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ABSTRACT 

The Kinetics and mechanism of morphology and oxygen electro reduction reaction at PdCo catalysts synthesized 

on carbon black XC72 have been investigated. The effect of annealing temperature and aging time on the catalytic activity 

and stability were studied in more details. It is found that, the average particle size increases with increasing the aging time 

and leds to decrease the catalytic activity. The optimal heat-treatment temperature is found to be 300 
◦
C for 3 h in the case 

of higher percent of Co and in the case of lower percentage of Co it is found to be 700˚C for 4 h. The highest oxygen 

reduction reaction (ORR) catalytic activity, are obtained. A typical transmission electron microscopy (TEM) micrograph of 

the (Pd32Co68/C) catalyst, heat-treated at 300 
◦
C aged at different times reveals that the average particle size is 25 nm with a 

relatively narrow size distribution.  

KEYWORDS: Nanostructures, Chemical Synthesis, Surface Properties, Electrochemical Properties, Electron 

Microscopy 

INTRODUCTION 

Platinum and its alloys supported on carbon are commonly used as electrocatalysts for the oxygen reduction 

reaction (ORR) [1] in fuel cells, but their high cost poses serious challenges for commercialization. Recently, alloying of 

Pd with other elements has been found to show high catalytic activity for ORR [2–6]; where the cost of Pd is one-fifth of 

the cost of Pt. Among them, the PdCo alloys are particularly interesting as they exhibit high catalytic activity for ORR with 

good tolerance to methanol. However, for structure and surface sensitive reactions such as electrocatalysis for ORR, the 

particle size, dispersion, and compositional homogeneity of the alloy clusters on the carbon support were important factors 

to obtain good catalytic activity [7-10], which became particularly challenging with multiple metals involved. Usually, the 

Pt-based [11-14] and Pd-based [15-18] alloy catalysts were prepared and/or post-treated at high temperatures in inert or 

reducing atmosphere in order to promote alloy formation. However, the heat treatment at high temperatures for long times 

leads to an undesired particle growth decreases in the surface area and catalytic activity. Therefore, catalyst preparation 

methods that can offer high degree of alloy homogeneity with small particle size and high surface area at moderate 

temperatures were needed. It has been reported that Pd-based electrocatalysts with suitable metal combinations and 

optimum compositions exhibit high catalytic activity for the ORR. The ORR activity of the PdCo/C catalysts with a Co 

content of 10–30% was found to be close to that of Pt/C [19-22]. L. Zhang et al., [20] reported that, the enhanced catalytic 

activity of Pd-based alloy compared to pure Pd metal was explained according to a reduction in Pd oxide surface coverage 

in the presence of a secondary metal such as Co, Ni, or Cr. The secondary alloying metal in a Pd alloy can effectively 

reduce the density of states (DOS) of the Pd d-band at the Fermi level, which prevents the formation of Pd oxide on the 

surface. Besides the work on fundamental understanding, experiments for Pd-based catalyst synthesis were another critical 

piece in new catalyst development. In terms of experimental approaches, different synthetic methods have been used in the 
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synthesis of Pd-based alloy catalysts. It was well known that, the electrocatalytic activity of a catalyst strongly depends on 

particle size, morphology and particle distribution. A favorable synthetic method and strategy can produce narrowly 

distributed and well-dispersed nanoscale catalyst particles, which are very important to ORR activity improvement [23-28]. 

For example, the activity of Pt has been reported to decrease with decreasing the crystallites size less than about 6 nm [29]. 

However, little is known about the effect of crystallite size and degree of alloying (incorporation of Co into the Pd lattice) 

on the catalytic activity and durability of Pd-based alloys. Annealing at high temperatures during the synthesis process 

often causes increase in both crystallite size and degree of alloying, leading to difficulties in precisely understanding their 

individual roles. The effect of the heat-treatment temperature on catalytic activity was also investigated, and the results 

showed that, the heat treatment at 500 ◦C would give the best catalyst [30, 31]. Li et al., [17] obtained better ORR catalysts 

compared to pure Pt by alloying Pt with Pd. This is especially useful for DMFC applications. Challenges to be met for the 

preparation of improved Pd alloy catalysts include the need for synthesis procedures resulting in catalysts with desirable 

composition, small particle size and a narrow size distribution. In the present paper, PdCo/C bimetallic catalysts with 

different atomic ratios are prepared by a modified polyol reduction process and then heat-treated for different aging times 

at two different temperatures, with the aim being to increase the ORR activity and to decrease the particle size of Pd-based 

catalysts. The ORR activities are evaluated in an acidic medium in absence of methanol. Also, the ORR kinetics is 

analyzed, using a rotating disk electrode (RDE). The effect of aging times on the catalyst morphology at temperatures    

