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Abstract : 

Binary and ternary composite films of Pd, nanocarbon (C) and Ni have been prepared by 
sodium borohydride reduction method and produced in the film form on the surface of a 
glassy carbon electrode. These composite film electrodes were characterized as electrode 
materials for ethanol oxidation by XRD, SEM, EDAX, cyclic and stationary 
voltammetries. The results show that the catalytic efficiency of the Pd-C electrode is 
significantly influenced by the change in C content. In the case of binary composites of 
Pd and C, the maximum apparent electrocatalytic activity has been found for the 
electrode with 0.5% C. The latter electrode improves the apparent catalytic activity of Pd 
by over 900% at -0.20 V in 1M KOH + 1M C2H5OH at 25°C. Introduction of 1%Ni to 
the active Pd-0.5%C electrode enhanced the apparent catalytic efficiency (~50%) of the 
electrode further. In contrast, its higher addition (2%Ni) shows an adverse effect on the 
apparent catalytic activity. Among the electrodes investigated, the ternary composite 
electrode, Pd-0.5%C-1%Ni, has been found to possess the maximum electrocatalytic 
activity.  
 
Keywords : Composite electrodes; nanocarbon; ethanol electrooxidation; apparent 
catalytic activity; electrochemical active surface area; specific activity. 
 
1. Introduction : 

Direct ethanol fuel cells (DEFCs) have received considerable attention in the recent past 
[1-8], presumably owing to non-toxicity of ethanol as compared to methanol. Further, it 
can be easily produced in huge quantities by fermentation of sugar containing raw 
materials [9]. However, commercialization of DEFCs has been facing serious difficulties 
due to kinetic constraints in alcohol oxidation reaction [10]. Pt-based metals and alloys 
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are excellent electrocatalysts for the alcohol oxidation reaction in acid solutions [10-13]. 
But, the electrocatalysts are expensive and undergo deactivation/poisoning by the 
reaction intermediates, particularly by CO molecule in acid medium. However, if these 
fuel cells are operated in an alkaline, electrolyte, the kinetics would be significantly 
improved and Pt-free electrocatalysts can then be used. Several non noble metals have 
recently been investigated as electrocatalysts for methanol/ethanol oxidation reaction 
(M/EOR) in alkaline media [14-18]. Among them, Pd is a suitable low cost and highly 
active non Pt metal. It has been recently reported that Pd and Pd/C catalysts can 
overcome the CO-poisoning effect and thereby improve the fuel cell performance 
considerably [19, 20]. In view of these facts, Pd is considered a promising anode material 
for use in an alkaline direct alcohol fuel cell. Efforts are being continued to improve its 
electrocatalytic activity by suitable means [21-27].  
 
Very recently, we have prepared [28] binary and ternary nano-composite films of Pd, C 
(nanocarbon) and Ni and investigated them as electrocatalysts for the methanol oxidation 
reaction (MOR) in 1M KOH. We have now studied the electrocatalytic activities of these 
composite electrodes towards the ethanol oxidation reaction (EOR) under similar 
experimental conditions. Results have shown that among the electocatalysts investigated, 
the catalytic efficiency of the Pd-0.5%C-1%Ni composite electrode towards the EOR was 
the greatest. On contrary, the same electrode exhibited somewhat reduced efficiency 
compared to the base composite electrode (Pd-0.5%C) in the case of the MOR [28] under 
similar experimental conditions. Details of the results of the investigation are described in 
this paper. 
  
2. Experimental : 

2.1. Preparation of catalysts : 

20 mg of each catalyst, namely Pd and Pd-C and Pd-C-Ni was prepared by sodium 
borohydride reduction method, details of which are described elsewhere [28]. Prior to 
use, C powders (Aldrich, 99% +, Pr. No. 633100, particle size ≤ 30 nm & BET surface 
area > 100 m2 g-1) were activated by refluxing in concentrated HNO3 for 5 hours as 
described elsewhere [29]. Chemicals used were anhydrous PdCl2 (Merck, Pr. No. 
61777900011730), NiCl2 (Merck), and NaBH4 (Sigma – Aldrich, Pr. No.452874). They 
were used as received.  
 
2.2. Preparation of catalyst electrodes : 

For the purpose, 8 mg catalyst was dispersed in ethanol-water mixture (2:1) 
ultrasonically. 2-3 drops of the resulting suspension were then placed on the surface of a 
glassy carbon (GC) electrode through a syringe so as to obtain a thin catalyst over layer. 
Subsequently, one drop of 1% Nafion solution (Alfa Aesar) was dropped over the dried 
catalyst layer to cover it and then irradiated with microwave (800 watt) for 1 min. The 
preparation of the GC surface for the catalyst deposition and electrical contacts with the 
catalytic film and the support were made as already described elsewhere [30]. 
 



