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Pd-Ag Alloy Nanowires: Facile Visible-Light-Assisted Synthesis
and Electrocatalytic Activity toward Ethanol Oxidation

TAN De-Xin* WANG Yan-Li*
(School of Chemisiry and Chemical Engineering, Lingnan Normal University, Zhanjiang, Guangdong 524048, China)

Abstract: Using palladium nitrate and silver nitrate as the metal precursor, ethanol and sodium citrate tribasic
dehydrate as reducing agents and poly (vinyl pyrrolidone) (PVP) as a stabilizer and guiding agent, Pd-Ag alloy
nanowires were synthesized via visible-light-assisted solution approach with a commercial incandescent lamp as
light source. The morphologies, crystal structure and optical properties were characterized by field emission
scanning electron microscopy (FESEM), transmission electron microscopy (TEM), high resolution transmission
electron microscopy (HRTEM), power X-ray diffraction (PXRD), and UV-visible spectroscopy, respectively. The
electrocatalytic properties of the Pd-Ag alloy nanowires modified glassy carbon electrode for ethanol oxidation
were investigated by cyclic voltammetry and chronoamperometry. The Pd-Ag alloy nanowires exhibited much
better electrocatalytic performance than Pd nanoparticles toward ethanol oxidation reaction in alkaline media in

terms of the electrocatalytic activity, anti-poisoning ability and stability.
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0 Introduction ersion efficiency and low environmental pollution "2,
Up to now, designing highly efficient catalysts is still

Direct liquid fuel cells, especially direct ethanol the main challenges for DEFCs applications. Pd-based

fuel cells (DEFCs), is considered to be one of the catalysts, because of their low cost and good tolerance

promising clean energy sources with high energy conv- to the poisoning caused by intermediate species
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during the ethanol oxidation process, are likely to be
put into practical use for DEFCsP. Particularly, the
(M) into Pd for
forming PAM alloy often brings superior -catalytic

incorporation of a second metal

performance, due to the synergistic effects and rich
diversity of the compositions. Recently, several PAM
catalysts, such as Pd-AgF, Pd-Cu® and Pd-Sn',
demonstrate the enhanced catalytic activity toward the
ethanol oxidation reaction (EOR). For example, well-
dispersed fcc-Pd-Cu alloys are successfully prepared
by one-pot synthesis and a two-step reductive process,
and show an excellent catalytic activity, durability and
catalytic stability toward EORP. On the other hand,
specific structures, such as one-dimensional (1D)
bimetallic nanowires or nanotubes”, threedimensional
(NWs) B nanoflowers

nanoneedles®, or core-shells!, have significant effects

(3D) noble metal networks

on the properties of the materials. Among them, 1D
bimetallic nanowires exhibit enhanced electrocatalytic
activity for fuels anodic oxidation and oxygen cathodic
reduction owing to the large specific interface areas.
Recently, Chen et al.? synthesized bimetallic Pd-Ag
alloy nanowires at 170 °C with oil bath by one-step
wet chemical strategy, exhibiting enhanced catalytic
activity for formic acid oxidation. Compared to the
conventional heat treatment methods, the products are
more uniform and the growth mechanism can be more
conveniently resolved using photochemical and irra-
diation synthesis methods"". These simple processes
have proven to be a promising route for the prep-
aration of Pd-based catalysts. Current photochemical
methods focus mainly on the use of high-energy
radiation, such as UV light or vy-irradiation. For
instance, Nenoff et al.™ have successfully prepared
Ag-Ni alloy nanoparticles and Pd-Ni alloy nanopart-
icles via a ®Co-y source. Pande et al.'™! have reported
(Au and Pd) and
bimetallic (AuPd) nanoparticles using graphitic carbon

the synthesis of monometallic

nitride quantum dots under the UV lamp (A=365 nm).
Therefore, it is important to design a safer, cheaper,
and more facile light-assisted method to synthesize 1D
Pd-based alloy nanostructures. Recently, we have

presented a novel visible-light-assisted method to

synthesize Pd nanoparticles with single-crystalline and

167 However, to the best

multiple-twinned structures
of our knowledge, there have been few reports on
visible light-assisted synthesis of Pd-based alloy,
especially with 1D nanowires structures. Thus, we
have geared our efforts towards exploring a simple,
inexpensive, and efficient approach to the large-scale
fabrication of 1D Pd-based alloy nanostructures.

In this paper, a facile and environmentally
friendly visible-light-assisted method has been deve-
loped for the synthesis of 1D Pd-Ag alloy nanowires
under the irradiation of visible light from a comm-
ercial incandescent lamp. The unique nanowires were
produced by the coreduction of Pd and Ag precursors
in the presence of sodium citrate tribasic dehydrate
and poly (vinyl pyrrolidone). The as-prepared Pd-Ag
nanowires exhibited excellent electrocatalytic activity

toward EOR.

