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This  study  demonstrates  a simple  electrodeposition  method  to  fabricate  the  palladium–copper  alloy  on
an ITO  coated  glass  (PdCu/ITO)  and  its  application  in  methanol  electro-oxidation.  Our  approaches  involve
the co-reduction  of Pd and  Cu  using  triethanolamine  (TEA)  as  a  complexing  agent  in the electroplating
bath  and  a  Pd  redox  replacement  of  Cu  on  the  surface  of  the  as-prepared  PdCu  alloy.  The  phase  structures,
alloy  compositions  and  morphologies  of  catalysts  are determined  by  X-ray  diffraction,  energy  dispersive
spectrometer  and  scanning  electron  microscopy,  respectively.  X-ray  diffraction  shows  that  the  particle
lectrodeposition
dCu alloy
edox replacement
ethanol oxidation

size of PdCu  deposits  shrink  when  the  alloy  is  deposited  in  a  TEA-contained  solution.  The  electrocatalytic
properties  of  PdCu  alloys  and  Pd  redox  replacement  modified  PdCu  alloys  for  methanol  oxidation  have
been  investigated  by  cyclic  voltammetry.  The  PdCu  alloy  with  atomic  ratio  of 20.5%  Cu  exhibits  higher
catalytic  activity  toward  methanol  oxidation  compared  with  a pure  Pd  catalyst.  PdCu  alloys  with  smaller
particle  sizes  associated  with  TEA agent  and  the  surface  confined  Pd  replacement  are  found  to have
enhanced  catalytic  performance  in the  electro-oxidation  of  methanol.
. Introduction

Direct methanol fuel cells (DMFCs) have received much atten-
ion for their applications in portable electronic devices and
ehicles [1].  For the methanol oxidation reaction (MOR) in DMFC,
t-based electrocatalysts are still indispensable and the most effec-
ive catalysts [2,3]. However, the high cost of Pt and its low catalytic
ctivity for alcohol electro-oxidation in alkaline media are major
bstacles for its wide applications [4–6]. As an alternative to the
ore expensive Pt, Pd shows great potential as an effective cata-

yst for formic acid [7–10] and alcohol oxidations in alkaline media
11–13].

In recent years, many binary and ternary metal compounds
ave been developed in the form of Pd alloys and Pd overlayer
tructures. These combinations such as PdRu, PdAu, PdAg and
dSn, etc. [7,9–12] have been reported, aiming at enhancing the
lectrocatalytic activity toward the oxidation of small organic
olecules. Besides, nanoporous Pd structure formed through selec-

ively removing Cu atoms on the surface of Pd alloy has improved

atalytic performance in methanol oxidation [14]. Bertotii and
o-workers reported that the anodic oxidation of alcohols are facil-
tated on Cu electrodes and further oxidized in alkaline media [15].
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Furthermore, Cu has been reported to play an assistant role in
enhancing the catalytic activity of Pd and Pt in alcohol oxidations
[16–18]. Considering that Pd and Pt have similar catalytic proper-
ties, we used a simple electrodeposition method to combine Pd and
Cu to generate intriguing catalytic activities in the electro-oxidation
of methanol.

In this study, we fabricated a series of Pd–Cu alloys on indium tin
oxide coated glasses (PdCu/ITO) via a constant-potential deposition
of the two  elements. According to previous reports, a complexing
agent, triethanolamine (TEA) was  found to suppress the growth of
copper during the co-deposition with indium and selenium [19,20].
With an original intention to obtain a Pd-rich alloy by electrodepo-
sition, we  added TEA into the electroplating bath containing Pd2+

and Cu2+. X-ray diffraction (XRD) and scanning electron microscopy
(SEM) showed that the PdCu alloy we made has smaller particle
sizes compared with those deposited in TEA-free solutions. Cyclic
voltammetry (CV) showed that alloys deposited in TEA-involved
solutions have higher hydrogen desorption areas, which means a
higher electrochemical surface area (ECSA) of alloys were obtained.

