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PdBi/C electrocatalysts (Pd:Bi atomic ratios of 95:05, 90:10, 80:20 and 70:30) were prepared by
borohydride reduction using Pd(NO3),.2H,0 and Bi(NO3)3.5H,0 as metal sources and Vulcan
XC72 as support. The electrocatalysts were characterized by energy-dispersive X-ray anal-
ysis, X-ray diffraction, transmission electron microscopy and cyclic voltammetry. The
activity for the ethanol electro-oxidation in alkaline medium was investigated at room
temperature by chronoamperometry and the results were compared with Pt/C and PtBi/C
electrocatalysts. PdBi/C (95:05) electrocatalyst showed a significant increase of performance
for ethanol electro-oxidation compared to Pd/C and others PdBi/C electrocatalysts. The final
current value after holding the cell at —0.4 V versus Ag/AgCl electrode for 30 min in alkaline
medium for PdBi/C (95:05) electrocatalyst was about eleven times higher than the current
value of the Pt/C electrocatalyst and 1.5 times higher than PtBi/C (50:50).
Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

Recently, the development of alkaline anion-exchange
membranes (AEMs) evokes increasing interest on electro-

Ethanol is considered one of the most promising candidates
for DAFCs, because it could be produced in large scale from
renewable sources and it is less toxic than methanol [1,2].
Most of research on DEFC has been done in acidic media and
in these studies PtSn/C electrocatalysts showed to be more
active than Pt/C and PtRu/C electrocatalysts, however, the
Pt-based electrocatalysts shows a high cost and the use of
platinum is limited, consequently the development of new
Pt-free electrocatalysts is necessary [3,4].

* Corresponding authors. Tel.: +55 11 3133 9284.

catalysis in alkaline media and the use of Pd/C has been an
alternative to Pt/C electrocatalysts, because the Pd/C showed
an electrocatalytic activity higher than that of Pt/C, the onset
potential for ethanol oxidation on Pd/C also was shifted to
lower potentials compared to that of Pt in alkaline medium
and the Pd/C electrocatalysts also shown high stability for
alcohol electro-oxidation in alkaline medium [5,6].

Pd/C electrocatalyst also has been considered promising
for the ethanol oxidation in alkaline medium as well as for
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formic acid oxidation in acidic medium, because its electro-
catalytic activity is higher than that of Pt/C [7,8]. However, the
activity of Pd for ethanol oxidation in alkaline media needs to
be enhanced.

Demarconnay et al. [9] showed that PtBi/C electrocatalysts
increased the catalytic activity towards ethylene glycol
electro-oxidation in alkaline medium when compared to Pt/C.

Shen et al. [10,11] showed that PdCeO,, PANiO, or PdCo304
were more active and stable compared to platinum for ethanol
oxidation in alkaline medium. In another studies Pd,Nis/C
catalyst also exhibited higher activity and stability for the
ethanol oxidation reaction in alkaline medium than does Pd/C
catalyst [S5]. Bambagioni et al. [12] also showed that
Pd-(Ni—Zn)/C and Pd-(Ni—Zn-P)/C are much more stable and
active than Pd/C for ethanol oxidation in alkaline medium.

Recently Tusi et al. [13] showed that PtBi/C electrocatalysts
had a significant increase of performance for ethanol oxida-
tion in alkaline medium compared to Pt/C, while Bi/C elec-
trocatalyst showed no activity. Moreover, the performances of
the PtBi/C electrocatalysts for ethanol electro-oxidation in
alkaline medium were very superior to the ones obtained in
acid medium.

In this work, PdBi/C electrocatalysts with different Pd:Bi
atomic ratios were prepared by borohydride reduction and
tested for ethanol electro-oxidation in alkaline medium. The
performance results were compared to the ones obtained with
Pt/C and PtBi/C electrocatalysts [13].

2. Experimental

PdBi/C (20 wt.% of metals loading; Pd:Bi atomic ratios of 95:05,
90:10, 80:20 and 70:30) electrocatalysts were prepared using
Pd(NO3),.2H,0 and Bi(NO3)3;-5H,0 as metal sources, sodium
borohydride as reducing agent and carbon Vulcan XC72 as
support. The metal sources were dissolved in a mixture of
water/2-propanol (50/50, v/v) and the carbon support was
dispersed in the solution. The resulting mixture was
submitted to an ultrasonic bath for 5 min. After this a solution
of sodium borohydride was added under stirring in one
portion at room temperature. Finally, the obtained solid was
filtered, washed with water and dried at 70 °C for 2 h.