300
 o
C and 700

o
C are characterized by using X-ray diffraction (XRD), transmission electron microscopy (TEM) and Cyclic 

Voltammetry (CV) techniques.  

EXPERIMENTAL PROCEDURE 

Catalyst Synthesis 

Carbon-supported (Pd32Co68/C) and (Pd62Co38/C) catalysts with 20 wt% metal in carbon are synthesized by a 

modified Polyol reduction process. An appropriate amounts of (NH4)2PdCl4 (with purity 99.998%) and CoCl2
.
6H2O 

(98.5%) to obtain 100 mg of Pd100-xCox/C (20 wt%) are dissolved in dionized water (DI). 30 ml from ionic poly 

(diallyldimethylammonioum chloride) (PDDA) (35wt. % in water, Molecular weight: about 10,000 ) is added to 30 ml 

ethylene glycol (99.5%) and sonicated for 15 minutes. 40 ml of ethylene glycol refluxed at 130 ºC with stirring, PDDA is 

added drop wise to ethylene glycol with stirring in 10 times with the appropriate amounts of Pd100-xCox to give an atomic 

ratio of PDDA: Pd100-xCox = 7:1. The mixture is kept under stirring for 2h at 130 
º
C. A freshly solution containing 200 mg 

of NaBH4 (92 %) in 40 ml of DI water is added. The color of the solution is observed to change from yellow to black, 

indicating the processing of the reduction reactions. The mixture is kept under stirring and refluxed at 130
 º
C for 1h and 

cooled to room temperature. An appropriate amount of carbon (Vulcan XC 72R) is added, stirred overnight and the slurry 

is filtered, washed with water and ethanol and dried overnight in vacuum oven at 60 
º
C. The prepared samples are denoted 

as Pd100-xCox /C -ASP. In order to study the effect of aging time at appropriate temperature on the catalytic activity, the 

prepared samples are aged for 1 h, 2 h, 3 h, 4 h and 5 h at 300 and 700 
°
C, in a flowing mixture of 10% H2-90% Ar 

followed by cooling to room temperature. 

Material Characterization 

XRD measurements of Pd100-xCox/C catalysts are carried out on a Philips Pan analytical X-ray diffractometer 

using CuKα radiation with λ = 0.15406 nm. The XRD spectra are obtained using high resolution in the step-scanning mode 

with a narrow receiving slit (0.05°) with a counting time of 50.05 s per 0.05°. Scans were recorded in the 2θ range of     

10–95°. In order to estimate the particle size from XRD, Scherer's equation is used. The morphology of electrocatalyst 

samples is observed by using transmission electron microscopy (TEM, JEOL JEM-2010F). The specimens for TEM 
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observation are prepared by placing a drop of the particle-dispersed solution onto a copper grid. The TEM is operated at an 

accelerating voltage of 200 keV. All of the images are recorded with a charge-coupled device camera.  

Electrochemical Measurements  

All electrochemical measurements are performed in a three-electrode electrochemical cell on a potentiostat 

(Biologic VSP) at room temperature. A thin-layer rotating disk electrode (5 mm in dia.) is used as a working electrode, 

which is polished with Al2O3 slurries and washed in DI water with sonication before the experiments. The well dispersed 