Besides, in the system of Pd2+ and Cu2+ co-deposition, under-
potential deposition (UPD) of Cu took place on the surface of Pd.
This is compatible with the fact that UPD happens when an ele-
ment with a small work function (ϕCu = 4.5 eV) is deposited on a
foreign metal with a relatively large work function (ϕPd = 5.1 eV)
[21]. Copper UPD in many alloy systems could be replaced by nobler

metals in their corresponding solutions, which is commonly named
as a redox replacement [22,23].  The positive difference between the
standard reduction potential of Pd and Cu makes a redox replace-
ment thermodynamically favorable and spontaneously happening.

dx.doi.org/10.1016/j.apsusc.2013.01.012
http://www.sciencedirect.com/science/journal/01694332
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the oxidation and reduction peaks related to Cu are less obvious in
these diagrams. Cathodic peaks for the reduction of Cu2+ are not
clearly showed in these CVs, but a slight increase of anodic peak at
Fig. 1. Scheme describing the redox replacement of Cu atom

he combination of the two techniques of UPD and redox replace-
ent provides a manipulable strategy for the surface modification

f electrocatalysts. We  used the beneficial of Cu UPD during the co-
eposition of PdCu with the subsequent replacement by Pd to form

 Pd modified PdCu alloy. Catalysts deposited in the presence of TEA
nd followed by a Pd redox replacement showed higher catalytic
ctivities toward methanol oxidation.

. Experimental

.1. Preparation of PdCu and TEA–PdCu

All chemicals were used as received and prepared in deionized
ater. Briefly, 0.36 g PdCl2 and 0.50 g CuSO4·5H2O were sepa-

ately added with 3 mL  HCl, followed by diluted to 8 mmol  L−1 after
heir complete dissolution. A certain amount of crystalline boric
cid (H3BO3) was added to the two solutions as a buffering agent
40 mmol  L−1 in each bath). The pH values of PdCl2 and CuSO4·5H2O
olutions were ca. 2.30. Then 8 mmol  L−1 Pd2+ was mixed with

 mmol  L−1 Cu2+ in various volumetric ratios of 1:0, 9:1, 4:1, 3:1
nd 2:1. To compare the effect of a complexing agent, 0.024 mol L−1

EA is added into each of the mixed-ion solution. However, the
H values of electroplating solutions greatly increased after TEA
as added. Their pH values were adjusted to 2.30 by adding drops

f dilute HCl before the experiment. In each deposition, 6 mL  of
he mixed-ion solution was injected into a quartz vessel. The elec-
rodeposition and electrochemical measurements were conducted
n a three-electrode cell using a CH Instrument 627C workstation.
he working electrode was a 1.0 cm × 3.0 cm ITO glass. The counter
lectrode was a 1.0 cm × 3.0 cm platinum sheet and the reference
lectrode was Ag/AgCl.

PdCu bimetallic alloys with different Pd/Cu ratios were prepared
y constant-potential deposition. The mechanism of electrodeposi-
ion of Pd and Cu from their mixed-ion solutions has been reported
lsewhere [24]. In this work, the applied potential was −0.4 V vs.
g/AgCl, which was the most suitable potential for depositing PdCu
lloy on an ITO glass according to previous experiences [16]. Each
eposition was completed until the electric charge accumulated to
.2 C. The obtained sample was denoted as PdxCuy where x to y
tands for the molar ratio of Pd2+ to Cu2+ in the electroplating bath.
or comparison, alloys from solutions containing TEA were denoted
s TEA–PdxCuy.

.2. Preparation of Pd/TEA–PdCu

After the electrodeposition, the as-prepared TEA–PdCu was
mmersed in an 8 mmol  L−1 PdCl2 solution under an open cir-

uit potential (OCP) for 600 s. Because the equilibrium potential
f Pd2+/Pd is higher than that of Cu2+/Cu, Pd2+ was reduced by Cu
nd metallic Pd was deposited on the original sites of Cu through a
edox replacement [14,23]. Fig. 1 shows a schematic representation
f Cu replaced by Pd on the surface of TEA–PdCu. After replacement
ith Pd, the new PdCu electrode was denoted as Pd/TEA–PdxCuy.
d ions followed by the codeposition of PdCu thin film on ITO.

