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In this work, carbon-supported Pd and Pd60Ni40 catalysts are prepared using the 
impregnation-reduction approach. The finding of active catalyst materials has been one 
pioneering objective for the application of general fuel cells and particular directs alcohol 
fuel cells (DAFCs). The addition of 40% of Ni to Pd/C has resulted in reducing the 
crystallite size from 14 to 9 nm. In addition, the Pd60Ni40/C has shown superior catalytic 
performance compared to the single Pd/C; the ethanol oxidation on Pd60Ni40/C has started 
at an applied potential 230 mV lower than  Pd/C while the oxidation current peak of 
Pd60Ni40/C is clearly higher than Pd/C.  
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1. Introduction 

The increased global demand of energy with the simultaneous worries of harmful gas 
emissions have motivated the research community to find alternative energy sources, 
which should be renewable and sustainable [1].  Recently, a major attention has been paid 
into the large scale research and application of direct alcohol fuel cells (DAFCs) [2, 3]. 
Although methanol is the widely applied hydrocarbon in fuel cells [2], and particularly 
for portable applications [4], ethanol has shown a promising potential since it is higher in 
energy density and lower in toxicity than methanol [1, 5, 6]. Moreover, ethanol is 
produced from agricultural biomass products (sugarcane and corn) and consequently 
concerns the impacts of biofuels production on the food industry. This is, indeed, the 
driver for introduction of cellulosic ethanol [7, 8]. On the other hand, ethanol electro-
oxidation is more difficult than methanol due to the necessity to break the C-C bond in 
each molecule and the easy formation of CO-like species which could poison the Pt 
surface [1, 8-10]. 
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The development of alkaline exchange membranes (AEMs) has enriched the research 
motivation of alkaline direct ethanol fuel cells. The fuel oxidation and oxygen reduction 
kinetics could proceed faster in alkaline electrolytes. Besides, free-Pt metal combinations 
could be applied to catalyze those reactions. Also, the AEMs are less permeable for fuel 
crossover and offer better water management [1, 8, 10, 11]. Although Pt is most known 
metal applied as an electrocatalyst in fuel cell, it has some disadvantages such as CO 
poisoning added to its high cost [2, 12, 13]. Sun et al. [11] have found that the addition of 
Ru to Pt and CeO2 to Pd enhances the poisoning tolerance at low applied potential, while 
the monometallic catalysts have shown higher activity at high potentials and high 
temperature. The product distribution of EOR on Pt catalyst in alkaline electrolyte has 
been reported as better than in terms of CO2 selectivity than that in acidic medium [11]. 
The nature, composition, and structure of the multi-metal catalyst control its 
characteristics such as activity, selectivity, and stability. According to the synthesis 
method, those characteristics should  be modified and improved [1].  

Pd is currently recognized as an active catalyst for ethanol electrooxidation in alkaline 
medium [8-10]. Pd catalysts are favored than Pt ones, not only because of the cost issue, 
but also the higher catalytic activity in basic solution [2, 5], and the higher CO tolerance 
[4].   Furthermore, if Pd is alloyed with other co-catalyst elements, it is activity and 
selectivity could be enhanced further [1, 9, 14]. Unlike the traditional route of co-
reduction of Pd precursors, Wang et al. [5] have prepared Raney-like nano-porous Pd 
catalyst through the ball milling followed by an alkali leaching process of Pd particles 
from Al77Pd23 alloy. In this study, bulk- or ribbon-like alloys are firstly ground into 
particles of micron size. Then, nano-porous powder could be produced through the 
dealloying reaction. Among the various Pd-catalyst compositions, the multiwall carbon 
nano tube (MWCNT)-supported Pd electrocatalyst has a remarkable activity for EOR, 
while some other research trials reported the insertion of oxide support like CeO2 into the 
Pd/C would increase the EOR activity in basic solution. The PdAu/C has shown high 
activity for ethanol oxidation because it is thought the CO-species have adsorbed on the 
Au surface. A synergetic effect, for ethanol oxidation, has been thought of resulting by 
the adsorption of small organic molecule on Pd surface and the simultaneous activation 
of Au surface by hydroxyl group in alkaline medium [1]. Ru has been acknowledged to 
increase the activity of Pt-based catalysts for acidic ethanol oxidation in many research 
experiences and recently, Ru has shown potential to increase the catalytic activity of Pd- 
catalysts for basic ethanol oxidation. [10]  For heterogeneous catalysis oxidation of 
organic substances by redox catalysis, Ni has been found a good catalyst as it was used as 
an electrocatalyst for anodic and cathodic reactions in organic synthesis and water 
electrolysis in alkaline electrolyte [5, 9]. Both PdNi bimetallic film and PdNi alloy shown 
enhanced catalytic activity than pure Pd synthesized with the same method. Beyond that, 
the combination of Pd and Ni is expected to increase the Pd tolerance for poisoning 
species as Ni is oxophilic element [2].  Zhao et al. [4] have prepared Ni@Pd core-shell 
nanoparticles supported on multi wall carbon nano tubes (MWCNTs) and applied them 
for methanol electrooxidation. The advantages of core-shell structure are: 1. the reduction 
of noble metal usage, 2. enhancing the catalytic properties through the effects of strain 
and legand of the core substrate one the noble metal over layer. 
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In this work, Pd and PdNi catalysts supported on Vulcan carbon are synthesized 
through the impregnation-reduction procedure. The objectives are to replace the Pt- with 
Pd-based catalyst, and to enhance the catalytic activity of Pd by alloying it with Ni.   

