towards ORR 

in both basic and acidic media. Furthermore, we have also investigated how the 

incorporation of small amount of Cu on optimized composition of Pd3Fe/C NPs 

improve the electrocatalytic ORR activity in all respects as compared to that of the 

standard Pd/C, Pt/C and other compositions of PdFe/C nanocatalyst. The experimental 

procedures for the synthesis, characterization techniques and catalytic activity were 

described in the Chapter 2. 

 

3.1. Results and Discussion 

3.1.1. Characterization of the Synthesized Pd4xFex/C NPs (x = 1, 2 and 3) and 

Pd3Fe0.5Cu0.5/C NPs 

The compositions of as prepared NPs are determined by EDS and ICP-OES 

analyses. The EDS analysis of Pd3Fe0.5Cu0.5/C shows that only Pd, Fe, Cu and C are 

present in the EDS pattern with 22 wt% loading of metals on carbon matrix. The 

corresponding EDS elemental maps show that homogeneous dispersion of metals on 

the carbon (Figure 3.1). The Pd, Fe and Cu atomic ratio are ca. 74.81%, 14.56% and 

10.61%, which corroborate well with ICP-OES analyses. EDS and ICP-OES results 

suggest that high uniformity in the surface and bulk composition of Pd3Fe0.5Cu0.5/C 

NPs.  

Moreover, the total metal loading of NPs is calculated by means of TGA 

analysis in an air environment. The TGA profile (Figure 3.2) displays a sudden weight 

loss of the sample at about ~350 °C which is due to the oxidation of carbon to carbon 

dioxide in the sufficient oxidative environment. The residue obtained after burning of 

all the carbonaceous materials gives information about the loading of the total metal 

content. The loading of the metal obtained is ∼22% in the case of the Pd3Fe0.5Cu0.5/C. 
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Figure 3.1: EDS elemental mapping of Pd3Fe0.5Cu0.5/C NPs. 

 

  

 

 

 

 

 

 

 

 

 

Figure 3.2: TGA profile of Pd3Fe0.5Cu0.5/C NPs in air atmosphere. 
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The powder XRD patterns of Pd3Fe0.5Cu0.5/C, Pd3Fe/C, PdFe/C, and PdFe3/C 

(Figure 3.3a) show mainly characteristic peaks of face centred cubic (fcc) crystalline 

Pd signifying multiphase disordered structure. The diffraction peaks centred at ~40
o
, 

~47
o
, and ~68

o
 correspond to the (111), (200), and (220) reflections, respectively. 

These peaks are slightly shifted to higher angles relative to the pure Pd (JCPDS no. 87-

0641) indicating the formation of alloyed NPs [21]. A broad peak observed at around 

∼25 is ascribed to the (002) reflection of a hexagonal structure in Vulcan XC-72R 

carbon. No characteristic peak of copper, iron, copper oxide or iron oxides are 

observed in the XRD pattern of Pd3Fe0.5Cu0.5/C and Pd3Fe/C. This signifies that Cu 

and Fe are well incorporated in the fcc lattice of Pd to form a single-phase alloy, or the 

existence of highly dispersed Cu and Fe species [22]. However, in 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). From Bragg‘s law (λ = 2d sin θ, where ‗d‘ is the interplanar spacing 

between planes in a crystal) and the interplanar spacing equation for a particular cubic 

crystal (fcc, 111) of unit cell parameter ‗a‘ (1/d
2
 = (h

2
 + k

2
 + l

2
)/a

2
 yields the equation 

a = λ/2 ((h
2
 + k

2
 + l

2
)
1/2
/sin θ),[23] from which ‗a‘ values of 0.3910 (PdFe3/C), 0.3906 

(PdFe/C), 0.39161 (Pd3Fe/C) and 0.38918 nm (Pd3Fe0.5Cu0.5/C) are calculated. The 

calculated ‗d‘ values of 0.2261 (Pd3Fe/C) and 0.2246 nm (Pd3Fe0.5Cu0.5/C) agrees well 

with the spacing between planes observed using HR-TEM (See Figure 3.4 h). These 

values are rather smaller than those for bulk Pd (JCPDS no. 87-0641, a = 0.3961 nm, d 

