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Pd ®ne particles were prepared by heterogeneous reaction of PdOx with dry methanol as well as by
the NaBH4 reduction method. The former method was found to give Pd nanoparticles (�5 nm).
Similarly f.c.c. structured, single phase nanoparticles of alloy compositions Pd0.8Cu0.2, Pd0.5Cu0.5,
Pd0.8Ag0.2 and Pd0.5Ag0.5 were prepared by the heterogeneous reaction of dry methanol with intimate
mixtures of PdOx+CuOx and PdOx+AgNO3. The electrochemical properties of the porous un-
supported electrodes, prepared from these materials, in alkaline solutions, were investigated by cyclic
voltammetry and steady-state polarization measurements. Various processes taking place during
potential scanning in the presence and absence of methanol in 6M KOH solution are discussed.
Steady-state polarization data indicate that the methanol oxidation reaction (MOR) activity de-
creases with incorporation of Cu and Ag into the Pd lattice. The extent of decrease in the MOR
activity is less for Cu addition than for Ag addition.
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1. Introduction

Although Pd is a suitable electrocatalyst for oxidising
small organic molecules [1±9], cyclic voltammetric
(CV) properties of unsupported porous Pd electrodes
and its binary alloy electrodes have been far less
intensively investigated than Pt and its alloy electrodes
for electrocatalysis of methanol oxidation reaction
(MOR). In the present study, Pd+Cu and Pd+Ag
nanoparticle alloys were prepared in single phases
possessing f.c.c. structure by the heterogeneous re-
action of AgNO3+PdOx or CuOx+PdOx mixtures
with dry methanol or ethanol under re¯uxing condi-
tions at ambient temperature [10]. The unsupported
electrodes were then prepared without dispersing the
catalysts Pd, Pd0.8Cu0.2, Pd0.5Cu0.5, Pd0.8Ag0.2 and
Pd0.5Ag0.5 on carbon substrates and changes in the
MOR activities and in single cyclic votammetric
characteristics in 6M KOH/1M CH3OH were exam-
ined.

2. Experimental details

Pd powder was prepared by two methods: (i) by re-
ducing 1% PdCl2 solution with 5% NaBH4 solution

and thoroughly washing the precipitate with pure
water, and (ii) by re¯uxing PdOx in dry methanol at
room temperature for 10 h. The PdOx required for
this purpose was prepared by concentrating an
aqueous solution of Pd(NO3)2 followed by decom-
position around 333 K.

Powders of Pd+Cu alloys of compositions
Pd0.8Cu0.2 and Pd0.5Cu0.5 and Pd+Ag alloys of
compositions Pd0.8Ag0.2 and Pd0.5Ag0.5 were pre-
pared by the procedure reported elsewhere [10]. In a
typical preparation of Pd+Ag particles, 30 ml of
an aqueous solution of Pd(NO3)2 (1.13 m mol in Pd)
was mixed with the stoichiometric quantity of
AgNO3 (as required for Pd0.8Ag0.2 and Pd0.5Ag0.5
compositions) and the solution made up to 50 ml.
The solution containing the two nitrates was slowly
concentrated under stirring and dried around 333K.
At this temperature, the Pd nitrate decomposed to
PdOx, giving a mixture of AgNO3 and PdOx. This
mixture was stirred for 12 h in 200 ml of dry metha-
nol and then re¯uxed for 180±200 h. At the end of the
reaction, the homogeneous particles settled down.
The particles were washed with dry methanol and
stored in methanol.

In the preparation of Pd0.8Cu0.2 and Pd0.5Cu0.5
alloy particles, a solution of Cu nitrate (prepared by
dissolving the stoichiometric quantity of Cu powder*To whom correspondence should be addressed.
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in HNO3) was added to the Pd nitrate solution. The
solution of the two nitrates when concentrated and
dried and gave an intimate mixture of CuOx and
PdOx. This oxide mixture was re¯uxed with dry eth-
anol under dry nitrogen.

The single phase alloys were con®rmed by running
X-ray di�raction patterns and comparing with the
patterns reported earlier [10].

The catalytic particles were also characterized by
TEM and EDX analysis to obtain particle size and
composition information. Electron micrographs of
the catalytic particles indicated that all the materials,
except the Pd particles prepared by NaBH4 reduc-
tion, were nanoparticles. The particle size of the Pd
powders prepared by the reaction of PdOx with
methanol was �5 nm. The particle sizes of Pd+Ag
of di�erent compositions were generally in the range
10±40 nm and those of the Pd+Cu particles were in
the range 5±15 nm.