2.3. Characterization

Crystalline structures of PdCu electrodeposits were studied by a
powder X-ray diffraction (XRD, Shimadzu XRD-6100 diffractome-
ter) using the Cu K� radiation (0.154056 Å). The diffraction angle (in
2�) was  collected at a scanning rate of 1◦ per minute with a step of
0.02◦. Surface morphology of the alloy was characterized by a scan-
ning electron microscopy (SEM, Hitachi S-4100) equipped with an
energy dispersive spectroscope (EDS). All experiments were carried
out at ambient temperatures.

3. Results and discussion

3.1. Physical characterization of the electroplating bath and PdCu
films

The electrochemical behaviors of Pd and Cu ions on an ITO sub-
strate are investigated by CV. Fig. 2 shows a collection of CV plots
in which the Pd2+/Cu2+ molar ratio is 1:0, 9:1, 4:1 and 3:1, respec-
tively. There are two  apparent cathodic peaks (c1, c2) and anodic
peaks (a1, a2) in the forward scan and reverse scan, respectively.
Those peaks are owing to the reduction and oxidation processes
related to Pd. As observed, Pd is reductively deposited at ca. +0.1 V
(c1). The cathodic peak c2 at −0.4 V is due to the formation of PdHx

followed by a steep current increase as a result of hydrogen evolu-
tion at the negative end of the potential. On the return scan, a2 is
the peak of hydrogen desorption from the substrate at a potential
of 0.0 V. Finally, the scan encountered the oxidation peak a1 which
arose from the dissolution of Pd. The current densities of c1/a1 and
c2/a2 couples reduce with the decrease in Pd2+ concentration. In
general, CV behaviors of the species on an ITO substrate are simi-
lar to those reported on a glassy carbon electrode [25]. However,
Fig. 2. CV plots of Pd2+ plus Cu2+ in the molar ratio of (a) 1:0, (b) 9:1, (c) 4:1 and (d)
3:1 in a 0.04 mol  L−1 H3BO4 solution.
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Fig. 3. UV–vis absorption spectra of the mixed solution of Pd2+ and Cu2+ in the molar
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PdCu alloys shifted to higher angles with an increase in Cu content
because of the substitution of smaller Cu atoms for Pd atoms. The
atio of 2:1 with different concentrations of TEA: (a) without HCl and (b) with HCl
djustment to pH 2.30.

0.3 V is observed as Cu2+ content increases, which signifies that it
s connected to the oxidation of Cu2+ species.

To investigate the effect of TEA in the electroplating solution,
V–vis spectra of Pd2+ plus Cu2+ in the molar ratio of 2:1 with
ifferent amount of TEA are investigated. In Fig. 3, the absorption
eak appears at 425 nm is attributed to the ligand to metal charge
ransfer band of [PdCl4]2− species [26]. When TEA is added, pH val-
es of the electroplating baths increase and their absorption peaks
lue shift (Fig. 3a). In order to make the plating bath suitable for
he electrodeposition of Pd, dilute HCl is added to adjust the pH
alue to 2.30 (the same pH as the TEA-free solution). Fig. 3b shows
hat the absorption shifts are canceled with a slight decrease in
bsorbance after their pH values are adjusted. According to these
bservations, the electroplating baths have an unchanged Pd2+ to
u2+ ratio after their addition of TEA and dilute HCl titration. How-
ver, CV plots show different electrochemical behaviors for the bath
ith different concentrations of TEA (Fig. 4). The potentials for Pd

nd Cu reduction (c1 and c3) are distinctly separable when there is
o complexing agent. For the constant-potential deposition of two
pecies at a time, an overlap of their cathodic peaks is expected. As
een in figure, the two peaks seem to merge with each other when
he amount TEA increased to 0.24 and 0.48 mol  L−1, thus providing

 narrow deposition window for the co-reduction of Pd2+ and Cu2+.
It is feasible to prepare noble metal monolayers on the surface

f PdCu alloy based on the redox replacement of UPD Cu layer in a
olution containing nobler metal ions. This provides a simple path-
ay for designing a novel electrocatalyst with monolayers of metal

uch as Pt and Pd. In this work, we chose Pd as the metal for replace-
ent. Before the replacement reaction commenced, we ascertained
he occurrence of UPD Cu on Pd substrates by CV experiments.
ig. 5 is the comparison of CV plots between an ITO electrode and

 Pd coated ITO electrode in the solution containing 8 mmol  L−1
Fig. 4. CV plots of Pd2+/Cu2+ in the molar ratio of 2:1 with (a) 0, (b) 0.24 and (c)
0.48 mol  L−1 TEA.