= 0.228 nm) and larger than bulk Fe (JCPDS no. 88-2324, a = 0.343 nm, d = 0.198 

nm), and bulk Cu (JCPDS no. 85-1326, a = 0.361 nm, d = 0.208 nm) indicating the 

formation of PdFe bimetallic and PdFeCu trimetallic alloys. The relatively smaller 

values of ‗a‘ and ‘d’ for Pd3Fe0.5Cu0.5/C, as compared to the other PdFe alloys also 

implies effective lattice contraction. The Figure 3.3(b) shows the N2 adsorption-

desorption isotherm of Pd3Fe0.5Cu0.5/C, these carbon supported NPs exhibits a high 

BET specific surface area of 69.8 m
2
/g and a large pore volume of 0.104 cc/g. 
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Figure 3.3: (a) XRD patterns of the Pd3Fe0.5Cu0.5/C, Pd3Fe/C, PdFe/C, and PdFe3/C 

electrocatalysts, and (b) N2 adsorption-desorption isotherm of Pd3Fe0.5Cu0.5/C. Inset of 

(b) shows the corresponding pore size distribution. 
 

 The shape and microstructure of Pd3Fe0.5Cu0.5/C NPs are further studied by 

TEM and HR-TEM and presented in Figure 3.4. From the TEM images (Figure 3.4 a-

c) it could be observed that many nearly-spherical Pd3Fe0.5Cu0.5 NPs of dark contrast 

are highly dispersed on the larger particles of Vulcan XC-72 R carbon of lighter 

contrast. The average particle-size of Pd3Fe0.5Cu0.5 NPs is estimated to be about ~ 6-7 

nm (inset in Figure 3.4a). The NPs exhibit various crystal defects on their surfaces, for 

instance vacancy, dislocation and low-coordinate atomic steps, as manifested in HR-

TEM images (Figure 3.4 d,e). Because of these coordinative unsaturation the NPs can 

serve as catalytic sites, [24,25] successfully enhancing the electrocatalytic activity 

[26,27]. 

 

 

 

 

 

 

 

 

 

Figure 3. 4: Typical (a) low, (b,c) medium, and (d-f,h) high resolution-TEM images of 

Pd3Fe0.5Cu0.5/C, (g) corresponding SAED pattern, (e) is magnified HR-TEM image 

taken from (d), marked by the rectangle. 
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 Furthermore, as shown in Figure 3.4f, Pd3Fe0.5Cu0.5 NPs are half-embedded in 

the carbon matrix which generate rich interface that favors high electrocatalytic 

activity. The concentric circles with well-defined crystalline facets in the SAED 

pattern (Figure 3.4g) infer high crystallinity of the Pd3Fe0.5Cu0.5/C NPs. The 

comprehensible d-spacings ∼0.22 nm (Figure 3.4h) can be observed in the lattice 

fringes of Pd3Fe0.5Cu0.5/C NPs, close to the fcc Pd (111) facets, signifying high 

crystallization. The distribution of the constituent elements is determined by elemental 

mapping analyses. The Figure 3.1 clearly shows that Pd, Cu, Fe and C are 

homogeneously distributed. This observation further provides the proof of the 

formation of alloy structure of Pd3Fe0.5Cu0.5/C. The detailed morphological 

characterization of Pd3Fe/C is also performed by TEM and HR-TEM analyses and 

presented in Figure 3.5 As estimated, the Pd3Fe/C alloy shows an analogous 

morphology and surface/interface structure with that of Pd3Fe0.5Cu0.5/C NPs. Based on 

the above discussion, we could deduce that spherical and nearly homogeneous Pd-

based NPs can be effectively synthesized by simple solvothermal method without 

using any harmful structure directing solvents and surfactants.  

 

Figure 3.5: TEM and HR-TEM images of Pd3Fe/C NPs. 

 

XPS is extensively performed to elucidate the chemical composition of NPs. 