The EDX analysis of surface compositions of alloy
particles showed that the Ag : Pd or Cu : Pd ratios
were very close to those in the starting compositions,
indicating completeness of the reaction and also the
absence of surface enrichment.

The unsupported electrodes of Pd, Pd+Cu and
Pd+Ag alloys were prepared by directly pressing the
powders over Pt expanded metal grids (0.05mm di-
ameter wire, 400mesh cm)2) at 450 psi at room tem-
perature for 5min. The porosity of these electrodes
was found to be 50% (estimated by taking the ratio
of measured density and the density corresponding to
the actual materials taken for making the electrodes).
The real area of the electrodes was not determined
in the present study and the geometrical area was
utilised to calculate the current densities.

Porous Ag electrodes (thickness 0.52mm) were
prepared by the roll mill technique. Ag powder was
®rst spread on Ag expanded metal grid (0.52mm di-
ameter, 16mesh cm)2), compacted in the roll mill and
sintered at 800 °C. Copper electrodes were prepared
from a pure copper foil (thickness 0.2mm, purity
99.9%)

A conventional three electrode electrochemical cell
with a Hg/HgO/OH) reference electrode, and a sin-
tered Ni sheet of high surface area as counter elec-
trode were employed to evaluate the performances of
electrodes in 6M KOH. 1M CH3OH was mixed with
the electrolyte when required and nitrogen gas was
purged for 2 h prior to the measurements. This elec-
trolyte/methanol mixture was chosen as the unsup-
ported Pd electrodes yielded better performances in
this mixture than similarly prepared unsupported Pt
electrodes. The e�ect of variation of reactant con-
centration and sweep rate is discussed elsewhere [11].
Cyclic voltammograms (CVs) were recorded with a
BAS model 100B/W potentiostat interfaced to an
IBM PxT microcomputer with a National Instru-
ments IEEE-488 General-purpose Interface (GPIB)
card. The BAS Electrochemistry Software was used
to drive the measurements, process the data and
display the CV curves.

3. Results and discussion

3.1. Electrocatalysis in 6M KOH solution
in the absence of methanol

Figure 1 shows the ®fth CV cycles for the unsup-
ported Pd electrodes. Pd prepared by both NaBH4

and dry methanol reduction methods gave identical
features. The features during the forward sweep are
observed to be present in similar potential regions for
both Pd electrodes. An oxidation current commences
at )0.76V and then slowly rises, leading to a peak
with Ep about )0.4V and a shoulder with Ep about
)0.34V. The current then decreases until E �
)0.25V is reached. At E > )0.25V, a current pla-
teau is formed. During the backward scan, for Pd
prepared by NaBH4 reduction, a broad reduction
peak with Ep � )0.26V is observed which is fol-
lowed by a double layer region and another reduction
peak with Ep � )0.79V. For Pd prepared by the dry
methanol reduction method, both reduction peaks
are shifted positively by about 70mV.

Initially, in the region of commencement of the
oxidation current, oxidation of absorbed hydrogen
takes place. This is then followed by formation of
premonolayer surface hydroxide species (active oxide
species) in the areas of peaks with Ep � )0.4 and
)0.34V. According to Burke et al. [3, 12], the asso-
ciated electrochemical processes occurring in these
regions are

Pd�OHÿ! PdOH� eÿ �1�
Pd� � 6 OHÿ! �Pd(OH)6�2ÿ � 4 eÿ �2�

It has been argued that Reaction 2 takes place as a
result of an adatom/incipient hydrous oxide transi-
tion which is dependant largely on the metal atom
displacement e�ect arising from the repetitive for-
mation and reduction of thin compact layers [3]. This
reaction occurs as the metal atoms at the interface

Fig. 1. 5th cycle CVs for the unsupported Pd electrodes in 6M

KOH solution at room temperature in the range )0.926 to 0.304V,
scan rate 25mVs)1. (Ð±) Pd prepared by NaBH4 reduction
method and (- - -) Pd prepared by dry methanol reduction method.
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decrease their lattice coordination numbers and
attain the adatom state. The population of these
types of surface active atoms is signi®cantly less on
bright palladium electrodes and large in the case of
palladized palladium electrodes, due to the possibility
of surface defect formation. In the present study, Pd
powder was prepared at low temperature and,
therefore, the chances of more surface defects are
high.