 257

2.3. Material characterizations :  

X-ray diffraction (XRD) patterns of pure  Pd and composite films as-obtained on GC 
were recorded on an X-ray diffractometer (Thermo Electron) at a sweep rate of 3° min-1 
using Cu Kα  as radiation source (λ = 1.541841 Å).  Morphology of the catalytic films 
has been studied by a scanning electron microscope (Quanta 200 FEI). The percentage 
composition of C and Ni in the catalyst was determined by energy dispersive X-ray 
analysis (EDAX). 
 
2.4. Electrochemical studies : 

Electrochemical studies were carried out in a conventional three-electrode single 
compartment Pyrex glass cell.  The reference and counter electrodes used were an 
Hg/HgO/1M KOH electrode (0.098 V vs. standard hydrogen electrode) and pure Pt plate 
(~ 8 cm2). The potential values mentioned in the text have been referred against the 
Hg/HgO/1M KOH electrode only. Electrochemical studies, namely, cyclic voltammetry 
(CV), chronoamperometry and steady-state anodic polarization have been carried out by 
a potentiostat /galvanostat (EG & G PAR, Model 273A). CV of each electrocatalyst has 
been carried out between -0.80 and + 0.60 V in 1M KOH with and without containing 
ethanol at 25°C. Before recording the final voltammogram each electrode was cycled for 
five runs at a scan rate of 50 mV s-1 in 1M KOH. The anodic polarization curves were 
recorded in the same manner as mentioned previously [30].  
 
All electrochemical experiments were performed in an Ar deoxygenated electrolyte at 
25°C. The catalyst loadings ranged between 0.14 and 0.20 mg cm-2 and the geometrical 
area of each catalyst electrode was close to 0.5 (i.e., 0.48-0.60) cm2.  
 
3. Results and Discussion : 

3.1. X-ray diffraction : 

The XRD patterns of Pd, Pd-0.5%C-1%Ni and Pd-0.5%C-2%Ni catalysts as deposited on 
GC are shown in Fig 1. This figure demonstrates that Pd and Ni exist in metallic as well 
as in respective divalent oxide (PdO and NiO) phases in the Pd-0.5%C-Ni composite. 
The strong peaks at Bragg angles 29.23 ± 0.02° (d = 3.055 ± 0.002 Å), 39.40 ± 0.05° (d = 
2.288 ± 0.0015 Å), 39.94 ± 0.05° (d = 2.257 ± 0.003 Å), and 43.12° (d = 2.098 Å) are the 
characteristic peaks of crystalline PdO (JCPDS: 43-1024), Ni (JCPDS: 45-1027), Pd 
(JCPDS: 05-0681) and NiO (JCPDS: 44-1159), respectively. However, in the case of Pd-
MWCNT-Ni composite, Ni was observed to exist mainly in the Ni2O3 phase [31]. The Pd 
(111) diffraction peak was used to calculate the crystallite size of Pd in different catalysts 
according to Scherrer equation. Estimates of the average crystallite size of Pd in pure Pd, 
Pd-0.5%C-1%Ni and Pd-0.5%C-2%Ni catalysts were ~11, ~12 and ~14 nm, repectively.  
 
The composition of Ni and C, as determined by EDAX, were 0.82 and 0.57 wt% in Pd-
0.5%C-1%Ni and 2.21 and 0.48 wt% in Pd-0.5%C-2%Ni, respectively. 
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Figure (1) : XRD patterns of Pd (a), Pd-0.5%C-1%Ni (b), and Pd-0.5%C-2%Ni  
(c) as-deposited on GC. 

 

3.2. Morphology : 

Fig. 2 represents scanning electron micrographs (SEM) of four representative films, 
namely Pd, Pd-0.5%C, Pd-0.5%C-1%Ni and Pd-0.5%C-2%Ni as-deposited on GC 
electrodes. All the catalytic films were gold coated to enable observation in SEM. These 
micrographs demonstrate the significant influence of minor additions of C and Ni on 
morphology of Pd. Pure Pd film seems to be compact and granular and that granules exist 
in the clusters form (Fig. 2a). Granules are approximate spheres (diameter ≈ 535 - 1070 
nm). With 0.5%C addition, the surface of Pd deposit gets transformed into clusters of tiny 
particles with ill-defined grain boundaries, resulting in a porous surface structure (Fig. 
2b).Introduction of 1%Ni does not seem to modify the morphology of the Pd-0.5%C 
composite; only the film appears somewhat more uniform (Fig.2c), but its higher addition 
(2%Ni) seems to produce the surface more homogeneous and flat (Fig.2d). 
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Figure (2) : SEM of Pd (a), Pd-0.5%C (b), Pd-0.5%C-1%Ni (c), and  
Pd-0.5%C-2%Ni (d) as-deposited on GC. 