Figure 3.6 a-d illustrates the XP spectra of C 1s, Pd 3d, Fe 2p and Cu 2p regions of 

Pd3Fe0.5Cu0.5/C. The C 1s core-level XP spectrum (Figure. 3.6a) of Pd3Fe0.5Cu0.5/C is 
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slightly asymmetric and hence, can be deconvoluted into three different peaks viz., a 

prominent peak at 284.6 eV along with two small peaks at 285.9 and 289.8 eV, 

consistent to form –C=C−, −C−O−, and O=C−O− bonds, respectively [28,29]. It can 

also be seen from Figure 3.6a that the small integration areas for −C−O− and O=C−O− 

peaks specify low O content as compared to that of the −C=C− bond. This trace 

amount of O element generally arises from the adsorbed air on the catalyst surface 

during storage and sample analysis. The core-level Pd 3d spectrum displays a doublet 

signal with binding energies of 335.7 and 341.0 eV for Pd 3d5/2 and Pd 3d3/2, 

respectively, corresponding to the Pd signal [30]. Additionally, small doublets 

observed around 336.9 and 342.5 eV could be indexed to the Pd 3d5/2 and Pd 3d3/2 

peaks of PdO (Figure 3.6b) [31].  The Figure 3.6c shows the Fe 2p core-level spectrum 

for the NPs. Two prominent peaks at 711.1 and 724.9 eV corresponds to the Fe 2p3/2 

and Fe 2p1/2 core-level energies of iron oxide. The binding energy positions clearly 

indicates that the iron oxide in the NPs is in the form of magnetite (Fe3O4) [32,33]. 

The corresponding values for maghemite (γ-Fe2O3) occur at slightly lower binding 

energy at 710.0 and 723.6 eV, respectively [34–36]. The emerging photoelectron peaks 

of Fe
3+

 may be attributed to the easy oxidation of zero valent iron (ZVI) in air, which 

could result in a layer of iron oxide around the ZVI NPs. No peak of metallic Fe (708.0 

eV) is observed signifying Fe oxides to be the major class on the Pd3Fe0.5Cu0.5 alloy 

surface. The formation of Fe oxides can be attributed to the oxidation of Fe atoms on 

the catalyst surface during drying and sampling. The peaks observed at 932.0 and 

951.8 eV from the Cu 2p3/2 and Cu 2p1/2 spin−orbit doublets, respectively, correspond 

to a metallic copper (Figure 3.6d), which is consistent with Cu NPs [37,38]. The 

binding energy peaks of the three constituent elements Pd 3d5/2, Fe 2p3/2 and Cu 2p3/2 

are shifted as compared to that of the standard literature values. For Pd, a positive shift 

of ~0.50 eV, while, for Fe and Cu negative shifts of ~0.67 eV and ~0.50 eV, 

respectively, are observed in the binding energy values. The strong charge transfer 

between Pd, Fe and Cu is responsible for the alloy formation [39–42].   
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Figure 3.6: (a) C 1s, (b) Pd 3d, (c) Fe 2p, and (d) Cu 2p XP spectra of Pd3Fe0.5Cu0.5/C. 

 

For the bimetallic Pd3Fe/C, the clear shift of binding energy for both Pd and Fe 

peaks in comparison to the standard monometallic counterparts is a strong evidence of 

efficient PdFe nanoalloy formation (Figure 3.7). 

 

Figure 3.7: The core-level XP spectrum of (a) Pd 3d and (b) Fe 2p of Pd3Fe/C NPs. 
 

 

3.1.2.  Electrocatalytic Activity 

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 Figure 3.8 - 3.11. Figure 3.8a shows the CV 

plots of Pd3Fe0.5Cu0.5/C NPs 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 
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whereas no such characteristic reduction peak is observed in N2-saturated electrolyte, 

signifying that the synthesized Pd3Fe0.5Cu0.5/C NPs has a good electrocatalytic activity 

towards ORR. Moreover, to determine the kinetics of ORR for Pd3Fe0.5Cu0.5/C NPs, 

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 Figure 

3.8b. Based on the ORR polarization curves, the number of electrons (n) transferred 

during ORR can be evaluated using the following Koutecky−Levich (K−L) equation 

[43].  

1/j=1/jk+ 1/B ω
0.5

 

B = 0.62 nF(Do2)
2/3

v
1/6

 Co2 

 

Where, j = current density, jk = kinetic current density, ω = rotating rate of the 

electrode, B = value of slope obtained from the K−L plots, F = Faraday constant 

(96485 C mol
−1

), Do2 = diffusion coefficient of O2 in 0.1 M KOH solution, v = kinetic 

viscosity (0.01 cm
2
 s
−1

), Co2 = bulk concentration of O2 (1.2 × 10
−6

 mol cm
−3

), and n = 

the number of electrons transferred in the ORR process.  