 

2. EXPERIMENTAL 
 

2.1.  Catalyst Preparation 

The impregnation-reduction method is used to synthesize the catalysts reported in this 
work. The carbon support (XC-72) is functionalized with nitric acid (HNO3). The metal 
loading was 40% in every catalyst. The weights of respective two element precursors 
(PdCl2, and NiCl2) were first calculated according to their respective weight percentage 
(Table 1), and then they were mixed in a solution of ethylene glycol, which is a reducing 
agent, added to de-ionized water. 

 

Table 1. Weights of the impregnated Pd and Ni precursors 

Alloy Pd/Ni 
ratio 

W(PdCl2) 

(gm) 
W(NiCl2) 
(gm) 

Pd/C - 0.1558 0 
Pd60Ni40/C 3:2 0.1005 0.0728 

 

The percentage of ethylene glycol to de-ionized water was 75/25 (v/v). Then, the 
complete solution was dispersed in ultrasonic bath followed by adding the XC-72 Vulcan 
carbon support (0.14 mg) for 30 minutes. The total solution was then agitated in 
ultrasonic bath for the salts’ impregnation.  Following that, the pH was increased to 12 
using a NaOH solution. Then, it was stirred for 3 hours at 130°C followed by washing 
and centrifugation the catalyst materials. The final step was to dry the catalyst at 80 C. 

 

2.2. Physical and Electrochemical Evaluation 

To characterize the crystalline structure and chemical composition of the catalyst, the 
technique of X-ray diffraction (XRD) is used. XRD is carried out by a Philips, Brucker-
Axe-Siemens diffractometer; model D5000, year 1992 with wave length 0.154 nm of a Cu-Kα 
radiation generated at 40 kV and 40 mA and the objective is to find the chemical 
composition and the chacterize the crystal structure of the catalyst. 

The electrochemical activity of the two prepared catalysts was evaluated using the 
techniques of cyclic voltammetry (CV) at, and chronoamperometry (CA). A three-
electrode half-cell was set up for both the CV and CA experiments. This cell is 
constituted of the reference electrode (RE), which is a saturated calomelan electrode 
(SCE), the counter electrode (CE), which is a platinum wire, and the working electrode 
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(WE). WE is a graphite disc with an area of 0.29 cm2. It was prepared as follows: 5 mg of 
the catalyst powder were mixed with 2 mL of ethanol (Merck) and 25 µL of Nafion (5%, 
Aldrich). The mixture was ultrasonically suspended to obtain ink slurry. Then, 136 mL of 
the slurry was spread on the working electrode to form a thin layer. The three-electrode 
half-cell was used both in the CV annalysis and the scan rate was 50 mV/s. The solution 
concentration, applied in both CV and CA, was 1.0 M ethanol + 1.0 M NaOH. The CA 
procedure, a fixed applied potential of 300 mA is used.   