In the plateau region, that is, at E > )0.25V,
monolayer oxide deposition takes place [12±16].
During the backward sweep, this oxide layer is re-
duced in the region 0.2 to )0.48V for Pd prepared by
the NaBH4 method, and in the region 0.2 to )0.4V
for Pd prepared by the dry methanol reduction
method. In the lower potential region, where the
other reduction peak is observed, Reaction 2 is
shifted to the left and the hydroxide species
[Pd(OH)6]

2) that are attached to the metal lattice are
reduced and Pd adatoms (Pd*) are formed on the Pd
surface [3, 17]. The reduction of [Pd(OH)6]

2) species
takes place at relatively positive potentials on the
nanoparticle Pd prepared by the methanol reduction
method which is likely to possess more surface de-
fects. Finally, after a few cycles, hydrogen absorption
[3, 16, 18] takes place at a low level at E < )0.87V
for Pd prepared by the NaBH4 method and at
E < )0.83V for nanoparticle Pd prepared by the dry
methanol reduction method.

It is of interest to look at the ®rst CV cycles in
Fig. 2 recorded for the Pd electrodes. In the ®rst
cycle, as soon as the forward scan is started from
E � )0.926V, hydrogen absorption takes place
vigorously on Pd prepared by NaBH4 method. The
absorption rate begins to decrease at E � )0.83V
and reaches zero as the potential scan reaches
E � )0.71V, beyond which desorption of hydrogen
begins. At the end of the ®rst cycling, the hydrogen
absorption rate is drastically reduced when the

potential becomes negative. It seems that the entry of
hydrogen into the palladium is partially blocked after
the ®rst cycle due to the fact that some of the active
oxide deposit is not completely reduced at the lower
end of the negative sweep. In the 2nd cycle, the rate
decreases further and after the 3rd cycle stable
current values are established. Similar hydrogen
absorption±desorption behaviour is observed on Pd
prepared by the dry methanol reduction method also.

In the case of Cu, Cu2O and a mixture of CuO and
Cu(OH)2 form [19±23] in the region )0.44 to )0.3V
and )0.22 to 0.2V, respectively, during the forward
scan. In the backward scan, surface corrosion reac-
tion is reactivated in the region 0.14 to )0.18V and
reduction reaction of Cu±oxygen species to Cu metal
occurs in between )0.65 and )0.75V [23±25].

When Pd and Cu elements are alloyed, CVs having
totally di�erent features are observed. For example,
the CV of the alloy Pd0.8Cu0.2 in Fig. 3 does not ex-
hibit peaks corresponding to the reactions on indi-
vidual elements Pd and Cu; it exhibits a broad anodic
peak in the region )0.83 to )0.35V where active
oxygen atoms coverage takes place on all the Pd sites
and another anodic feature which slowly raises from
)0.3V that can be speculated to be due to the for-
mation of a thick Pd+Cu mixed oxide layer on the
alloy surface. Upon reversing the scan, reduction of
this oxide takes place and a fairly broad peak with
Ep � )0.5V was observed.

On lowering the Pd concentration in the alloy, as
in Pd0.5Cu0.5, the active oxygen atoms coverage is
lowered in the region )0.83 to )0.35V.

From Fig. 4, it is clear that silver electrodes do not
take oxygen atoms from the water in the MOR po-
tential region between )0.926 and 0.3V and therefore
incorporation of Ag into the Pd lattice will exert a
negative in¯uence. Replacing Pd atoms by Ag atoms
will only reduce the population of active Pd sites on
which active oxygen atoms can sit and this is evident
in the CVs for Pd0.8Ag0.2 and Pd0.5Ag0.5 in Fig. 5(a)

Fig. 2. 1st cycle CVs for the unsupported Pd electrodes in 6M KOH
solution at room temperature in the range )0.926 to 0.304V, scan
rate 25mV s)1. (Ð±) Pd prepared by NaBH4 reduction method and
(- - - -) Pd prepared by dry methanol reduction method.

Fig. 3. CV for an unsupported Pd0.8Cu0.2 electrode in 6M KOH
solution at room temperature in the range )0.926 to 0.304V, scan
rate 25mV s)1. (5th cycle).
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and (b). For the Pd+Ag alloys also, as in the case of
Pd+Cu alloys, the Pd character in the CV decreases
as the Ag composition is increased.

On Pd+Cu and Pd+Ag alloys also, the hydro-
gen absorption reaction takes place in the negative
potential region in the ®rst cycle and it is suppressed
during the further cycling.