PdCo/C (2.5 mg) and carbon black (1.5 mg) as conductors are deposited onto a glassy carbon electrode by dropping 20µl 

of electrocatalysts ink with a micropipette for 2 times, resulting in PdCo loading in 25.23 µg/cm
2 

electrode. Uniform and 

thin PdCo/C electrocatalyst layer on glassy carbon electrode is obtained by mild evaporation and drying at room 

temperature. Nafion solution (0.025 wt. %, 20 µl) is dropped onto the electrocatalysts coated electrode and dried in a 

vacuum oven at 70 
o
C for 30 min. Finally, we could obtain the electrode coated with uniform and thin electocatalysts layer 

for thin film rotating disk electrode (TF-RDE) technique. A platinum wire and a silver chloride electrode (Ag/AgCl sat 3.5 

M KCl) are used as a counter and a reference electrodes, respectively. Cyclic voltammetry (CV) measurements are 

performed in O2-free 0.1 M HClO4 electrolyte obtained by purging high-purity N2 gas for 30 min. The electrodes are cycled 

in the potential range between -0.195 and 1.005 V versus Ag/AgCl at a scan rate of 20 mV/s after electrochemical cleaning 

with a quick scan (scan rate: 200 mV/s) for 50 cycles. After CV measurements, oxygen reduction reaction (ORR) is 

subsequently performed in the same potential range in oxygen-saturated 0.1 M HClO4 by purging pure O2 gas at rotating 

speeds of 100, 400, 900, 1600, and 2500 rpm with a scan rate of 5 mV/s. All of the current densities are normalized to the 

geometric area of the rotating disk electrode. Before each experiment, the glassy carbon electrode is polished to a mirror 

like finish with 0.05 μm alumina (Buehler). The obtained data are repeated at least three times in order to assure the 

repeatability. 

RESULTS AND DISCUSSIONS 

Physical Characterization of PdCo/C Bimetallic Catalysts 

From Figure 1 (a), it is observed that all the XRD patterns of the PdCo (32:68 atom %) alloy catalysts which heat 

treated at 300 
ᵒ
C at various aging times exhibit five main characteristic peaks of the fcc crystalline Pd (JCPDS Card        

00-005-0681) [21]; namely, the planes (111), (200), (220), (311), and (222). This demonstrates that, all the alloy catalysts 

mainly resemble the single-phase disordered structure (solid solution). The diffraction peaks shifted to higher 2θ values 

compared to those aged for 1h with increasing the aging times suggesting incorporation of Co into the Pd lattice. The shift 

in the diffraction peaks to higher angles with increasing aging time is observed and this indicating that, the contraction of 

the lattice and an increase in the degree of alloying of Co with Pd. The reflections correspond to only a single fcc phase; 

this suggests the formation of a binary PdCo alloy phase. 

   

Figure 1:-XRD Patterns of the Carbon-Supported PdCo, Catalysts after Heat Treatment in  

10% H2–90% Ar Atmosphere at Various Aging Times. (a) (Pd: Co = 32:68 Atom%) 

Heat Treated at 300 ºC, (b) (Pd:Co = 62:38 Atom%) Heat Treated at 700 ºC 
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The absence of peaks for Co or its oxides indicates that the alloy constituents are thoroughly mixed in the crystal 

system. The diffraction peak at around 2θ =25
◦
 corresponds to the (0 0 2) plane diffraction of the hexagonal structure of the 

Vulcan-XC-72R carbon support. Figure 1(b) shows five main diffraction peaks for fcc Pd62Co38/C catalysts heat-treated at 

various aging times. As the aging times increased, these diffraction peaks shifted to higher angles relative to the aged 

sample for 1 h. Such angle shifts reveal alloy formation between Pd and Co with increasing aging time and indicates lattice 

contractions caused by the incorporation of Co into the Pd fcc structure. The changes in the relative intensities of the PdCo 

rich and Pd-rich phases after aging for 2 h and 5 h may be due to the changes in the alloy composition and the degree of 

crystallinity. However, reflections corresponding to only a single fcc phase are found after aging for 5 h, indicating the 

formation of a binary PdCo alloy phase at higher temperatures. Figures 1(a and b) shows that, the optimal aging time for 

heat treatment is 3 h for PdCo/C catalysts. Longer aging times, such as 4 h and 5 h, leads to increase the particle size. The 

mean particle sizes calculated from XRD patterns for the two catalyst alloys increase with increasing the aging time,          