 

3. RESULTS AND DISCUSSION 
 

3.1. XRD Analysis 

Figure 1 shows the XRD analysis results for the two prepared catalysts using the 
impregnation-reduction method. The peaks of at 40.45°, 47.05°, 68.52°, 82.83° are 
ascribed the Pd (fcc) facets of Pd(111), Pd(200), Pd(220), and Pd(311), respectively. 
Similar results were obtained for other Pd catalysts prepared with various procedures [1, 
2, 4, 9, 10]. There is 0.4-0.5° to-the-left shift of the XRD peaks in case of Pd60Ni60/C, 
which may be attributed to the formation of an alloy between the nanoparticles of Pd and 
Ni. A similar behavior between Pd and Ni has been noticed in [4]. However, the PdNi 
alloy seems not to be very dispersed and homogeneous since there is a distinct peak 
appearing at 60.4° for Pd60Ni40/C, which could be revised to the formation of Ni(OH)2 
and other oxide states of Ni. This finding agrees perfectly with other studies about PdNi 
binary catalysts [4, 15, 16]. 

The crystallite sizes τ (nm) of Pd/C and Pd60Ni40/C are calculated according to 
Scherrer’s equation (eq. 1) using the Pd (111) peak and  

Table 2 lists the estimated lattice parameters of Pd and Pd60Ni40 nanoparticles.  

 

where,   is the wave length (0.1543nm), β is the full width at half-maximum (FWHM) 
(in radians), k is a constant (0.94 to spherical crystallites) and θ is the diffraction peak 
angle. 
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Figure 1. XRD patterns of Pd/C and Pd/C and Pd60Ni40/C 

 

Also, the lattice parameter a (Å) could be calculated according to eq. (2)  

 

 

 

where, dhkl is the inter-planar distance which to be estimated using Eq. (3), hkl are the 
Miller indices of crystalline materials, and θ is the diffraction peak angle.  

 

 

 

Table 2. Crystallite sizes and lattice parameters of the prepared catalysts 

Sample Lattice 
Parameter (Å) 

Crystallite 
Size (nm) 

Pd 3.85 14.01 

Pd60Ni40/C 3.89 9.08 

 

Geraldes et al. have argued that separation of Pd- and Au-rich (fcc) phases occurs in 
PdAu/C catalysts and there was not recognized peak shift in the binary catalyst from the 
Pd/C suggesting that Pd and Au did not alloy using the synthesis method [1]. Liu et al. 
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[9] have synthesized Pd/C and PdNi/C catalysts by chemical reduction. Based on their 
XRD patterns, they concluded a positive shift of PdNi peaks to the right of Pd ones. This 
is attributed to the formation PdNi nanoalloy. Also, they ended out an increase in the 
crystallite size from 3.98 nm for Pd/C to 4.66 nm for PdNi/C. similar results to those of 
Liu [9] and Geraldes [1] are found in this study according to the x-ray diffractograms.  

 

3.2. Electrochemical Evaluation 

The catalytic performance of Pd/C and Pd60Ni40/C is evaluated according to the 
experiments of cyclic voltammetry in which the scan rate is 50 mV/s, and the 
chronoamperometry (CA) in which the constant voltage is set to 300 mV.  The potential 
range for CV experiment is set from 0.0V to 1.0V. Both CV and CA experiments are 
undertaken in a solution of 1.0 M ethanol + 1.0 NaOH. The cyclic voltammetry 
experiments reported in Refs [1, 9] in alkaline medium, show the hydrogen 
adsorption/desorption and the Pd oxide formation. Initially, OH- is adsorbed on the 
surface and by increasing the potential, higher valence oxide is formed [1, 9].  By adding 
Au into Pd/C, the hydrogen adsorption/desorption peak is more pronounced. The 
reduction potential of palladium oxide (PdO or Pd(OH)2) has been reduced after adding 
Au [1]. The hydrogen adsorption/desorption is usually suppressed if ethanol is present 
[1]. The higher activity of PdAu/C catalyst is attributed to the bi-functional mechanism, 
superior ethanol adsorption, and better dispersion. The OH- adsorbed on the second 
element near the first element, would increase the OHads concentration on the 
electrocatalyst surface to facilitate the further ethanol electrooxidation [1].   