CuSO4. Interestingly, the CV plot of Pd/ITO showed three different
behaviors from that of a pure ITO glass. First, the potential for the
bulk deposition of Cu shifts to more positive values (as showed by
dashed line), which means the deposition of Cu is much easier to
occur on a Pd/ITO electrode. Second, the small reduction peak at
the potentials more positive than the bulk deposition potential is
associated with the formation of the Cu UPD layers on the Pd sur-
face. The last one is that the cathodic peak for Cu oxidation shifts
from 0.30 V to 0.45 V, showing Cu atoms oxidized less easily on
a Pd/ITO electrode than on an ITO substrate. According the above
observations, PdCu alloy would be produced and followed by the
underpotential deposition of Cu on the surface of Pd when Pd2+

and Cu2+ are deposited simultaneously. When a PdCu-modified ITO
electrode was  immersed into an aqueous solution of 8 mmol L−1

PdCl2, the redox replacement of UPD Cu with Pd, driven by the
large gap of standard reduction potentials between Cu2+/Cu and
Pd2+/Pd, yielded new Pd layers on the PdCu surface.

Fig. 6 shows the XRD pattern of each alloy. Standard diffractions
of Pd are marked by yellow dashed line. The four peaks at 40.1,
46.7, 68.1 and 82.1◦ are characteristic of diffractions from the
face-centered cubic (fcc) system corresponding to the (1 1 1),
(2 0 0), (2 2 0) and (3 1 1) planes, respectively. For PdCu alloys, the
diffraction peaks locate between the projected 2� values for pure
Pd and Cu, which indicates the formation of a single-phase uniform
fcc PdCu alloy. By comparison with pure Pd, the diffraction peaks of
Fig. 5. CVs for 8 mmol  L−1 CuSO4 in 0.04 mol  L−1 H3BO4 with (a) ITO and (b) Pd
coated ITO electrode (Pd/ITO). The scan rate was 25 mV s−1.
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Table 1
Derived structural information for PdCu alloys.

Pd2+:Cu2+ ratio
in the solution

2� (1 1 1) (◦) afcc (nm) Cualloy (%) Size (nm)

1:0 40.36 0.3868 – 25.7
9:1 40.59 0.3847 15.73 14.4
4:1  40.87 0.3821 25.01 10.4

and XRD calculations (Fig. 7).
Fig. 8 is the SEM images of PdCu alloys without TEA. As shown in

this micrograph, the surface morphology of the electrocatalysts is
strongly dependent on the plating bath composition. In Fig. 8a, the
ig. 6. XRD patterns of (a) PdCu, (b) TEA–PdCu and (c) Pd/TEA–PdCu alloys. The
tandard diffractions of pure Pd are marked by dashed lines.

verage particle size (d) is estimated using the Scherrer’s formula
27] based on the (1 1 1) peak:

 = 0.941�

 ̌ cos �
(1)

here � is the wavelength of X-ray,  ̌ is the full width at half
aximum (FWHM) of (1 1 1) peak (in radian), and � is the diffrac-

ion angle at Pd (1 1 1) crystal facet (in degree). The average

rystalline sizes of PdCu and the calculated lattice constants are
iven in Tables 1 and 2. The average particle size decreases from
6.6 to 7.1 nm with increasing the Cu nominal fraction (fraction

n Pd2+ plus Cu2+ mixed solution) from 0 to 33.4% in the PdCu
3:1  40.91 0.3818 26.31 10.1
2:1  41.25 0.3788 37.11 7.2

