
 

                                                   4-1                                        
 

Chapter 4 
 

           ORR by Pd2CuCo/C electrocatalyst 

 

 
 

Electronic Modulation of Pd/C by Simultaneous Doping 

of Cu and Co Tendering a Highly Durable and Methanol-

Tolerant Oxygen Reduction Electrocatalyst 

 

 

 

This chapter discusses a simple one-step solvothermal synthesis of a Pd2CuCo/C 

for ORR electrocatalysis. The TEM data showed that Pd2CuCo metallic counterparts is 

uniformly dispersed throughout the carbon support without aggregation, demonstrating 

the higher stability and less mass transfer resistance of the NPs. Homogeneous dispersion 

of metal NPs on carbon materials leads to higher active sites. A study combining several 

electrochemical studies shows that Pd2CuCo/C acts as an efficient, long-lasting, and 

stable electrocatalyst towards ORR in an alkaline medium. The bimetallic electrocatalysts 

were also synthesized, and their ORR performances were examined to explore the 

synergistic and promotional impacts of Cu and Co on Pd. These results summarizes that 

the activity and utilization efficiency of Pd in electrochemical reactions can be increased 

by alloying with Cu and Co. The experimental procedures for the synthesis, 

characterization techniques, and electrocatalytic measurements were described in Chapter 

2. 

 

(*The content of this chapter has been published in “Energy & Fuels, 37(13): 9557–

9567, 2023”)  
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4.1.  Introduction  

Fuel cells (FCs) and metal-air batteries have been the subject of extensive research 

due to the growing desire for clean, efficient, environmentally friendly and sustainable 

energy conversion technologies [1-4]. Since the only byproducts released from FCs are 

heat and H2O, Pt-based nanomaterials have been considered the ideal electrocatalysts for 

FCs, which would be the next generation of technology in the fields of transportation, 

stationary devices, and portable power production [1, 2, 3, 5-7]. However, Pt-based 

electrocatalysts' high cost, limited supply, short methanol endurance, and long-term 

instability limit their widespread application. Numerous investigations have been 

conducted to substitute less costly metals, including Pd, for Pt in FC applications [8–10]. 

Pd-based electrocatalysts are attractive alternatives for FC reactions owing to their higher 

natural abundance, identical lattice constant and comparable activity to Pt [11–14]. While 

Pd has emerged as a potential replacement for Pt in FC processes, developing 

monometallic Pd with good electrocatalytic performance towards ORR is challenging due 

to its electronic structure, which is not conducive enough to exhibit efficient transfer of 

electron during the ORR [15–17]. Many investigations have focused on improving its 

performance. One of the more successful approaches is to alloy Pd with other transition 

metals, such as Cu, Co, Fe, Ag, Ni, etc. [17-23].  According to the well-known "volcano 

plots," Cu and Co are located close to Pd, which supplies the right amount of binding 

energy to bond oxygen and good ORR performance. Moreover, compared to other metals 

in the "volcano plots," both are plentiful and economical. Therefore, research into Cu and 

Co-based catalysts are vital for ORR [18-20]. Alloying Pd with Cu and Co results in the 

strain effect and ligand effect. These two effects can modify the electronic structure of Pd, 

which ultimately accelerates ORR. Compressive strain in Pd may result from 

adding transition metals with smaller atomic sizes, such as Co and Cu. In addition to 

shortening the Pd-Pd bond length, the compressive strain also causes the center of the Pd-

Pd band to move downward, optimizing O2 adsorption and activation for increased ORR 

performance [18-24]. Furthermore, using conductive carbon materials like Vulcan carbon 

will boost its ORR activity by enabling metal NPs to be evenly distributed and stabilized. 