(see Table 1). The particle surface area S in cm
2
g

−1
 is calculated by using equation (1) [20]. 

d
S

6000


                                                                                                                                                              (1) 

For spherical particles, where d is the crystallite size (diameter) in nm which obtained from the (111) diffraction 

line (XRD data, Figure 1) and ρ is the density of the PdCo alloy (~11.08 g cm
−3

). The particle size is obtained by using 

Scherer equation [21].  





cos

0 k
Ad 








                                                                                                                                                  (2) 

where d is the average particle size in Å, k is a shape-sensitive coefficient (0.9), λ is the wavelength of radiation 

used in Cu Kα (0.15406 nm), β is the full-width at half-maximum (in rad) of the peak, and θ is the angle at the position of 

the maximum peak (in rad). The XRD-determined surface areas (SXRD) which are listed in Table 1 showed that SXRD 

decreases with increasing aging time for the heat-treated catalysts. The decrease in SXRD may be attributed to the increase 

in particle size.  

Table 1: Characteristics of Prepared PdCo/C (Pd:Co = 32:68 Atom%) and 

(Pd:Co = 62:38 Atom%) Alloy Catalyst Based on XRD 

Sample 
Aging 

Time 

XRD Particle 

Size (nm) 

Active 

Surface Area 

Pd32Co68/C 

1h 11.60 46.66 

2h 11.61 46.65 

3h 11.45 47.30 

4h 12.70 42.64 

5h 14.17 38.20 

Pd62Co38/C 

1h 9.19 58.82 

2h 10.33 52.43 

3h 9.34 54.44 

4h 11.64 46.53 

5h 16.87 30.14 

 

Micrographs of PdCo/C alloy morphology as a function of aging time at proper temperatures are recorded by 

TEM, as shown in Figure 2. For comparison, a uniform distribution of catalyst particles with a predominant and regular 

spherical shape can be observed in all samples after aging for various times. An increase in particle size with aging time 

http://www.rsc.org/delivery/_ArticleLinking/DisplayHTMLArticleforfree.cfm?JournalCode=EE&Year=2009&ManuscriptID=b814708f&Iss=Advance_Article#fig2#fig2
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(Figures 2a–f) may suggest agglomeration during heat treatment for a long time. From the images, we concluded that all 

the catalysts were well dispersed on the carbon surface with a narrow particle size distribution. A few larger-sized particles 

(> 25 nm) are observed, which are formed due to aggregation of the particles at higher temperatures for a longer aging 

time. This observation is consistent with calculations from XRD data. The ascertained mean particle size is smaller than 

those reported by others for Pd-based catalysts [10, 12, 22], which may be beneficial in increasing ORR mass activity. 

Hence, the catalyst preparation procedure via a modified Polyol reduction route may be a method for obtaining nanosize 

alloy catalysts with narrow particle distribution and good dispersion on a support.  

 

Figure 2: TEM Micrographs of the Carbon-Supported PdCo (Pd:Co = 32:68 Atom%) 

Annealed at 300 ºC for (a) 1h (b) 3h (c) 5h and PdCo (Pd:Co = 62:38 Atom%) 

Annealed at 700 ºC for (d) 1h (e) 3h (f) 5h 

Surface Cyclic Voltammograms of Two PdCo/C Alloy Catalysts 

CVs of the Pd32Co68/C and Pd62Co38/C catalysts are shown in Figures 3(a and b). These CVs are recorded in a 0.1 

M HClO4 solution under an N2 atmosphere at 24 
º
C after aging the samples for 1 h, 2 h, 3 h, 4 h, and 5 h at appropriate 

temperatures of 300 
º
C for the Pd32Co68/C catalyst and 700 

º
C for the Pd62Co38/C catalyst. Since the electrochemical surface 

areas of the catalysts can be proportional to the cathodic peak area of the surface oxide reduction region [18].  