3.2. Electrooxidation of methanol in 6M KOH+1M

CH3OH solution

The CV obtained for the MOR on a Pd electrode (Pd
prepared by the NaBH4 reduction method) is shown
in Fig. 6. During the forward sweep, initially an an-
odic peak,Of

l , the onset potential and Ep of which are
)0.7 and 0V, respectively. The presence of active
oxide species on palladium at low potentials greatly
helps to oxidise methanol e�ectively. Methanol mol-
ecules chemisorptively dissociate on the Pd sites by
interacting with the surface OH species as follows [4]:

2 Pd� CH3OH! Pd±�CH3O�ads � PdH �3�
Pd±(CH3O)ads � PdOH! Pd2±(CH2O)ads �H2O

�4�
Pd2±(CH2O)ads � PdOH! Pd3±(CHO)ads �H2O

�5�
Pd3±�CHO�ads � PdOH! Pd2�CO�ads � 2 Pd�H2O

�6�
Pd2�CO�ads � PdOH! PdCOOH� 2 Pd �7�

PdCOOH �OHÿ ! Pd� CO2" �H2O� eÿ �8�
An in situ IR spectroscopic study by Enyo et al. [4]

on a bright Pd electrode has revealed out that the CO
species are bridge bonded to Pd sites and not linearly
bonded. These bridge bonded Pd2CO species act as
poisonous species.

Reactions 3 to 6 appear to occur in the potential
region of the peak Of

1 in Fig. 6. Steps 7 and 8 also
take place to some extent in this potential region.

Complete removal of CO species may not be possible
here as they strongly bind the electrode surface.

At E > 0.025V, the formation of the active oxide
mediator is severely impeded due to the onset of
formation of the regular monolayer oxide ®lm and
hence anodic current drops sharply. However, highly
active oxygen atoms again become available at
E > 0.4V (just before the occurrence of oxygen
evolution reaction), and the poisonous bridge bonded
Pd2CO species are oxidized by the reaction

Pd2CO� 3OHÿ! PdOH� Pd� CO2"�H2O� 3 eÿ

�9�
as is evident from the appearance of another anodic
peak, Of

2 in the CV of Fig. 6.
During the backward sweep, the monolayer oxide

®lm is reduced and the corresponding cathodic cur-
rent is compensated by the anodic current of Reac-
tion 9 which may also take place simultaneously
utilising the least OH) ions available on the mono-
layer oxide ®lm. As the potential scan reaches about
)0.35V, all the inactive oxide ®lm will be reduced
and plenty of the active oxygen atoms become

Fig. 4. CV for a porous Ag electrode in 6M KOH solution at room
temperature in the range )0.926 to 0.8V, scan rate 25mVs)1. (5th
cycle).

Fig. 5. CVs for the unsupported (a) Pd0.8Ag0.2 electrode and (b)
Pd0.5Ag0.5 electrode in 6MKOH solution at room temperature in
the potential range )0.926 to 0.304V, scan rate 25mVs)1. (5th
cycles).
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available at Pd free sites causing Reaction 9 to re-
surgent; this gives rise to an oxidation Ob peak.

The cathodic peak, Rb, with Ep � )0.3 V of
Fig. 6 is due to reduction of reducible organic species
which might have formed in the higher potential
region [26].

A shoulder occurs somewhere in the region about
)0.6 to )0.15V in this CV and this may be attributed
to the oxidation arising out of the condition when
OH) ions are available in excess and chemisorbed
organic species are available insu�ciently at the
electrode surface in the taken electrolyte solution [11].

A comparison of CVs recorded for the MOR on
Pd electrodes prepared from powders synthesized via
both preparative methods exhibited identical fea-
tures. However, electrodes prepared from Pd nano-
particles yield higher magnitude of oxidation current
suggesting that the electrodes consisting of Pd
nanoparticles can yield higher MOR activity.

The features of CV in Fig. 7 for the MOR on a
Pd0.8Cu0.2 alloy electrode are entirely di�erent. Dur-
ing the forward sweep, two broad oxidation peaks Of

1

and Of
2 are observed in the range )0.926 to 0.304V. It

appears that the peak Of
1 is associated with Steps 3±6

of the MOR mechanistic pathways. The peak Of
2 that

lies in the region )0.25 to 0.3V with Ep � 0.07V
may be associated with Steps 7 and 8 of the MOR
pathways. The anodic current, in contrast to the Pd
electrodes, does not fall down sharply for Pd0.8Cu0.2
after the appearance of Ep and the current is observed
until 0.3V. Also, no oxidation current is observed for
Pd0.8Cu0.2 during the backward sweep. Instead, two
reduction peaks, one with Ep � )0.3V and another
reduction pro®le at potentials negative of )0.55V,
are formed and they may be due to the occurrence of
reduction of reducible organic carbon residues which
are facilitated by the surface Cu species [27].