Consequently, it is anticipated that the Pd-based ternary alloy supported on conductive 

carbon will show more significant ORR catalytic activity and improved durability due to 

the interaction of the alloy effect and support effect [18-19]. Based on this understanding, 

recent research has been done to develop Pd-based alloy electrocatalysts with enhanced 
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catalytic performance [23-28]. For example, Wang et al. found that the nanothorn 

PdCuAu electrocatalysts exhibited improved catalytic activity, stability, and methanol 

tolerance for ORR [23]. In another study, nanoring-shaped PdPtCo electrocatalysts, 

synthesized through a template-directed method, showed significantly improved ORR 

activity due to their high edge-to-surface ratio and optimized composition [24]. In the 

same way, the trimetallic alloys, such as PdPtCu [25], PdPtFe [26], and PdPtNi [27] have 

shown remarkable electrocatalytic activity for ORR. Drawing inspiration from the above-

mentioned research works, in this chapter we report a facile method to synthesize carbon-

supported Cu and Co-doped Pd electrocatalysts with admirable ORR activity and long-

term durability. The combination of appropriate Cu and Co with Pd metal engendered an 

effective compressive strain effect, and the support of Vulcan carbon increases the 

conductivity of the electrocatalysts. 

 

4.2. Results and Discussion 

4.2.1. Characterization of the Pd2CuCo/C, PdCu/C and PdCo/C  

The crystalline behavior and phase purity of the as-synthesized NPs were 

investigated by powder XRD analysis. Figure 4.1a represents the XRD patterns of the 

Pd2CuCo/C and Pd/C NPs. From XRD, it is observed that the peaks located at 40°, 47°, 

and 68° correspond, respectively, to the (111), (200), and (220) crystallographic facets of 

Pd according to the JCPDS 89-4897. The diffraction patterns of Pd2CuCo/C are shifted 

toward higher angles relative to the pure Pd/C, and the absence of XRD peaks 

corresponding to Co and Cu indicates the alloy formation caused by the introduction of 

smaller atomic radii of Co and Cu into the fcc lattice of Pd [29-32]. The additional 

diffraction peak present at 2θ of ∼42° is attributed to the (002) plane of Cu2O (JCPDS 65-

3288). A broad diffraction peak located at ∼25° ascribes to the (002) facet of Vulcan XC-

72R (JCPDS 75-1621). From Bragg’s law, the values of cell parameters (a) and d-spacing 

(d) were calculated based on the high intensity (111) peak of Pd. It is observed that the 

Pd2CuCo/C exhibits comparatively smaller values of d (0.2230 nm) and a (0.3861nm) 

than Pd/C (d = 0.2254 nm and a = 0.3904 nm), indicating the lattice contraction of Pd 

owing to the Pd2CuCo/C formation.  
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Figure 4.1: (a) X-ray diffraction patterns of Pd2CuCo/C and Pd/C and (b) TGA profile of 

Pd2CuCo/C, PdCu/C and PdCo/C. 

 

TGA analysis in the air environment confirmed the metal loading over the carbon 

support (Figure 4.1b). The weight loss observed at about ~350°C due to transformation of 

carbon to CO2 in the adequate air environment. The residue obtained after burning all the 

carbon compounds gives information about the total percentage of metal loading. The 

metal loading observed is ∼20% in the Pd2CuCo/C, PdCu/C and PdCo/C equivalent to 

the theoretically calculated total metal loading on the carbon support. EDX spectroscopy 

was used to evaluate the elemental composition in the synthesized electrocatalysts (Figure 

4.2). The EDS elemental maps and the corresponding electron images show the 

distribution of metals over the carbon support. The estimated atomic percentages of Pd 

(2.46%), Co (1.05%), and Cu (1.74%) are in a 2:1:~1 ratio which corroborates well with 

the theoretically calculated value. Only the elements Pd, Co, Cu, and C are detectable in 

the synthesized electrocatalysts, indicating that the sample is highly pure. The weight 

percentages ratio of Pd2CuCo over the carbon matrix resembles well with the TGA plot 

confirming the metal and support are in 20:80 ratio. 
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Figure 4.2: (a) EDX spectrum of Pd2CuCo/C (inset: shows the table for elemental 

composition), (b) The overlayer image of C, Pd, Cu and Co, (c)-(f) elemental maps for 

individual Pd, Cu, Co, and C, respectively.  

XPS analysis was carried out to investigate the chemical composition and 

oxidation state of elements present in Pd2CuCo/C. Figure 4.3a presents the survey 

spectrum of the Pd2CuCo/C and reveals the existence of Pd, Co, Cu, C, and O atoms. The 

Pd 3d spectrum could be fitted with four components, including two sets of strong and 

weak peaks (Figure 4.3b). The high-intensity peaks, emerging at binding energy (BE) of 

335.3 and 341.2 eV were attributed to Pd(0) 3d5/2 and Pd(0) 3d3/2, respectively [32,33]. 