 

3.3. Cyclic voltammetry : 

Fig. 3 represents the CV for the  Pd/GC, Pd-0.5%C/GC, Pd-0.5%C-1%Ni/GC, Pd-
0.5%C-2%Ni/GC and Pd-1%C/GC electrodes in 1M KOH + 1M C2H5OH at 25°C. In 
each case, the scan rate is 50mV s-1 in the potential range, -0.80 to + 0.60 V. The CV of 
these electrodes in 1M KOH without containing ethanol has also been recorded under 
identical conditions; these voltammograms look to be similar. Some representative 
voltammograms are shown in Fig. 4. 



 260

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

0

100

200

300

400

500

e

e

d

d

c c
b

b

a
a

a  Pd
b  Pd-0.5%C
c  Pd-0.5%C-1%Ni
d  Pd-0.5%C-2%Ni
e  Pd-1%C

I /
 m

A
 m

g-1
 c

at
al

ys
t

E / V (vs Hg/HgO)
  

Figure (3) : CV of pure Pd and binary and ternary composite electrodes at  
a scan rate of 50 mV s-1 in 1M KOH + 1M C2H5OH. 

 

The observation of Figs. 3 and 4 shows that the EOR on each electrode has been 
characterized by two well defined anodic current peaks: one in the forward (i.e. under 
anodic condition) and the other one in the reverse scan (i.e. under cathodic condition). In 
the forward scan, the oxidation peak is corresponding to the oxidation of freshly 
chemisorbed species coming from ethanol adsorption. The oxidation peak in the reverse 
scan is primarily associated with removal of carbonaceous species not completely 
oxidized in the forward scan, rather than caused by the oxidation of freshly chemisorbed 
species [1, 32, 33]. CV curves shown in Fig. 2 were analyzed for the onset potential (Eop), 
peak current density (Ip), and peak current potential (Ep) for the EOR and their values are 
shown in Table 1.  
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Figure (4) : CV of pure Pd and binary and ternary composite electrodes  
at a scan rate of 50 mV s-1 in 1M KOH. 

 

Table 1 shows that the films of binary composite of Pd and 0.5%C and ternary composite 
of Pd, 0.5%C and 1%Ni on GC have the Ip values during the forward scan 10 – 11 times 
higher compared to that observed on pure Pd films of the same loadings. Further, value of 
the Ep corresponding to the forward scan gets displaced towards noble direction (i.e., 
from -0.145 to 0.010 V) with the addition of C from 0 to 5% in Pd. On the other hand, the 
Ep value for the reverse (i.e. the cathodic) scan seems to remain practically unchanged, 
regardless of the nature of the electrode materials. However, Ni additions to Pd-0.5%C 
composite do not follow a definite trend. Values of the Eop for EOR on active Pd-0.5%C 
and Pd-0.5%C-1%Ni electrodes were observed to be more negative (15 - 100 mV) 
compared to that on Pd electrode.  
 
Table 1 shows that 0.5%C addition increases the catalytic efficiency of the electrode 
nearly 10 times, however the magnitude of increase gets reduced with 1 and 2% C 
additions and becomes almost nil with 5% C addition. Thus, among binary composites, 
the electrocatalytic activity is the greatest with the Pd-0.5%C electrode, while it is the 
lowest with Pd-5%C electrode. The catalytic efficiency is improved further with 1%Ni 
addition to the active Pd-0.5%C composite. The higher addition of Ni (2%) declined the 
performance of the electrode.  
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Table (1) : Results of analysis of CV curves for  Pd/GC, Pd-C /GC and  
Pd-C-Ni/GC   electrodes in 1M KOH + 1M C2H5OH at 25°C. 