composition. It should be noted that particle sizes of PdCu deposits
become smaller in the presence of TEA, as suggested by their
larger FWHM.  Fig. 6c shows the XRD patterns of Pd decorated
PdCu alloys, in which the (1 1 1) peak exhibits slightly skewed to
small angles (Table 2), signifying an increase in Pd content. There
is a dependence of the Pd lattice constant on the atomic fraction
of Cu. It is apparent that the lattice constant of Pd (aPd) for all
the PdCu catalysts shrinks and decreases with increasing the Cu
content. This is reasonably explained by the solid solution forma-
tion between Pd atoms (covalent radius of 0.139 nm)  and smaller
Cu atoms (covalent radius of 0.132 nm). The Pd atomic ratios in
the bimetallic PdCu alloys are calculated quantitatively from the
difference between the measured lattice constants and determined
via Vegard’s law [28], using the following two  equations:

1/d2
(hkl) = (h2 + k2 + l2)

a2
(2)

aPdCu = aCuxCu + (1 − xCu)aPd (3)

where d(hkl) is the interplanar spacing, a is the lattice constant and
x is the molar fraction.

The composition of each alloy was examined according to its
corresponding EDS result and was referenced to the calculated
value by its lattice constant. The EDS examined Cu atomic ratio for
each alloy is shown in Table 3. We  can observe that the Pd content
increases with the addition of TEA in the bath. This is compatible
with the fact that TEA was  reported to suppress the reduction of
Cu ions in solution during the co-deposition [19,20,29].  Moreover,
each value of Cu content in Table 3 is lower than the respective
value estimated by Vegard’s law (Cualloy in Tables 1 and 2). This
phenomenon was suggested by the fact that the EDS analysis is less
sensitive to the relatively light Cu atom in the PdCu alloy. However,
the relationship between Pd fractions in solutions and their atomic
ratios in different alloys is quite linear according to both EDS results
Fig. 7. Plot for comparison of the calculated Pd contents and EDS examined results
in  PdCu alloys.
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Table  2
Derived structural information for TEA–PdCu and Pd/TEA–PdCu alloys.

Pd2+:Cu2+ ratio
in the solution

TEA–PdCu Pd/TEA –PdCu

2�(111) (◦) afcc (nm) Cualloy (%) Size (nm) 2� (111) (◦) afcc (nm) Cualloy (%) Size (nm)

1:0 40.38 0.3867 – 11.1 – – – –
9:1  40.58 0.3848 15.40 11.5 40.59 0.3847 15.73 10.3
4:1 40.78 0.3830 21.91 11.1 40.65 0.3841 17.87 7.6
3:1  40.93 0.3816 26.74 8.5 40.72 0.3835 19.98 7.1
2:1  41.08 0.3802 31.82 6.2 40.95 0.3815 27.42 4.1

Table 3
EDS estimated Cu atomic ratios of the electrocatalysts.

Cu fraction in the
mixed solution (%)

Cu atomic ratio in
PdCu sample (%)

Cu atomic ratio in
TEA–PdCu sample (%)

Cu atomic ratio in
Pd/TEA–PdCu sample (%)

0 0 0 –
10  13.25 11.31 11.86

P
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20 20.59  

25  26.21 

33.3  36.09 

d deposit appears as dendrimer structures. In Fig. 8b–d, however,
he surface becomes composed of many smaller rhomboids with
he involvement of Cu atoms into Pd skeletons. Fig. 9a and b shows
he micrographs of Pd4Cu1 and Pd2Cu1 films with TEA. Compared
ith SEM images of PdCu samples obtained in TEA-free plating

aths, PdCu deposits appear to be compact and granulated. The
ranules are nearly spherical in shape rather than rhomboid. Metal
lms after Pd redox replacement have similar spherical micro-
tructures (Fig. 9c and d).