The other two weaker peaks that emerged at BE of 337.9 and 342.8 eV could be ascribed 

to the Pd(II) 3d5/2 and Pd(II) 3d3/2, respectively [34, 35]. It is expected that the occurrence 

of Pd(II) peak is due to the oxidation of Pd atoms on the surface of the NPs in ambient 

environments. The XPS pattern of Co 2p is shown in Figure 4.3c and the BE of the Co 2p 

peaks displayed a significant shift in comparison to the 778.3 and 793.2 eV of the typical 

metallic Co XPS peaks. The peaks observed at 785.3 and 802.8 eV are due to the 

oxidation of Co to CoO on the surface of the Pd2CuCo/C NPs [35, 36]. The peaks of Cu 

are associated with Cu(0)/Cu(I) located at 932 and 951.9 eV, respectively, that correlate 

to Cu 2p3/2 and Cu 2p1/2  (Figure 4.3d). These peaks are slightly negatively shifted in 

contrast to the typical Cu 2p peaks (932.6 and 952.5 eV) indicating the coexistence of 

Cu(0)/Cu(I). Three very weak peaks were also observed at 933.7, 943.8 and 954.3 eV, 

indicating the presence of Cu(II) oxide which is due to the partial oxidation of the 

Pd2CuCo/C surface exposed to the air atmosphere [28,35,37]. 
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Figure 4.3: (a) XPS survey spectrum, high resolution XPS spectra of (b) Pd 3d, (c) Co 

2p, (d) Cu 2p, and (e) C 1s of Pd2CuCo/C, (f) correlation of binding energy change of Pd 

3d of Pd2CuCo/C and Pd/C. 
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The significant shift in BE in all the metals could be ascribed to strong electronic 

interactions between Pd, Co, and Cu during alloy formation [35]. The XP spectrum of C 

1s of the Pd2CuCo/C, owing to its asymmetry and presented in Figure 4.3e. The C 1s 

peak has three components (−C−C−, −C−O−, and O=C−O−) centered at 284.6, 286, and 

289.9 eV, respectively. The strong intensity of the C-C bond indicates the presence of sp3 

carbon in the reported hybrid NPs [29, 38]. The Pd 3d spectrum of Pd/C and Pd2CuCo/C 

when compared, a slight shift in Pd(0) 3d5/2 (335.3 eV) was noticed relative to pure Pd 

(BE=335.1 eV) (Figure 4.3f), which indicated the downshift of the Pd d-band center [32, 

33]. The d-band center theory states that the charge transfer to Pd causes the Pd d-band 

center to shift downward, weakens the Pd-adsorbate interaction and thus enhances ORR 

electrocatalysis on the surface of Pd. 

The TEM images of Pd2CuCo/C at various resolutions are presented in Figures 

4.4a and b. The spherical form of the metallic counterparts is uniformly distributed 

throughout the carbon matrix without aggregation, demonstrating the higher stability and 

less mass transfer resistance of the NPs. Homogeneous dispersion of metal NPs on carbon 

materials leads to higher catalytically exposed sites [28]. It is observed that a significant 

number of metal NPs homogeneously distributed over the carbon surface. More NPs 

dispersion leads to more active sites, thereby enhancing the electrocatalytic performance 

of the catalyst. Figure 4.4c shows that metal NPs are individually anchored on the carbon 

surface, forming strong metal-support interaction (SMSI). The HRTEM image revealed 

clear lattice fringes separated by 0.220 nm, 0.204 nm, and 0.208 nm, corresponding to the 

fcc plane of Pd (111), Cu (111), and Co (111), respectively (Figure 4.4d). These TEM 

results agree well with the XRD and XPS findings. The SAED pattern further indicates 

the sample's polycrystallinity that shows distinct concentric rings which matches well 

with the fcc structure of Pd (Figure 4.4e). Furthermore, the size and distribution of the 

NPs calculated using Image J software are shown in a histogram, as presented in Figure 

4.4f.  Most of the NPs were observed within the 5-8 nm range. 
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Figure 4.4: (a,b) low magnification transmission electron micrographs (TEM), (c,d) high 

resolution TEM (HRTEM) images, (e) the selected area of the electron diffraction 

(SAED) pattern, and (f) the corresponding particle size distribution of Pd2CuCo/C 