 

 

 

 

 

 

 

 

Figure 3: Comparison of Cyclic Voltammograms of (a) Pd32Co68/C and (b) Pd62Co38/C alloy Catalysts  

were Aged at 300 
◦
C and 700 

◦
C Respectively, for 1h, 2 h, 3 h, 4 h and 5 h and Recorded in a 

0.1M HClO4 Solution at 24 
◦
C Under N2 Atmosphere. The Potential Scan Rate was 50mVs

−1
 

As the micro-electrodes for the CV tests contained the same mass of the Pd32Co68/C and Pd62Co38/C samples, the 

specific mass cathodic peak area values normalized to the sweep rate (i.e., charge transferred or cathodic peak area divided 
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by the sweep rate) is used to compare the electrocatalytic activity for the ORRs of the different samples. The CVs of 

Pd32Co68/C annealed at 300 
◦
C for 3 h and Pd62Co38/C annealed at 700 

◦
C for 4 h, respectively, shown large peaks in the 

potential ranges of -0.197 to –0.141V and -0.197 to -0.168 V, respectively (see Figure 3). However, the samples aged at 

other aging times exhibited smaller hydrogen peaks. These large peaks might be ascribed to the dissolution of adsorbed 

hydrogen into bulk PdCo/C, which may be restrained by the existence of the second element, cobalt [27, 31]. In the case of 

an annealed sample (Pd32Co68/C) at 300 
◦
C for 3 h, the degree of alloying for cobalt in Pd lattice to form the core shell is 

less than the other aged samples at higher aging times (4 h and 5 h). Therefore, the increase of the peaks of the sample aged 

for 3 h at 300 
◦
C higher than those samples aged for 4 h and 5 h may be ascribed to the lower degree of alloying for cobalt 

in the sample aged for 3 h. While the changes in both the degree of alloying and crystallite size caused by aging for long 

times can influence on the activity. Also, in the case of (Pd62Co38/C) sample which aged at 700 
◦
C for 4 h it is observed 

that, the peaks are higher than that of other annealed samples. This suggests that, the increase of the degree of alloying for 

cobalt in Pd lattice to form the core shell at the higher temperatures increases the particle size which decreases the active 

surface area as indicated in XRD data in Table 1. This result is supported by the fact that the catalytic activity for ORR 

found in PEMFCs generally correlates with the trend in the surface oxide reduction peak area of the Pd-based catalysts.  

Normally, the areas under the hydrogen adsorption/desorption peaks in CVs can be used to estimate the 

electrochemically active surface areas (ESA) of a pure Pt or Pd catalyst. However, in the case of alloy catalysts, such 

quantitative estimation may not be feasible. As a qualitative estimation, the Pd32Co68/C and Pd62Co38/C aged for 3 h and 4 

h, respectively, shows the largest ESA compared to the other aged catalyst samples, which may be due to the smaller 

particle size and lower degree of aggregation of this catalyst. Therefore, aging times longer than 4 h for this kind of 

PdCo/C alloy, which is used in this investigation, could negatively affect the morphology and electrocatalytic activity of 

the synthesized catalysts. Our result that, the optimal heat-treatment temperature is as low as 300 
º
C agrees with the results 

of L. Zhang et al., [20]. There are no cobalt peaks apparent in the voltammetry, which may be indicate that cobalt is fully 

incorporated into palladium to form an alloy, and that Pd-rich skin is formed on the alloy’s surface. Such a formation is 

supported by the XRD pattern, which revealed an unsymmetrical diffraction line of the Pd32Co68 and Pd62Co38 alloys as 

shown in Figure 1. The only appearance of the binary phase PdCo began during annealing for 3 h as shown in the XRD 

patterns for the two samples, and started to disappear during the longer annealing times. This behavior strongly suggests 

that the optimal aging time for heat treatment of PdCo/C catalysts should be around 3 h. Longer aging times, such as 4 h 

and 5 h, result in an increase in particle size. 

Catalyst Activity towards ORR as a Function of Aging Time 

Figures 4(a and b) shows single scan voltammograms for Pd32Co68/C and Pd62Co38/C alloys coated on glassy 

carbon disk electrodes at different heat treatment temperatures in oxygen-saturated 0.1 M HClO4 solution under ambient 

conditions. The Pd32Co68/C alloy electrocatalyst, which is heat treated at 300 
º
C for 3 h, showed the highest ORR activity. 