.2. Electrochemical property of the electrocatalysts and activity
oward MOR

Electrocatalytic activities of PdCu catalysts for methanol oxi-

ation were analyzed by CV in a 1.0 mol  L−1 methanol solution
ontaining 1.0 mol  L−1 KOH. Fig. 10 compares the overall CVs of
dCu electrocatalysts in which there are various Pd to Cu ratios. The
ethanol oxidation behavior is characterized by two  well defined

Fig. 8. SEM of PdCu alloys prepared from the deposition of Pd2+/C
20.80 17.75
26.35 18.45
27.24 23.29

anodic current peaks: one in the forward and the other one in the
reverse scan. In the forward scan, the anodic peak is corresponding
to the oxidation of freshly chemisorbed methanol species and its
magnitude is proportional to the amount of methanol oxidized. The
anodic peak in the reverse scan is associated with the removal of
carbonaceous species not completely oxidized in the forward scan
[30,31]. The mechanism for methanol oxidation in basic media at
Pd electrodes has been reported earlier [32]:

Pd CH3OH + OH− → Pd CH3O + H2O + e− (4)

Pd CH3O + OH− → Pd CH2O + H2O + e− (5)

Pd CH2O + OH− → Pd CHO + H2O + e− (6)

− −
Pd CHO + OH → Pd CO + H2O + e (7)

According to the mechanism, Pd surface will finally be poisoned
by CO species, which will reduce the catalytic activity toward MOR.
In alkaline solutions, additional surface chemical reactions are

u2+ in the molar ratio of (a) 1:0, (b) 4:1, (c) 3:1 and (d) 2:1.
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ig. 9. SEM of PdCu alloys prepared from TEA-contained solution in which Pd2+ to 

odification of (a) and (b), respectively.

ossible, which can be used to remove surface-adsorbed species
rom the Pd metal and regenerate the Pd metal [32]. The CV curves
hown in Fig. 10 were analyzed by the current density peaks (jp)
nd current peak potentials (Ep) for the forward-scan peak and
heir values are shown in Table 4.

For those catalysts deposited from TEA-free solutions, PdCu
lloys show higher current densities toward MOR  than that of pure
d, signifying the catalytic activities are enhanced due to the incor-
oration of Cu. The optimal Cu atomic ratio among the PdCu alloys

s 20.59% according to the EDS analysis. For alloys deposited in the
resence of TEA, all the oxidation peaks increase compared with
heir TEA-free counterparts. TEA–Pd4Cu1 shows the highest current
ensity of 21.04 mA  cm−2. Alloys deposited with TEA and followed
y Pd redox replacement show the greatest oxidation peak in these
hree categories. Pd/TEA–Pd4Cu1 in which the Cu atomic ratio is
7.75% exhibits the highest current density, 29.00 mA  cm−2 in our
amples (Fig. 10c).

To explain the increase of current density in methanol electro-
xidation, we  compare the cyclic voltammograms of Pd4Cu1
lloys in a 0.1 mol  L−1 HClO4 solution. The CV demonstrates three
otential regions typical of Pt group metals: the hydrogen adsorp-
ion/desorption region (Hads/Hdes) in −0.30 to 0.15 V, the double
ayer region in 0.15 to 0.50 V and the oxide formation region

bove 0.50 V. As observed, all Pd-based catalysts show characteris-
ic peaks of oxidation at ∼0.60 V in the forward scan and reduction
eaks of Pd oxides at ∼0.40 V in the reverse scan. Compared with

able 4
eak potential (Ep) and peak current density (jp) results from the CVs of methanol oxidat

Pd2+:Cu2+ ratio in the solution PdCu TEA
Ep (V) jp (mAcm−2) Ep (

1:0 0.05 6.91 0.08
9:1  -0.02 7.85 0.13
4:1  0.02 11.81 0.14
3:1  0.03 9.52 0.16
2:1  0.04 7.11 0.07
olar ratios is (a) 4:1 and (b) 2:1. (c) and (d) refer to the films after Pd replacement