1 Experimental

1.1 Chemicals and materials

(Pd (NO3), +2H,0, >99.9% ),
silver nitrate (AgNOs, >99.8%) and poly (vinyl pyrroli-
done) (PVP, My=58 000) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. Sodium citrate
(Na;CgHs07 -2H,0, >99% ) and

ethanol were obtained from Nanjing Chemical Reagent

Palladium nitrate

tribasic dehydrate

No.l Factory. All other chemicals were analysis
reagent (AR) grade and used as received.
1.2 Synthesis of Pd-Ag alloy nanowires

In a typical synthesis, sodium citrate tribasic
dehydrate (3.4 mmol), PVP (1.7 mmol), Pd (NO;),-2H,0
(26.27 mmol) and AgNO; (30.61 mmol) was mixed
with 20 mL of ethanol and 4 mL of deionized water in
a glass vessel. The mixture was dispersed to form a
homogeneous solution by constant strong stirring for
10 min at room temperature. Then, the mixture was
irradiated under constant stirring for 2 h with visible
light from the 200-Watt incandescent lamp at a
distance of 5 em  (5.30 mW -cm? put on the reacting
mixture). Two hours later, the temperature of mixture
was 78 °C. The color of solution was gradually changed

from pale yellow to dark. The dark suspensions were
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precipitated by acetone and washed at least three
times with ethanol to remove excess metal precursors
and PVP. The final dark product could be easily
redispersed in ethanol solvents to yield a clear
homogeneous solution. As a comparison, Pd and Ag
nanomaterials were synthesized using the same
method. The final products were denoted as Pd, Ag
and Pd-Ag, respectively, according to the different
compositions.
1.3 Characterization

Transmission electron microscopy (TEM) images,
high resolution transmission electron microscopy
(HRTEM) images, selected area electron diffraction
(SAED) patterns and energy dispersive spectrometer
(EDS) were carried out on a JEM-2010 instrument
operated at 200 kV. Field emission scanning electron
microscopy (FESEM) images were performed with a
Sirion 200

(PXRD) pattern was recorded on a XD-3 type X-ray

instrument. Powder X-ray diffraction
diffractometer employing Cu Ko radiation (A=0.154 06
nm) for scattering angles 25° <26 <90° with 36 kV
and 30 mA. UV-visible spectroscopy of the prepared
suspensions was obtained by an UV-visible spectro-
(UV-2600) from Shimadzu with quartz
cuvettes. The intensity of the light was detected by a

photometer

FZ400 visible light power meter.
1.4 Electrochemistry tests

Electrochemical measurements were performed
with a CHI 660E electrochemical workstation (CH
Instruments, Chenhua Co., Shanghai, China) at room
temperature, and conducted on a conventional three-
electrode cell, which includes a platinum wire as
counter electrode, a saturated calomel electrode (SCE)
as reference electrode and the nanomaterials-modified
glassy carbon electrode (GCE, 3 mm in diameter) as
working electrode. In all electrochemical measure-
ments, the current densities were normalized to the
geometric surface area of the GCE.

For the preparation of the nanomaterials modified
electrode, 6 pL of a suspension containing nano-
materials  (nanomaterials concentration=1 g-L™) was
dropped on the clean electrode surface (the area of
the electrode=7.065x1072 cm?) and dried in air. Next,

the Nafion film was prepared by dropping 3 pL of a
Nafion solution (0.1%, w/w) onto the electrode and
allowed the solvent to evaporate at room temperature.
The solutions were deaerated thoroughly for at least
30 min with pure nitrogen gas and kept under a
positive pressure of this gas during the experiments.

All experiments were performed at room temperature.
2 Results and discussion

2.1 Characterization of Pd-Ag alloy nanowires
Pd-Ag alloy

nanowires was further studied with PXRD measure-

The crystalline phase of the
ment as shown in Fig.1. For comparison, the PXRD
patterns of Pd and Ag are also displayed in Fig.1. In
the pattern of Pd, the peaks at ca.40.01°, 46.52°,
68.11°, 82.00° and 86.40° represent the Pd (111), Pd
(200), Pd (220), Pd (311) and Pd (222) planes, respe-
ctively. Compared to the data of Pd, the diffraction
peaks from Pd-Ag nanowires shift to lower 26 values,
suggesting the reduction in lattice constant. Here, all
the diffraction peaks from Pd-Ag nanowires locate
between the positions expected for the Pd and Ag,
indicating the obvious alloying of Pd and Ag. Such
PXRD phenomenon has also been observed with other
bimetallic alloy nanostructures”, Moreover, neither a
Pd nor an Ag single component peak was detected,
confirming the presence of only single-phase Pd-Ag
alloys. It also should be noted that, from the PXRD
pattern of Pd-Ag, the intensity ratio between the
diffraction peaks of Pd (111) and Pd (200) is 2.13,

suggesting the abundant (111) planes of the Pd-Ag

Ag
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Fig.1 PXRD patterns of Pd, Ag and Pd-Ag alloy

nanowires
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nanowires. The bimetallic Pd-Ag nanoparticles’ size

can be calculated according to Scherrer equation!:

0.9,
" B,,cos0,

where L is the size of Pd-Ag nanoparticles. Ay, is the

X-ray wavelength (A=0.154 nm). By is the half-peak
width. 6,., is the Bragg angle. The calculated nano-
particle size of Pd-Ag nanowires is 4.89 nm, which
agree with the TEM results very well.

The morphologies of the as-synthesized materials
were characterized by FESEM (Fig.2(A)) and TEM
(Fig.2(B,C)) measurements, which confirms the forma-
tion of the nanowires by a facile visible-light-assisted
method. It can be seen that, uniform nanowires with
high

nanowires can reach up to 250 nm with average

yield were obtained. The length of such

diameters of 4 nm. For a single nanowire, it consists
of interconnected nanoparticles (top left inset in Fig.2
(C)). To investigate the crystal structures of the
synthesized Pd-Ag nanowires, HRTEM analyses were
also performed (Fig.2(D)). Well-resolved lattice fringes
can be seen in Fig.2(D). PXRD result is consistent with
(111) interplanar spacing found in the HRTEM
measurements. By careful measurements, it was found

that there is mainly one type of lattice fringes with

Fig.2

Intensity / counts

interplanar spacing of 0.23 nm, which is ascribed to
the (111) lattice plane of the Pd-Ag alloy nanostru-
cture. The lattice fringes are not continuous and their
orientations vary, demonstrating that the interconn-
ected Pd-Ag nanowires are polycrystalline. This is
further confirmed by the selected area electron
diffraction (SAED) pattern, as shown in Fig.2(B), inset.
The morphology of such ultrathin nanowires is very
similar to that of other two-step synthesized Pd-Pt!
and one-step synthesized Pd-Ag nanowires at 170 C
with polyol reduction method™. So the present report
provides a facile route for preparing bimetallic alloy
nanowires. From EDS analysis shown in Fig.2(E), both
Pd and Ag are present in the nanowire materials in
addition to the Cu substrate. The average molar ratio
of Pd to Ag is determined to be 46:54 based on the
EDX measurement, which is close to 26.27:30.61. It
is clear that the precursors can be largely reduced in
the presence of sodium citrate tribasic dehydrate and
ethanol®.

Fig.3 shows the UV-Vis absorption spectra of Ag,
Pd-Ag and Pd nanoparticles in colloid state. In Fig.3,
a distinct band is observed at 411 nm for Ag colloid
that must be due to the localized surface plasmon

resonance (SPR) excitation of the Ag nanoparticles.
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(A) FESEM image, (B) TEM image and the corresponding SAED pattern (inset), (C) high-magnification TEM image,

(D) HRTEM image, and (E) EDX spectrum of Pd-Ag alloy nanowires
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Fig.3 UV-visible spectroscopy of Pd, Ag and Pd-Ag
alloy nanowires

It is noteworthy that this band is gradually weakened,
with a clear red-shift, as Pd is added to form Pd-Ag
alloy, and no UV-Vis absorption is seen at all for pure
Pd colloid. The UV-Vis absorption characteristics here
the Pd-Ag alloy

previously, indicating Pd-Ag nanoparticles are present

also agree well with reported

in a form of homogeneous alloy™?",

2.2 Ethanol oxidation with Pd-Ag alloy
nanowires
The electrocatalytic activities of Pd nanoparticles
and Pd-Ag nanowires studied by
voltammetry (CV) from —0.8 to 0.3 V with the same
Pd loading. Fig.4(A) shows the typical CV curves of
Pd and Pd-Ag nanowires in N,-saturated 1 mol -L ™

were cyclic

KOH solution. Both samples present reduction peaks
of palladium oxides between -0.60 and —0.20 V in
the negative scan. Pd-Ag alloy present the highest
reduction peak. In the positive scan, OH™ was adsorbed

onto the surface of catalysts. In comparison with Pd

nanoparticles, Pd-Ag alloy shows a more negative
onset potential, indicating the easier adsorption of
OH~on the surface®.