The ORR activity order is found from Figure 4(a) as follows: Pd32Co68/C (3 h) > 4 h>5 h >2 h>1 h. The Pd32Co68/C catalyst 

aged for 3 h showed better ORR performance than the Pd32Co68/C catalysts aged for 4 h or 5 h. This is because a catalyst 

with less aging time has a smaller particle size (larger surface area) compared to those aged for longer periods at the same 

temperature. Among the PdCo/C alloys, the order of ORR performance is consistent with the particle size distribution 

order. Increasing the aging time from 3 h to 5 h caused an increase in particle size, thereby leading to a decrease in ORR 

activity of the PdCo/C alloy catalysts. After aging for long periods, the palladium atoms tended to migrate to the surface of 

the alloy nanoparticles because palladium and cobalt trend toward segregation due to the large segregation energy 

difference between them [21].  



Kinetics and Mechanism of Morphology and Oxygen Reduction                                                                                                                                      37 
Reaction at PdCo Electrocatalysts Synthesized on XC72 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

  

 

 

5 h

4 h

2 h 3 h

E / V (vs Ag/AgCl sat KCl 3.5M)

J
/m

A
 c

m
-2

a

1 h

-0.2 0.0 0.2 0.4 0.6 0.8
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

  

 

 

J
/m

A
 c

m
-2

4h
3h

2h

1h

E / V (vs Ag/AgCl sat KCl 3.5M)

b

5h

 

  

 

 

 

 

 

 

 

 

  

Figure 4: Single Scan Voltammograms at Different Aging Times for: (a) Pd32Co68/C and (b) Pd62Co38/C, 

Catalyst-Coated GC Disk Electrode. Measurements were Made in an Oxygen-Saturated 

0.1M HClO4 Solution at 25 
º
C. The Electrode was Rotated at 1600 rpm and the Potential Scan Rate was 50 mVs

−1
. 

The Catalyst Loadings were Controlled to 12.8 µg cm
2
 

 

Thus, the Pd-rich “skin”  should be formed on the Pd32Co68/C nanoparticles. ORR activity order is determined 

from Figure 4(b) as follows: Pd62Co38/C aged at 700 
º
C for 4 h > 2 h > 3 h > 1 h > 5 h. The Pd62Co38/C catalyst with heat 

treatment at 700 
º
C for 4 h showed better ORR performance than catalysts aged for 3 h or 5 h. Figure 4(a) demonstrates a 

clear decrease in catalytic activity for ORRs with increasing aging time due to decreasing surface area. H. Liu and A. 

Manthiram [3] reported that, the degree of alloying increases up to 500 
º
C and remains constant thereafter, while crystallite 

size increases slowly up to 500 
º
C and rapidly thereafter. The crystallite size increased from 11.45 to 14.17 nm for the 

Pd32Co68/C when the aging time increased from 1 h to 5 h at 300 ºC. The surface area decreased considerably (see Table 1), 

which led to a decrease in the number of active sites and the charge. Increasing the aging time at higher temperatures leads 

to increase the particle size which leads to decrease the catalytic activity. This is due to the fact that, while both increasing 

the degree of alloying and the crystallite size caused a decrease in activity for aging temperatures < 700 
º
C, only the 

increase in crystallite size caused a decrease in activity for the case of aging at 700 ºC.  

CONCLUSIONS 

The effect of heat treatment and aging time on the catalyst morphology and catalytic ORR activity are studied in 

more details. It’s found that, heat-treatments at appropriate temperatures 300 
º
C and 700 

º
C for different aging times 

improve the activity and stability of the catalysts. The optimal heat-treatment temperature and aging time are found to be 

300 
º
C for 3 h in the higher concentration of Co in PdCo/C alloy. XRD and TEM measurements revealed that, the PdCo/C 

alloys contained unreduced Pd ions rather than Pd metal. After aging for long periods during heat-treatment at appropriate 

temperatures, the PdCo/C alloys showed the largest particle size and the lowest electrochemical surface-active area. Also it 

is found that, the increase in crystallite size and the degree of alloying significantly improves the catalyst durability. This 

study demonstrates that, an in-depth understanding of the various factors involved can help to develop high performance, 

low cost catalysts for fuel cells. 
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