 

 
 

Figure 3.8: (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 NPs 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 NPs at different potential obtained from (b), and (d) The plot of the 

number of transferred electrons vs. potential for Pd3Fe0.5Cu0.5/C NPs. 
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Figure 3.9: Electrochemical data for ORR over PdFe3/C NPs. (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 mVs
−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. 

 

Figure 3.10: Electrochemical data for ORR over PdFe/C NPs. (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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Figure 3.11: Electrochemical data for ORR over Pd3Fe/C NPs. (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. 

  

 

The K−L plots obtained on the basis of the corresponding ORR polarization 

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

good linearity (Figure 3.8c) thereby implying first-order kinetics for ORR. From the 

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

and −0.70 V can be calculated. Figure 3.8d 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 NPs follows the direct ―4e
−
‖ 

pathway (O2 + 2H2O + 4e
−
 → 4OH

−
). The electrocatalytic ORR mechanism of binary 

PdFe/C NPs also follow the direct ―4e
−
‖ pathway in the case of Pd3Fe/C and PdFe/C 

NPs whereas ―2e
−
‖ pathway possibly in the case of PdFe3/C NPs (Figures 3.9-3.11)  

To elucidate the electrocatalytic behavior of the NPs, the electrochemically 

active surface area (ECSA) are calculated for all the NPs using CV curves in N2- 

saturated 0.1 M KOH electrolyte at a scan rate 50 mV s
-1

 (Figure 3.12a). The peaks in 

the potential range    0.5 to 0 V originate from the palladium oxide reduction [42]. 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 
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m
2
g
1

), and standard Pd/C (1.42 m
2
g
1

). The improved electrocatalytic ORR activity 

can be co-related to the higher ECSA values. The higher ECSA values of the binary 

and ternary NPs 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 NPs are studied in O2-saturated 0.1 M KOH electrolyte at a 

rotation of 1600 rpm and a scan rate of 10 mVs
1

 (Figure 3.12b).  

 

 

Figure. 3.12: (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 NPs under different potential at 1600 rpm. (These values are calculated as 

per the loading mass of the NPs). 

  

The onset potential (Eonset = 0.044 V) and half-wave potential (E1/2 = 0.145 

V) of Pd3Fe0.5Cu0.5/C NPs are found to be more positive than Pd3Fe0.5Cu0.5/C NPs 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 NPs. The overall ORR behavior follows the order: 
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Pd3Fe0.5Cu0.5/C > Pd3Fe/C > PdFe/C > PdFe3/C > Pt/C > Pd/C. Moreover, the apparent 

current density values follow the same order. 

To compare their electrocatalytic activities, the corresponding Tafel plots 

derived from the ORR polarization curves for all NPs are provided in Figure 3.12c and 

Figure 3.13. 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 slopes indicate different ORR behaviors in different 

potential ranges [44].
 
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.  

 

 

Figure 3.13: Comparison of Tafel plots Pd3Fe/C, PdFe/C and PdFe3/C NPs. 

 

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 3.1. 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: 

1/j = 1/jk + 1/jd 
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Where, jk is the kinetic current, jd is the diffusion limiting current and j is the 

current at a specific potential [44]. The mass activities of various NPs under different 

potential at 1600 rpm are presented in Figure 3.12d. 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 NPs 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.  

 

 

Figure 3.14: (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. 
 

 

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

Figure 3.14a that the initial activity decay for Pt/C and Pd3Fe/C NPs are ~25.5% and 

~3.8%, respectively after 7200 sec of testing, while the Pd3Fe0.5Cu0.5/C NPs 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 NPs in 

basic media. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: Electrochemical data for ORR over Pd3Fe0.5Cu0.5/C NPs. (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 NPs 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 NPs at 

different potential obtained from (b), and (d) The plot of the number of transferred 

electrons vs. potential for Pd3Fe0.5Cu0.5/C NPs. 
 