According to the CV curves in Fig.4(A), the
corresponding ECSA of each catalyst was calculated
by quantification of the electric charges associated
with the reduction of PdO™, as shown in the following
equation™:

Ecsa=—<
mCv

where () is the charge for PdO reduction on the
surface, which can be obtained from the area integral
of Fig.4(A). m is the mass of Pd (6 wg). C is the charge
required to reduce the layer of PdO (420 pC-cm™). v
is the scan rate, which is 50 mV +s™'. The calculated
ECSA is listed in Table 1. It has been demonstrated
that ECSA dominates the electrocatalytic activity of
catalyst materials. Higher ECSA contributes to an
increase of ethanol oxidation reaction activity and thus
an increase of the overall fuel cell performance®. The
specific ECSA of the Pd-Ag alloy nanowires (71.43
m? - g ") is higher than the Pd nanoparticles (37.57
m?- gp ™).

Fig.4(B) shows the second voltammogram run with
modified
electrode in 1 mol -L.™" KOH containing 1 mol L.~

Pd nanoparticles and Pd-Ag nanowires
ethanol, respectively. Both samples display a typical
current peak in the forward scan, representing the
oxidation of ethanol. The onset potential and peak
current of Pd and Pd-Ag catalysts are summarized in

Table 1. A more negative onset potential and higher

(&)

(B)

J/(A-mg,™)

6 L s 1 1 1 1 1 1 1 1
-0.7 -06 -05 -04 -03 -02 -01 00 01 02
E/V

0.3

-08 -

CV curves of Pd and Pd-Ag catalysts in Ny-saturated 1 mol-L" KOH (A) and 1 mol-L" KOH+1 mol- L

CH;CH,OH solution (B) at a scan rate of 50 mV-s™
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Table 1 Electrochemical parameters of Pd and Pd-Ag alloy nanowires

Material Onset potential / V Peak current / (A -mgp™) 11, ECSA / (m?-gpi)
Pd -0.56 15.42 1.26 37.57
Pd-Ag -0.66 42.93 1.43 7143

peak current were presented on Pd-Ag alloy nanowires
compared to Pd nanoparticles. In the backward scan,
another oxidation peak is formed on the two CV

which

intermediates of ethanol dissociative adsorption. The

curves, is associated with the oxidation of

accumulation of these intermediates will cause “catalyst

» [24-25)

poisoning The ratio of forward peak current

density (I;) to backward peak current density (1)) is
used to evaluate the catalyst tolerance to carbonaceous
intermediates accumulation™. The ethanol oxidation
reaction test results show that the [/], values of the
synthesized Pd-Ag alloy nanowires are larger than that
of Pd, indicating the better tolerance to carbonaceous
intermediates accumulation of as-prepared nanowires.
The CV curves of the ethanol oxidation reaction
on the Pd-Ag alloy nanowires catalyst in 1.0 mol - L™
KOH containing 1.0 mol - L™ ethanol at different scan
rates is shown in Fig.5(A), and the insert shows the
relationship between the peak current density and the
square root of scan rate. As can be seen, the peak

0.02

current densities are linearly proportional to the
square root of the scan rates, suggesting that the
ethanol oxidation reaction on the Pd-Ag nanowires
catalyst in alkaline media may be controlled by a
diffusion process™ 1.

To investigate the electrocatalyst stability of Pd
Pd-Ag

chronoamperometric tests were carried out on the

nanoparticles  and alloy  nanowires,
catalysts at a potential of —=0.3 V for 2 000 s in N,-
saturated 1 mol -L ' KOH +1 mol -L ' CH;CH,0H
solution, as shown in Fig.5(B). Both the catalysts show
a significant decay at the very beginning and then
remain stable. The current decay of the EOR implies
the formation of carbonaceous intermediates, which
can poison the active sites of the catalysts. As
expected, the Pd-Ag alloy nanowires show higher
current density at the start and the end of the tests
than Pd nanoparticles, indicating its better catalytic

activity and stability against the poisoning®?.
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Fig.5

(A) CV curves of the Pd-Ag alloy nanowires with the various scan rates, and the insert is the dependence of cathodic

peak current density on the square root of scan rate; (B) Chronoamperometric curves of Pd and Pd-Ag alloy nanowires

at an electrode potential of —0.3 V

3 Conclusions

In summary, we have synthesized Pd-Ag alloy
nanowires via a facile visible-light-assisted method. In

cyclic voltammetric and chronoamperometric tests of

ethanol oxidation, Pd-Ag alloy nanowires present
much better catalytic activity with larger oxidation
current density, higher ECSA, more negative onset
potential, and better stability in comparsion with Pd

nanoparticles. Overall, the present study not only
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provides a facile one-step method to prepare alloy
obtained Pd-Ag

electrocatalyst with high catalytic performance for

nanowires, but also find the

application in fuel cells.
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