The Pd:Bi atomic ratios were obtained by energy-dispersive
X-ray (EDX) analysis using a scanning electron microscope
Philips XL30 with a 20 keV electron beam and equipped with
EDAX DX-4 microanaliser.

X-ray diffraction (XRD) analyses were performed using
a Rigaku diffractometer model Miniflex II using Cu K radia-
tion source (1 = 0.15406 nm). The diffractograms were recorded
from 26 = 20°—90° with a step size of 0.05° and a scan time of
2 s per step.

Transmission electron microscopy (TEM) was carried out
using a JEOL JEM-2100 electron microscope operated at 200 kV.
The particle size distributions were determined by measuring
of 200 nanoparticles in the micrographs using Image Tool
Software.

Electrochemical studies were carried out using the thin
porous coating technique [14]. In this process an amount of
20 mg of the electrocatalysts was added to a solution of 50 mL
of water containing 3 drops of a 6% polytetrafluoroethylene

(PTFE) suspension. The mixture was treated in an ultrasound
bath for 10 min and transferred to the cavity of the working
electrode. The working electrodes have a geometric area of
0.3 cm? with a depth of 0.3 mm. The reference electrode was
an Ag/AgCl electrode and the counter electrode was a Pt plate.
Cyclic voltammetry and chronoamperometry experiments
were performed in 1.0 mol L' KOH solution saturated with N,
using a Microquimica (model MQPGO1, Brazil) potentiostat in
presence or absence of 1.0 mol L~* of ethanol.

3. Results and discussion

The Pd:Bi atomic ratios of the obtained electrocatalysts were
similar to the nominal atomic ratios.

The X-ray diffractograms of the electrocatalysts were
shown in Fig. 1. All diffractograms showed a broad peak at
about 20 = 25° associated with the Vulcan XC72 support
material. The diffractograms of Pd/C, PdBi/C (95:05), PdBi/C
(90:10), PdBi/C (80:20) and PdBi/C (70:30) electrocatalysts
showed four peaks around the 26 values of 40°, 47°, 68° and 82°
which are characteristic of the face-centered cubic (fcc)
structure of metallic Pd or Pd alloys [5]. For all PdBi/C elec-
trocatalyst it was also observed that the diffraction peaks of Pd
(fcc) phase are shifted to small angles compared to Pd/C
electrocatalyst, which indicates a lattice expansion and that Bi
atoms were incorporated into a fcc Pd lattice. For PdBi/C
(70:30) electrocatalyst besides the Pd (fcc) phase, it was also
observed the presence of some peaks that could be attributed
to the presence of Bi and/or PdBi phases [13]. The (220)
reflections of Pd(fcc) crystalline structure were used to calcu-
late the average crystallite sizes using Scherrer equation [14]
and the calculated values were around 3 nm for all
electrocatalysts.

Fig. 2 shows TEM micrographs and histograms of size
distribution of Pd/C and PdBi/C (Pd:Bi atomic ratios of 95:05
and 90:10) electrocatalysts. The TEM micrographs of all elec-
trocatalysts showed a good distribution of the nanoparticles
on the carbon support with average particle sizes around

PdBI/C (70:30)

PdBI/C (80:20)

PdBI/C (95:05)

Intensity / a.u.

PdBI/C (90:10)

PdiC

T T T T T T T T T T T

20 30 40 50 60 70 80 90

26/ degree

Fig. 1 — X-ray diffractograms of Pd/C and PdBi/C
electrocatalysts.
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Fig. 2 — TEM micrographs and histograms of the particle size

electrocatalysts.
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4 nm, however, the histograms showed a broad distribution of
the particle sizes for all catalysts.

The cyclic voltammograms (CV) of Pd/C and PdBi/C elec-
trocatalysts in alkaline medium and in absence of ethanol are
shown in Fig. 3a. Compared to Pd/C electrocatalyst the CV of
PdBi/C electrocatalysts showed that the hydrogen adsorption
region is greatly reduced by the presence of Bi. The anodic
scan of all PdBi/C electrocatalysts showed the formation of
a main peak at around 0.0 V, while for PdBi/C (80:20 and 70:30)
it was also observed another peak at around -0.3 V. The
presence of these peaks could be attributed to the formation of
bismuth and/or palladium oxide species [9,13]. The cathodic
scans showed a reduction processes between —0.3 and —0.8 V.