 

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

analyses after the CA test are shown in Figure 3.16. There is meager change in the 

morphology of the Pd3Fe0.5Cu0.5/C NPs 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 NPs (Figure 3.14 b,c). Figure 3.14 

b,c shows the associated ORR polarization curves at 1600 rpm before and after 500 

and 1000 CV cycles. The MA of the Pd3Fe0.5Cu0.5/C NPs has been deteriorated to a 

lower extent (5.17%) in comparison to Pt/C (11%) after 1000 potential CV cycles. 
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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) 

NPs. The above discussion indicates that Pd3Fe0.5Cu0.5/C NPs is the most efficient 

catalyst in basic media. To generalize the ORR behavior of the Pd3Fe0.5Cu0.5/C NPs in 

the acidic electrolyte, we conducted electrocatalytic studies in 0.5 M H2SO4 solution. 

As presented in Figure 3.15, it is apparent that Pd3Fe0.5Cu0.5/C NPs 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 NPs 

follows the direct ―4e
−
‖ pathway (O2 + 4H


 + 4e

−
 → 2H2O). 

 
 

 

 

 

 

 

 

Figure 3.16: TEM and HR-TEM images of Pd3Fe0.5Cu0.5/C after CA test. 

 

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

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

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

embedded into the carbon matrix and another part is exposed from the carbon matrix. 

Therefore, there is a 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 NPs exhibit many crystal defects on their surfaces, including vacancy, 
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atomic steps and dislocation defects, that can work as abundant catalytically active 

sites accessible to the reactant, ultimately enhancing ORR activity. 

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 [13,45–48] by decreasing the Gibbs free energy of the 

electronic transition involved in the ORR process [49,50]. 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 [51–53]. 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 [54]. In 

2000, Norskov et al. proposed that the lattice strain in Pd lattice in PdFe alloy lowers 

the d-band centers by −0.88 eV using DFT calculation [55]. Incorporation of Cu and 

Fe with small lattice parameters in Pd (0.38898 nm) with large lattice parameter result 

in lattice strain in 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 NPs, 

Pd/C and Pt/C.  

 

 

 

 

 

 

 

 

 

 
 

Figure 3.17: 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) NPs. 
 

 

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) [15].
 
For oxygen adsorption, an upper weight position in d increases the 
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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 [19, 56–59]. 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,[15, 58, 60–

62] thus sustaining the more active sites for ORR and at the end resulting in the 

enrichment in ORR activity [18, 58, 63, 64].
 
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 [15, 58].
 

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 NPs in comparison to Pd/C as shown is Figure 3.17 

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. 
 

 

Table 3.1: Comparison of the ORR performance parameters of Pd3Fe0.5Cu0.5/C with 

recently reported some seminal works of Pd-based electrocatalysts in 0.1 M KOH 

solution.  
 

Sl. 

No. 

Catalysts Tafel Slope 

(mV dec
-1

) 

E0 V (vs. 

Ag/AgCl) 

E1/2 V (vs. 

Ag/AgCl) 

References 

1. Pd-g-C3N4 ˗˗ -0.0653   65 

2. G-FePd3 ˗˗ -0.0403   66 

3. G-Cu3Pd 68.9 -0.0133   67 

4. PdCo/NPC ˗˗ -0.00373 -0.1223 68 

5. Pd3Pb/C ˗˗ 0.0647 -0.0453 69 

6. Pd3Fe/C 71.4 0.0847   70 

7. Pd3Pb 56.3 ˗˗ -0.9522 71 

8. PdCuNi ˗˗   -0.1033 72 

9. PdCuCo ˗˗ -0.0933 

10. Pd2NiAg ˗˗ -0.0423 -0.1233 73 

11. Pt@PdNFs/rGO ˗˗ -0.0553 -0.1453 74 
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12. AuPdCo/C ˗˗ 0.0347   75 

13. MnPd3/C 65 -0.0123 -0.1653 76 

14. PdNiCu/NG ˗˗   -0.2023 77 

15. PdNiSn/NG ˗˗ 

16. Pd3Fe0.5Cu0.5/C 70.35 0.044 V -0.145 This work 

 

3.2.  Conclusions 

In summary, we have adopted a facile synthesis of various compositions of 

PdFe/C and Pd3Fe0.5Cu0.5/C nanoalloys that exhibited remarkably enhanced catalytic 

activity towards ORR. The Cu incorporated Pd3Fe/C NPs 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 present investigation 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. 
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