Pd, each of PdCu alloy shows a new anodic peak at 0.20–0.40 V,
which is due to the leaching of exposed Cu atoms in the alloy surface
[33]. Theoretically, the electrochemical active surface area (ECSA)
of those Pd-containing catalysts cannot be measured based on the
hydrogen adsorption/desorption, because we cannot separate Hads
and Habs in the � phase of PdHx [34]. However, we find the alloys
deposited in TEA-contained solutions show a shoulder (0.0–0.1 V)
within the H2 desorption peak. The alloy after a Pd redox replace-
ment process shows the largest H2 desorption area among the three
samples in the CV diagrams. Overall, the H-desorption areas of PdCu
alloys follow the order: Pd/TEA–Pd4Cu1 > TEA–Pd4Cu1 > Pd4Cu1,
which is consistent with the order of current densities in methanol
oxidations. TEA in our study plays a role in suppressing the growth
of Cu atoms. The enhanced catalytic abilities of TEA–PdCu alloys
may result from the combination effects of particle size shrinkages,
the alteration in surface morphologies, and the increase in Pd/Cu
ratios, as can be seen in Figs. 6 and 9 and Table 3, respectively.
These elements enhance the surface active areas of PdCu alloys,
which in turn improve the catalytic performance of electrocatalysts
in methanol oxidation.

Fig. 11.
It has been reported that the alloying with Cu atoms would

produce an electronic modification of Pd layers by strain and

alloying effects [35–37],  which may  provide unique surface sites
for methanol adsorption and subsequent electro-oxidation. The
enhanced methanol oxidation activity also supports that the

ion.

–PdCu Pd/TEA–PdCu
V) jp (mAcm−2) Ep (V) jp (mAcm−2)

 13.18 – –
 16.08 0.17 17.53
 21.04 0.26 29.00
 18.32 0.22 24.08

 13.35 0.12 15.85
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Fig. 10. CVs of (a) PdCu, (b) TEA–PdCu and (c) Pd/TEA–PdCu alloys in 1.0 mol  L−1

methanol with 1.0 mol  L−1 KOH. The scan rate was 25 mV s−1.

Fig. 11. CVs of Pd4Cu1, TEA–Pd4Cu1 and Pd/TEA–Pd4Cu1 in a 0.1 mol  L−1 HClO4

solution. The scan rate was 10 mV s−1.

[
[

[

[

[

ace Science 270 (2013) 252– 259

particle surface in rich in Pd when the alloy is deposited in a
TEA-contained bath, as the presence of Cu on Pd would block the
active sites [38].

The density functional theory (DFT), which predicts the center of
d-band energy (εd) of a metal catalyst, has been used to interpret
the effects of the second metal. Hammer and Nørskov [39] have
corroborated the position of εd plays a governing role in determin-
ing the affinity of transition metals toward a variety of adsorbates
such as O, CO, H, etc. The higher this center locates with respect
to the Fermi level, the stronger is the interaction of the metal with
adsorbates. Fouda-Onana and Savadogo [40] have reported that the
d-band center of Pd shifts to a lower value after the incorporation
of Cu atoms. The change of εd can influence their catalytic reaction
kinetics by altering the adsorption energies of reaction intermedi-
ates. When the Pd content reaches 75% atomic ratio, the d-band
center shifts to −2.798 eV. Thus, the lower value of d-band center
for PdCu with 25% Cu content may  result in its higher electrocat-
alytic activity. In our experimental results, PdCu samples with an
average of 20% Cu atomic ratio show the highest catalytic activity
toward methanol oxidation.

4. Conclusion

In this work, we  enhance the catalytic ability of PdCu alloys
toward methanol oxidation by adding a complexing agent of TEA.
The TEA-contained Pd2+ plus Cu2+ mixed solutions produce alloys
with smaller particle sizes, as evidenced by XRD results. By taking
advantages of the UPD phenomenon during co-deposition of PdCu
and the following Pd redox replacement, we  further modify the sur-
face of TEA–PdCu alloys. Electrochemical measurements show that
Pd incorporated with Cu atoms has enhanced electrocatalytic activ-
ity toward methanol oxidation. This enhancement is probably due
to a good synergistic effect between Cu and Pd. In particular, the
bimetallic PdCu catalyst with a composition of ca. 20.5% Cu content
exhibits the highest catalytic capability for methanol oxidation. The
fabrication of PdCu alloys via electrodeposition is simple and help-
ful for the development of effective catalysts suitable for direct
methanol fuel cells.
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