(obtained from image (a)). 
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4.2.2.  Electrocatalytic Activity towards ORR 

CV and RDE measurements were used to evaluate the catalytic performance of 

the as-prepared Pd2CuCo/C electrocatalyst. Figure 4.5a shows the CV plots of 

Pd2CuCo/C in N2- and O2-saturated environments in KOH (0.1 M) solutions. Compared 

to the N2-saturated peak, a significant and strong cathodic peak was observed in the CV 

graph in the O2-saturated condition. This result indicates that the Pd2CuCo/C 

electrocatalyst is active toward ORR. RDE measurements were done to evaluate the ORR 

kinetics in O2-saturated KOH (0.1 M) electrolyte at varied rotation rates of 400-3600 rpm, 

as shown in Figure 4.5b. The polarization graph shows that when the rotation speed of the 

electrode rises, the current density also increases. The high oxygen diffusion rates are 

responsible for the increase in current density [39-41]. Figure 4.5c shows the Koutecky-

Levich (K-L) plots obtained from the RDE graph in accordance with the equations 

denoted by equations (discussed in Chapter 2). The K-L plots are typically used to 

evaluate the kinetic current densities and the number (n) of electron transferred during the 

reduction reaction at different potentials. The K–L plots at different potentials display 

superb linearity and parallelism of Pd2CuCo/C electrocatalysts, ensuring first-order ORR 

kinetics [42]. 

At different potentials ranging from 0.65 to 0.80V (vs. RHE), the average n values 

are calculated and found to be ~4 (inset in Figure 4.5c). So, the ORR on Pd2CuCo/C 

electrocatalyst appears to follow a direct "4e−" reduction pathway (O2 + 2H2O + 4e− = 

4OH−) in alkaline electrolyte. The LSV curves at 1600 rpm were also recorded to 

compare the electrocatalytic performance of Pd2CuCo/C with PdCu/C, PdCo/C, 

benchmark Pt/C and Pd/C (Figure 4.5d). Under identical conditions, the onset (Eonset = 

0.91 V) and half-wave (E1/2 = 0.806 V) potentials of Pd2CuCo/C are highly positive than 

the other counterparts, implying that Pd2CuCo/C has greater ORR activity. Additionally, 

the Pd2CuCo/C electrocatalyst shows a higher limiting current density (jm) value of -5.65 

mAcm−2 than the PdCu/C (-4.5 mAcm−2), PdCo/C (-4.9 mAcm−2), Pd/C (-2.47 mAcm−2) 

and Pt/C (-5.5 mAcm−2).  
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Figure 4.5: (a) CV recorded in N2- and O2-saturated 0.1 M KOH solution with a scan rate 

at 50 mVs-1, (b) ORR polarization LSV recorded in O2-saturated 0.1 M KOH with scan 

rate 10 mVs-1, (c) corresponding Koutecky-Levich plot at different potentials, (inset: 

electron transfer number (n) vs. potential for Pd2CuCo/C), (d) comparison of ORR 

polarization LSV plots of Pd2CuCo/C, Pt/C, Pd/C, PdCu/C and PdCo/C in O2-saturated 

0.1 M KOH solution, rotational speed: 1600 rpm. 

 

 

 

 

 

 

 

 



 

                                                   4-11                                        
 

Chapter 4 
 

           ORR by Pd2CuCo/C electrocatalyst 

 

 
 

 

Figure 4.6: (a) CV plots of PdCo/C, N2- and O2-saturated 0.1 M KOH solution with a 

scan rate of 50mVs−1, (b) rotating rate-dependent ORR polarization curves for respective 

electrocatalyst with the scan rate of 10 mVs−1, (c) corresponding Koutecky-Levich plot at 

different potentials. 

To compare the electrocatalytic performance of catalysts, CV and LSV analyses 

of PdCo/C and PdCu/C were also carried out in N2 and O2-saturated 0.1 M KOH solution 

and presented in Figure 4.6 and 4.7. The LSV curves at different rotation increases with 

increase in the rotating speed presented in Figure 4.6b and 4.7b, similar behaviors were 

observed for Pd2CuCo/C. The corresponding KL plot at various potentials in the mixed 

controlled regions for PdCo/C and PdCu/C are also plotted and presented in Figures 4.6c 

and 4.7c, respectively. A series of linear and parallel lines were observed for both PdCo/C 

and PdCu/C. 