 

 

3.4. Electrochemical active surface area : 

Pd dispersed on carbon is known to exhibit [31, 34] the ill-defined hydrogen adsorption 
region. So, the quantity of electricity (Q in coulomb, C) used in the reduction of 
palladium oxide, formed over the top layer of the Pd particle under anodic condition, is 
employed in estimating the electrochemical active surface area (EASA) of Pd electrodes. 
As shown in Fig. 4, the current peak corresponding to the reduction of PdO appears at E 
≈ - 0.28 V and E ≈ - 0.27 V in the case of pure Pd and composite electrodes, respectively.  
Values of the EASA (Table 2) were estimated using the relation, EASA = Q / S l, where 
‘S’ is the proportionality constant used to relate charge with area and ‘l’ is the catalyst 
loading in ‘g’. A charge value of 405μC cm-2(S) is assumed for the reduction of PdO 
monolayer [34]. 

 
In Table 2 and column VI, the percent Pd-utilization (= 100 x observed EASA, m2 g-1/ 
448 m2 g-1) was estimated by considering the surface area for 100% utilization of 1 g Pd 
as ~ 448 m2 (= charge required to reduce 1 g Pd2+, 1813.3 C /405 μC cm-2). This Table 
shows that 0.5%C addition increases the EASA approximately twice of that of Pd 
electrode. However, its higher additions, 1 and 2%, have been found to decrease the 
EASA of the electrode significantly. The exact region for the decrease is not well 
understood, however, it is considered that in presence of low content of C particles in the 
composite, Pd probably gets dispersed fairly well on C particles resulting in an enhanced 
EASA. On contrary, some active Pd sites get some how blocked in presence of the higher 

Forward Scan  Reverse Scan Electrode Geometric

al area 

(cm2) 

EOP (mV) 

IP (mA   

mg-1 

catalyst) 

EP 

(mV) 

IP (mA   

mg-1 

catalyst) 

Ep 

(mV) 

Pd 0.50 ~ - 540 44.4 -145 31.10 -275 

Pd-0.5%C 0.50 ~ - 555 436.0 -80 434.67 -250 

Pd-1.0%C 0.60 ~ - 580 167.3 -30 198.50 -220 

Pd-2.0%C 0.60 ~ - 540 150.3 -10 166.67 -230 

Pd-5.0%C 0.48 ~ - 500 44.3 10 27.19 -245 

Pd-0.5%C-1.0%Ni 0.52 ~ - 640 475.6 -65 480.80 -265 

Pd-0.5%C-2.0%Ni 0.54 ~ - 605 256.6 -100 301.98 -245 
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C-content and thus, they become beyond from the electrolyte reach. Further, 1 and 2% Ni 
additions into Pd-0.5%C somewhat reduced the EASA. 
 

Table (2) : Results of the anodic Tafel polarization study on  
electrodes in 1M KOH + 1M C2H5OH at 25°C. 

 
I at E = - 0.2 V 

 

Catalyst l / mg 

cm-2 

Q / C g-1 

of 

catalyst 

Q / C 

g-1 of 

Pd 

EASA / 

m2 g-1
 

Pd 

Pd-

utilizatio

n / % 

b / 

mV 

A g-1 of 

catalyst 

A g-1 

of Pd 

SA / A 

m-2 

Pd 0.18 42.7 42.7 10.54 2.35 177 10.61 10.61 1.0 

Pd-0.5%C 0.15 91.8 92.26 22.78 5.08 130 108.87 109.42 4.8 

Pd-1%C 0.2 28.9 29.19 7.21 1.61 110 42.26 42.69 5.3 

Pd-2%C 0.18 32.0 32.65 8.06 1.8 120 24.34 24.84 3.5 

Pd-0.5%C-1%Ni 0.15 82.6 83.86 20.71 4.62 123 175.2 177.87 8.6 

Pd-0.5%C-2%Ni 0.14 63.2 64.82 16.0 3.57 115 64.43 66.08 4.1 

 
 

3.5. Tafel polarization study :      

The electrocatalytic activities of Pd and composite electrodes were also tested by 
recording iR – free steady-state anodic polarization (E vs log I) curves in 1M KOH + 1M 
C2H5OH and curves, so obtained, are shown in Fig. 5. Values of the Tafel slope (b) on 
different electrodes at low potentials (i.e., -0.55 V ≤ E ≤ -0.30 V) are shown in Table 2. 
With the exception to pure Pd (b = 177 mV), b values on composite electrodes ranged 
between ~110 and ~ 130mV. It is noteworthy that the composite electrodes prepared by 
us have produced significantly low values for the EOR compared to those obtained by 
Shen and Xu [27] on Pd-CeO (b = 185 mV), Pd-Co3O4 (b = 182 mV), Pd-Mn3O4 (b = 
192 mV) and Pd-NiO (b = 195 mV) electrodes. However, b value for Pd electrode 
observed by us (b = 177 mV) and Shen and Xu (b = 188 mV) were approximately the 
same. This implies that the composite electrodes possess higher electorcatalytic activities 
for EOR than the Pd/C electrocatalysts promoted with oxides. 
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Figure (5) : iR-compensated steady-state anodic I versus E curves for Pd and  
active composite electrodes in 1M KOH + 1M C2H5OH. 