Figure 2 shows the CV results of the EOR on Pd/C and Pd40Ni60/C in basic 
electrolyte. According to this figure, the addition of 40% Ni into Pd/C has obviously 
enhanced the catalytic activity in terms of the decrease in onset oxidation potential of 
EOR from 0.55V for Pd/C to 0.32V for Pd60Ni40/C. Furthermore, the peak current of 
EOR has increased sharply C to 47 mA/cm2 on Pd60Ni40/. The improvement of the 
electrochemical behavior of Pd/C after adding Ni has been investigated in numerous 
research papers. Shen et al. [15] assured the addition of Ni at certain content can 
significantly increase the catalytic activity of Pd. On the other hand, too great Ni content 
would decrease the Pd activity due to Ni oxide/hydroxyl, which could decrease the 
electronic conductivity.  In addition, Zhang et al. [16] prepared various PdNi/C catalysts 
using the nanocapsule method and found out the alloying degree between Pd and Ni is 
not satisfying. They claimed that some portion of the Pd active sites, were covered by Ni 
or Ni derivatives. These findings agree with this study according to the CV and XRD 
results.  

The mechanism of ethanol oxidation in alkaline electrolyte has been proposed by 
Liang et al. [17] to undergo two main steps as follows:  
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Figure 2. Voltammograms of Pd/C and Pd60Ni40/C in 1M C2H5OH+1M NaOH  
(scan rate = 50 mV/s) 

 

The resultant ethoxi species such as (CH3CO)ads are strongly adsorbed on the active 
sites of the Pd electrode, which blocks the ab/adsorption of the hydrogen. The adsorbed 
intermediates could be stripped from the Pd sites by the adsorbed oxygen-containing (Pd-
OHads) and therefore the current is expected to increase due to refershing of Pd active 
sites. In this study, the Pd electrode in Figure 2 is blocked by the ethoxi intemediates until 
0.55 V after which the Pd-OHads is expected to be formed and therefore could oxidize the 
CH3CO species. After that, the current density has increased slightly but it is obvious the 
difficulty of the compelete oxidation for pd/C. on the other side, it is clear a sharp 
increase (Figure 2) in the current density for the Pd40Ni60/C after the onset potential (320 
mV). This could be attirbuted to the ease of the oxidation of intermediate products of due 
to the higher quantity of OHads species and that should be revised to the presence of the 
Ni. This behavior has been reported in various studies [2, 4, 15, 16].   

To investigate the catalytic stability of the catalysts synthesized by the impregnation-
reduction method, the experiments of chronoamperometry (CA) were done for EOR on 
both Pd/C and Pd60Ni40/C at a constant applied potential of 300mV. The CA results are 
indicated in Figure 3. It is clear that the Pd/C has shown zero activity for EOR in acidic 
medium (red), while if it was applied in alkaline medium, the activity would be much 
higher (black). This differentiation is based on the higher current density drawn from the 
cell at the constant applied potential. This value is 0.00 A/cm2 for acidic EOR on Pd/C, 
while it equals 0.09 A/cm2 for alkaline EOR on Pd/C. Using the FTIR technique, 
Geraldes et al. [1] have shown that the C-C bond cleavage does not occur in the ethanol 
electrooxidation on Pd/C in alkaline medium and the acetate ion is the main product. 
They also found that CO2 generated is minimal and the most active electrocatalyst is not 
necessarily CO2 selective.   
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Figure 3. Chronoamperometry results for Pd/C (acid, alkaline), and Pd60Ni60/C 

 

On the other hand, Figure 3 indicates that the Ni addition to Pd/C (40%) has resulted 
in increasing the stable current density drawn from the cell clearly. The least value of 
current density on Pd60Ni40/C equals 0.025 mA/cm2 approximately. Yet, there is clear 
fluctuation of the current density value going up and down (blue). According to Shen et 
al. [15] the Ni is an enhancing agent for the electrooxidation of ethanol. Therefore, a 
similar result is depicted from Figure 3, in which is the role of Ni could be explained it is 
oxophilic like Ru in PtRu/C, therefore it could generate OHads at lower potential and 
facilitate the oxidative adsorption of intermediate products; enhancing the activity and 
stability of Pd/C.  

 

CONCLUSION 

In this work, the impregnation-reduction method was used to prepare single Pd/C and 
binary Pd60Ni40/C for activation of ethanol electrooxidation reaction (EOR). The Pd/C 
has shown higher activity for EOR than Pt/C in alkaline media, while the Pd is more 
available than the noble Pt. Also, the addition of Ni has enhanced the catalytic activity of 
Pd/C. Moreover, the crystal structure of Pd has been changed by the incorporation of the 
Ni atoms. Therefore, the crystallite size has been reduced according to the XRD results. 
The Ni enhancing effect could be ascribed to its capability of generating OHads at lower 
applied potential.   
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