 

                                                   4-12                                        
 

Chapter 4 
 

           ORR by Pd2CuCo/C electrocatalyst 

 

 

 

Figure 4.7: (a) CV plots of PdCu/C, N2- and O2-saturated 0.1 M KOH solution with a 

scan rate of 50 mVs−1, (b) rotating rate-dependent ORR polarization curves for respective 

electrocatalyst with the scan rate of 10 mVs−1, (c) corresponding Koutecky-Levich plot at 

different potentials. 

 

A comparison of Eonset, E1/2, and jm values of all the electrocatalysts is presented in 

Table 4.1. From the table, it is pertinent although the kinetics of Pd2CuCo/C might not be 

the earliest, once it gets started; it generates higher currents than the other electrocatalysts. 

The E1/2 values of Pd2CuCo/C, PdCu/C, PdCo/C, Pt/C and Pd/C are 0.806V, 0.74V, 

0.805V, 0.858 and 0.81V vs. RHE, respectively. The jm of Pd2CuCo/C (-5.65 mAcm-2) is 

1.25 and 1.15 times higher than the PdCu/C (-4.5 mAcm-2) and PdCo/C (-4.9 mAcm-2), 

respectively. The commendable performance of Pd2CuCo/C may be attributed to more 

active sites present on the surface of the electrocatalyst, indicates better dispersion of the 

NPs over the carbon matrix and stronger synergistic effect between Pd, Cu and Co. 
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Table 4.1: Summary of, E1/2, jm and ECSA of Pd2CuCo/C, Pt/C, Pd/C, PdCu/C and 

PdCo/C for ORR  

 

Sl 

No. 

Electrocatalysts E1/2 (V vs. RHE) Jm (mA cm-2) ECSA (m2g-1) 

1 Pd2CuCo/C 0.806 -5.65 132.9 

2 Pt/C 0.858 -5.5 29.5 

3 Pd/C 0.81 -2.47 21.7 

4 PdCu/C 0.74 -4.5 72.8 

5 PdCo/C 0.805 -4.9 83.9 

 

The CV plots of the synthesized electrocatalysts, including PdCu/C, PdCo/C, 

Pt/C, and Pd/C in N2-saturated 0.1M KOH electrolyte recorded at a scan rate of 50 mVs−1 

(Figure 4.8a). This CV curve represents that Pd2CuCo/C has a higher positive reduction 

potential than PdCu/C and PdCo/C. The increments of reduction potential are due to the 

incorporation of both Cu and Co in the Pd lattice, which lowers the lattice distance and 

increases ORR activity by decreasing the adsorption energy of intermediates. From this 

CV plot, the electrochemically active surface area (ECSA) of all the reported catalysts 

was calculated, and it is an essential factor for determining the actual active sites present 

in the catalysts. ECSA is different from the BET surface area, which provides an entire 

surface area of the catalyst even though not all accessible surfaces may be 

electrochemically active. The procedure for calculation of ECSA is described in Chapter 

2. The ECSA values follows the order Pd2CuCo/C (132.9 m2g-1) > PdCo/C (83.9 m2g-1) > 

PdCu/C (72.8 m2g-1) > Pt/C (29.5 m2g−1) > Pd/C (21.7 m2g−1). The ECSA value of 

Pd2CuCo/C is 1.58, 1.82, 4.5 and 6.1 times larger than the PdCo/C, PdCu/C, Pt/C and 

Pd/C, respectively. An increased ECSA means more electrochemically active sites are on 

the catalyst surface, and this is attributed to the SMSI caused by the uniform dispersion of 

metallic particles on the carbon support, as inferred from the TEM image.  
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Figure 4.8: (a) CV of Pd2CuCo/C, Pt/C, Pd/C, PdCu/C and PdCo/C electrocatalyst 

recorded in N2-saturated 0.1 M KOH with a sweep rate of 50 mVs−1, (b) ECSA 

normalized activity under varied potentials for Pt/C, PdCu/C, PdCo/C, and Pd2CuCo/C 

electrocatalysts, (c) mass activities (MA) for Pd/C, Pt/C, PdCu/C and PdCo/C and 

Pd2CuCo/C electrocatalysts at 0.9V vs. RHE and (d) corresponding Tafel plots obtained 

from LSV curves of Pt/C and Pd2CuCo/C electrocatalysts. 