 

The apparent electrocatalytic activities of electrodes at a constant potential (E = -0.20 V) 
were estimated from Fig. 5 and are given in Table 2. Based on the apparent current (I 
/mA g-1) values, electrodes follow the activity order: Pd-0.5%C-1%Ni > Pd-0.5%C > Pd-
0.5%C-2%Ni > Pd-1%C > Pd-2%C > Pd. Thus, the performance of the Pd-0.5%C-1%Ni 
electrode towards EOR is the best among electrodes investigated. This is ~ 16 times more 
active than that of Pd-electrode. The same conclusion has also been derived from the 
study of CV. Further, the apparent catalytic efficiency of the active composite (Pd-
0.5%C-1%Ni) electrode for the EOR was ~ 4 times greater than that for the methanol 
oxidation reaction, recently observed under similar experimental conditions [28]. 
 
The specific activities (SA = I, A g-1 / EASA, m2 g-1) of electrodes were also estimated 
and values are given in Table 2. This Table shows that the specific activities of the 
composite electrode are 3.5-8.5 times higher than one obtained for pure Pd electrode. The 
higher SA for Pd-C composite electrodes indicates that C addition improves the 
electronic properties of materials. Also, 1%Ni addition to Pd-0.5%C improves the 
electronic properties of the electrode; however, its higher addition (2%Ni) does not. 
Thus, the greatly enhanced apparent electrocatalytic efficiency observed with the Pd-
0.5%C electrode can be ascribed to its enhanced geometrical (i.e., EASA) vis-à-vis 
electronic properties. SEM shown in Fig. 2 also demonstrates a change in the surface 
morphology of Pd electrode from non porous to spongy (porous) with 0.5%C addition. 
The increase in the SA with introduction of 1%Ni in the Pd-0.5%C composite may be 
ascribed to the higher ionic potential of Ni2+ which can somewhat reduce the electron 
density on Pd. As a result, the Pd-CO bonding energy is decreased and hence the 
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oxidation of CO-like intermediates is enhanced. CO is a surface poisoning intermediate 
in alcohol oxidation. However, Ni is not a good electrode material because of surface 
passivation by NiO [29] and therefore, the presence of a higher content of Ni in the 
composite is expected to show an adverse effect. 
 
Similar effects of small MWCNT and Ni additions to Pd, in the case of EOR in alkaline 
solution, were also observed [31]. However, values of the apparent electrocatalytic 
activities for Pd-MWCNT and Pd-MWCNT-Ni composites were significantly higher than 
those found for Pd-C and Pd-C-Ni composites in the present study. For instance, at – 0.20 
V in 1 M KOH + 1 M C2H5OH at 25°C, the observed I values were ~ 276 and ~ 421 mA 
cm-2 mg-1 (or A/g of the catalyst) respectively for Pd-1%MWCNT and Pd-1%MWCNT-
1%Ni composites. 
 
3.6. Chronoamperometry :  

Chronoamperograms recorded at E = -0.2 V for Pd and active composite electrodes in 
1M KOH + 1M C2H5OH for 2h, as shown in Fig. 6, demonstrate the poisoning of the 
electrocatalysts during the ethanol oxidation process. However, the effect of poisoning is 
relatively less for the Pd-0.5%C-1%Ni electrode. This indicates that Pd-0.5%C-1%Ni 
electrode is comparatively more stable and poisoning tolerant electrocatalyst compared to 
the Pd and other electrodes of the present series.  
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Figure (6) : Stability curves for different electrocatalysts in 1M KOH + 1M C2H5OH. 
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4. Conclusions : 

The study demonstrates that the catalytic efficiency of Pd electrode can be changed 
greatly through a controlled addition of C and Ni. The composite electrodes, Pd-0.5%C 
and Pd-0.5%C-1%Ni exhibited much higher activities and superior performance, 
compared to the Pd electrode, towards EOR. The higher additions of C (> 0.5%) or Ni (> 
1%) are found to be less beneficial from from electrocatalysis stand point. The enhanced 
catalytic efficiency of the composite electrodes towards EOR can be ascribed to their 
enhanced EASA and electronic properties. Further, C addition to Pd is found to produce 
less electrocatalytic effect than MWCNT addition. 
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