The CV of Pd/C and PdBi/C electrocatalysts in 1.0 mol L™*
KOH and 1.0 mol L™* ethanol are shown in Fig. 3b. For PdBi/C
(80:20 and 70:30) electrocatalysts the ethanol electro-oxidation
started only at approximately —0.4 V while for Pd/C the onset
potential was shifted negatively by about —100 mV (around
—0.5V). For PdBi/C (95:05 and 90:10) the onset potential shifted
to small values (around —0.6 V) and the PdBi/C (95:05) electro-
catalyst showed higher current values in the potential range of
—0.6 to —0.2 V than the others catalyst. This shows that the
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Fig. 3 — (a) Cyclic voltammograms (CV) of Pd/C and PdBi/C
electrocatalysts in 1.0 mol L~! KOH with a sweep rate of
10 mV s~ ! (b) CVs in 1.0 mol L™ KOH containing

1.0 mol L™ ! of ethanol.

addition of small quantities of Bi greatly enhances the kinetics
of ethanol electro-oxidation in alkaline medium.

The chronoamperometry experiments were carried out to
examine the electrochemical stability of the electrocatalysts
(Fig. 4a). The final current values after holding the cell
potential at —0.4 V vs Ag/AgCl for 30 min increase in the
following order: PdBi/C (95:05) > PdBi/C (90:10) > Pd/C > PdBi/C
(80:20) = PdBi/C (70:30) confirming the results obtained by
cyclic voltammetry. The final current values of Pd/C and PdBi/
C electrocatalysts were compared to the ones obtained for Pt/
C and PtBi/C electrocatalysts [13] in alkaline medium (Fig. 4b).
The results showed that the final current value of the Pd/C
electrocatalyst was higher than the obtained for Pt/C electro-
catalyst. Also, the addition of Bi to Pt/C and Pd/C electro-
catalysts greatly enhanced the performances of these
electrocatalysts, however, for Pt/C the addition of great
quantities of Bi (50 at.%) was necessary to obtain good
performances [13] while for Pd/C only a small quantity was
sufficient (5 at.% Bi). The increase of the activity of PtBi/C
electrocatalysts with the increase of Bi content was attributed
to the enhancement of OH species adsorption on Pt sites
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Fig. 4 — (a) Current—time curves at —0.4 V vs Ag/AgCl in
1.0 mol L™ ! KOH solution containing 1 mol L™* of ethanol
for Pd/C and PdBi/C electrocatalysts. (b) Current values at
—0.4 V vs Ag/AgCl after 30 min for Pt/C, Pd/C, PdBi/C
(95:05), PdBi/C (90:10), PtBi/C (90:10) and PtBi/C (50:50)
eletrocatalysts in alkaline medium.
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adjacent to Bi, which facilitates the oxidative removal of
intermediates formed on ethanol electro-oxidation [13,15]. In
a similar way, it was described for ethanol electro-oxidation
on a Pd electrode in alkaline media that the dissociative
adsorption of ethanol proceed quickly and the rate-
determining step was the removal of the adsorbed ethoxi
intermediates by the OH,4 species on the Pd electrode [16]. In
this manner, the mechanism of ethanol electro-oxidation
seems occurs in a similar way on PtBi/C and PdBi/C electro-
catalysts, however, different quantities of Bi are required to
obtain a better performance. Similar results were described by
Simoes et al. [17]. They prepared PdBi/C and PtBi/C electro-
catalysts with different compositions by a microemulsion
method and evaluated the performance for sodium borohy-
dride electro-oxidation in alkaline media. It was observed that
the bismuth atomic ratio needed to achieve better perfor-
mances were different for Pd and Pt catalysts.

4, Conclusions

The addition of small quantities of Bi (5 at.%) to Pd/C electro-
catalyst greatly enhanced the performance for ethanol
electro-oxidation in alkaline medium. The X-ray diffrato-
grams revealed the formation of PdBi alloys in the obtained
materials. The high activity of PdBi/C electrocatalysts could be
related to the removal of the intermediates by the OH.q
species. Further work is now necessary to characterize the
electrocatalyst surface by different techniques and to eluci-
date the mechanism of ethanol electro-oxidation in alkaline
medium using PdBi/C electrocatalysts.
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