 

The ECSA normalized activity and mass activity (MA) of all the reported 

electrocatalysts were determined and presented in Figure 4.8b and c. The mass MA and 

ECSA normalized activity were measured by normalizing the kinetic current to the active 

mass of Pt or Pd loading and to the ECSA of the catalysts. As shown in Figure 4.8c, MA 

at 0.90 V vs. RHE for Pd2CuCo/C was found to be ∼1.4 and 34.3 times higher than 

PdCo/C and PdCu/C, respectively. The superior MA and ECSA normalized activity of 

Pd2CuCo/C ascribed to more dispersion of metal NPs on the carbon surface and more 

active sites, as reflected from the ECSA. To further understand the kinetics of the 

catalysts, the Tafel slope value was determined by linearly fitting the polarization curve, 
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shown in Figure 4.8d. Notably, a low value of the Tafel slope is associated with a slight 

increase in potential, a higher electrocatalytic current density, and a higher catalytic 

efficiency. The Pd2CuCo/C has a lower Tafel slope (58.7 mV dec−1) relative to 

commercial Pt/C (69.5 mV dec−1) suggesting a higher catalytic efficiency with a faster 

electron transfer rate of Pd2CuCo/C toward ORR. 

 

 
 

 

Figure 4.9: (a) Chronoamperometry (CA) plots of stability test of Pd2CuCo/C and Pt/C 

measured at 0.66 V (vs. RHE) in O2-saturated 0.1 M KOH solution, rotational speed: 

1600 rpm, ORR polarization LSV plots of (b) Pd2CuCo/C, and (c) Pt/C at 1600 rpm 

before and after 10000 cycles, (d) CA curves of a methanol tolerance test of Pd2CuCo/C 

and Pt/C for 3600 s. 

 

Long-term stability and durability are essential criteria for the practical application 

of electrocatalysts. A chronoamperometry (CA) test was done to assess the 

electrochemical stability of the Pd2CuCo/C, as illustrated in Figure 4.9a. The initial 
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current decay for Pt/C is 27.5% after 6 h, whereas the current decay for Pd2CuCo/C is just 

4.3%, indicating the Pd2CuCo/C's exceptional stability. To further verify the durability of 

the reported electrocatalysts, accelerated durability test (ADT) was performed for 10000 

cycles in O2-saturated 0.1 M KOH electrolyte in the potential ranging from 0.2, and 1.20 

V (vs. RHE) at 500 mVs−1 and compared with Pt/C and the data was presented in Figure 

4.9b and c, respectively. The Eonset for both Pd2CuCo/C and Pt/C are nearly unchanged 

after 10000 cycles, and only 4 mv of a negative shift in E1/2 for Pd2CuCo/C is observed 

which is lower than the Pt/C. We conclude from these comparative investigations that the 

reported Pd2CuCo/C catalyst has better ORR catalytic activity than the commercial Pt/C. 

The remarkable ORR performance of Pd2CuCo/C may be due to the electronic effects of 

including Cu and Cu metal in the Pd lattice. The Pd2CuCo/C and benchmark Pt/C 

catalyst's tolerance to methanol were also studied. As demonstrated in Figure 4.9d, the 

ORR current of the Pd2CuCo/C electrode did not significantly change after the addition of 

methanol at 200s. Contrarily, the Pt/C electrocatalyst's ORR current drops dramatically, 

indicating that Pd2CuCo/C has a remarkable ORR selectivity and a good capacity for 

avoiding the crossover effect. These outcomes further support the Pd2CuCo/C 

electrocatalyst’s potential for direct methanol and alkaline FC applications. 

 

Figure 4.10: (a) Low-resolution and (b) high-resolution TEM images of Pd2CuCo/C post-

catalytic samples, respectively. 
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To ascertain the morphology and structure of the catalyst, TEM analysis was done 

after this long-term stability test. Figure 4.10 represents the low-resolution and high-

resolution TEM images of Pd2CuCo/C. The robustness of investigated catalysts is evident 

from the TEM images that show no significant morphological and structural changes 

which demonstrate the excellent structural integrity of Pd2CuCo/C. The Pd2CuCo NPs are 

homogeneously distributed over carbon support after this long hour of electrostability 

test. 