When Ag is bonded to Pd as in Pd0.8Ag0.2 and
Pd0.5Ag0.5, Ag atoms block both the methanol
absorbing and the active oxygen extracting sites and

therefore lesser currents are observed for the MOR in
the CVs of these alloy electrodes. A couple of changes
in the features of the CVs of Ag doped alloy elec-
trodes are noticed during the occurrence of the MOR.
The shoulder which is seen in Fig. 6 is missing in the
CVs of Pd+Ag alloys, see for instance the CV in
Fig. 8. Also, as in the case of Pd+Cu alloy elec-
trodes, the current does not fall down sharply after
the appearance of Ep of the O

f peak in the CV of the
Pd+Ag alloy electrodes and this may be attributed
to the inability to form monolayer oxide ®lm.

Steady-state galvanostatic polarisation curves for
the electrooxidation of methanol at room tempera-
ture in 6M KOH+1M CH3OH are compared in
Fig. 9 for Pd, Pd+Cu and Pd+Ag alloy electrodes.
Also shown in this Figure is a polarization curve for a
Pd electrode prepared from the powder synthesised
by NaBH4 reduction method.

Fig. 6. CV for the MOR on an unsupported Pd in 6M KOH+1M

CH3OH solution at room temperature in the range )0.886 to 0.9V,
scan rate 25mVs)1. (5th cycle).

Fig. 7. CV for the MOR on an unsupported Pd0.8Cu0.2 electrode
electrode in 6M KOH+1M CH3OH solution at room temperature
in the range )0.886 to 0.304V, scan rate 25mVs)1. (5th cycle).

Fig. 8. CV for the MOR on an unsupported Pd0.8 Ag0.2 electrode in
6M KOH+1M CH3OH solution at room temperature in the range
)0.886 to 0.304V, scan rate 25mVs)1. (5th cycle).
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Figure 10 shows the variation of the MOR current
density at the overpotential g � 0.7V, taken from
steady-state data, with Pd content in Pd+Cu and
Pd+Ag alloy electrodes. The MOR activity de-
creases with the incorporation of Ag and Cu in the
lattice of palladium. In terms of the MOR electro-
catalysis, Cu seems to be a better additive than Ag for
the following reasons. In the case of Ag incorpora-
tion, the MOR activity decreases quite drastically as
Ag does not participate in any form in the MOR
mechanistic pathways in the potential region of
interest. Whereas, in the case of Cu addition, the

extent of decrease in the MOR activity is less sug-
gesting that in addition to some Pd sites in Pd+Cu
alloys, Cu atoms present in the anodically formed
surface Pd+Cu mixed oxide ®lm also helps to ex-
tract oxygen atoms from the electrolyte and supply
the same to the adjacent Pd sites for burning o� of
the carbonaceous organic residual species.

4. Conclusions

The present study has demonstrated the following
facts:

(i) The novel low temperature preparative methods
adopted for preparing Pd+Ag and Pd+Cu
alloy particles in this study have enabled us to
carry out detailed electrochemical measurements
on single phase materials to assess their cyclic
voltammetric and the MOR electrocatalytic
properties.

(ii) The nanoparticle Pd shows a superior perfor-
mance for theMOR in 6MKOHsolution than the
Pd prepared by the NaBH4 reduction method.

(iii) On alloying Pd with Cu, marked di�erences have
been observed in the CVs of alloys in 6M KOH
solution. Pd+Cu mixed layer formation is ob-
served during the forward sweep which is pre-
ceded by the active oxygen coverage on Pd sites
in the low potential region. On lowering the Pd
concentration in the alloy, Pd character in the
CV is reduced. In the case of Pd+Ag alloys
also, the Pd character in the CV decreases as the
Ag composition is increased.

Fig. 9. The MOR polarization curves for the unsupported nanoparticle Pd, Pd + Cu and Pd + Ag alloy electrodes and for a Pd electrode
made out of powder prepared by NaBH4 reduction method in 6M KOH+1M CH3OH. Key: (j±j) Pd (NaBH4 reduction); (c±c) Pd
(CH3OH reduction); (d±d) Pd0.8Cu0.2; (Å±Å) Pd0.5Cu0.5; (s±s) Pd0.8Ag0.2; (´±´) Pd0.5 Ag0.5. All at 30 °C.

Fig. 10. Variation of the MOR activity (expressed in terms of an-
odic current density at g � 0.7V) with the Pd content in Pd+Cu
and Pd + Ag alloy electrodes in 6M KOH+1M CH3OH solution.
Key: (h±h) Pd±Cu; (x±x) Pd±Ag.
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(iv) The MOR activity decreases on alloying Pd with
Ag or Cu. The activity decreases drastically on
Ag addition and the extent of activity reduction
is less for Cu addition.
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