Table 4.2 displayed the electrocatalytic performance comparison with some Pd-

based catalysts that had been previously published. The ORR performance demonstrated 

by the Pd2CuCo/C NPs was found to be superior to those of a few recently reported 

catalysts. The ORR onset potential of Pd2CuCo/C is excellent compared to that of Pd-g-

C3N4 [44] and PtPd alloy networks [45]. Similarly, the Pd2CuCo/C exhibits superior half-

wave potential than most of the reported electrocatalysts such as Pd1Ni1Cu0.8/C [46], 

Au@Pd/rGO [47], G−Cu3Pd [49] and GN@Pd-GA [54]. Moreover, the as-synthesized 

electrocatalysts displayed much lower Tafel slope (58.7 mV dec−1) than the other enlisted 

electrocatalysts and very close to Co0.2Sn0.2Pd0.2/rGO [48]. These results show that 

Pd2CuCo/C has the best intrinsic activity among these reported catalysts. Furthermore, we 

have compared the ECSA value, which would be responsible for a notable improvement 

in the electrocatalyst’s catalytic performance, for a better understanding of the factors 

underlying the catalyst's high ORR performance. Pd2CuCo/C exhibits a higher ECSA 

value than several electrocatalysts [25, 28, 29, 44-55], indicating the presence of more 

catalytic active sites on the surface of Pd2CuCo/C. These superior catalytic performances 

make the Pd2CuCo/C nanostructure a potential electrocatalyst toward ORR. 

Furthermore, in accordance with Chapter 3, it was observed that the stability and 

durability are superior or comparable with low Pd content. In this chapter, we have a 50% 

of Pd loading in a total 20% metallic part, whereas in the previous chapter, it was a 75% 

of Pd loading in a total 20% metallic part. With a 25% lower Pd content than in Chapter 3 

(Pd3Ag0.5Cu0.5/C), the present catalyst displays commendable performance for ORR. 

Therefore, it can be concluded that introducing Cu and Co in the Pd lattice effectively 

disperses the metallic counterparts over the entire support, leading to superior 

performance. 
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Table 4.2: Comparison of the ORR parameters of Pd-based electrocatalysts in 0.1 M 

KOH 

Electrocatalysts Eonset V 

(vs. 

RHE) 

E1/2 V (vs. 

RHE) 

Tafel slope 

(mV dec−1) 

ECSA 

(m2g-1) 

References 

Pd2CuCo/C 0.91 0.806 58.7 132.9 This work 

PtPdCu tripods  1.00 0.94 60 39.2 25 

Pd2CuCo/C NF 0.94 0.82 67.83 100.9 28 

Pd3Ni 0.96 0.84 71.4 120.7 29 

Pd-g-C3N4 0.90 0.70  67.6 44 

PtPd alloy 

networks  

0.89   38.6 45 

Pd1Ni1Cu0.8/C  0.757   46 

Au@Pd/rGO   0.961 0.761   47 

Co0.2Sn0.2 Pd0.2 

/rGO 

 0.91 57  48 

G−Cu3Pd  0.785 68.9  49 

G-AuPd@Pd 0.95 0.87  93.5 50 

Pd4Au HCs/C 1.00 0.87 65 5.9 51 

v-Pd2CoAg  0.95  66  52 

Co5Fe2Pd1  0.97 0.87 74  53 

GN@Pd-GA  0.92 0.76   54 

PdCuCo-AS   0.901  70.4 55 
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4.3.  Conclusions 

In summary, we have successfully synthesized a Pd2CuCo alloy uniformly 

anchored on Vulcan carbon through a modified solvothermal process. The evaluation of 

the electrocatalytic activity of Pd2CuCo alloy toward ORR indicated a positive Eonset and 

E1/2, along with excellent redox durability and long-term stability. Additionally, the 

electrocatalyst displayed superior MeOH tolerance than the benchmark Pt/C. The 

excellent electrocatalytic performances of the Pd2CuCo alloy were assumed due to the 

uniform dispersion over the carbon matrix that provided a large surface area and 

improved active sites. The results indicate that these electrocatalysts may be applied as a 

novel candidate with lower Pd content than the commercial Pd/C, which is cost-effective 

and highly efficient for ORR applications in energy conversion devices.   
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