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Raspberry-like PdsPb alloy nanoparticles: superior
electrocatalytic activity for ethylene glycol and
glycerol oxidationy

Yujie Duan,® Zhelin Liu, 22 Bo Zhao (2 *2® and Jinghai Liu (2°

PdsPb catalysts are one of the state-of-the-art catalysts for the electrooxidation of alcohols. Herein,
raspberry-like PdzPb catalysts are synthesized via a simple method. The materials are characterized using
various physical techniques. The electrocatalytic behaviors of the products towards the oxidation of
ethylene glycol and glycerol are investigated. Electrochemical results show that the raspberry-like PdsPb
nanostructure produces excellent electrocatalytic activity and stability towards the electrooxidation of

ethylene glycol and glycerol in alkaline media, which endows the prepared nanostructure with promising
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Introduction

With the development of society and the economy, more and
more non-renewable energies are facing depletion due to
excessive exploitation and utilization. Meanwhile, environ-
mental pollution and global warming triggered by fossil fuel
consumption have become the bottleneck impeding the devel-
opment of society.” Thus, it is especially important to explore
renewable energies to protect the environment and human
health from the harm brought by the burning of fossil fuels.
Fuel cells have attracted extensive interest owing to their great
merits including high efficiency and cleanness.>* Direct alcohol
fuel cells (DAFCs), possessing high efficiency in energy conver-
sion process with wide variety of sources, have received wide-
spread concerns in recent years. What is more, DAFCs also own
the advantages of low environmental pollution and easy trans-
portation.* One important factor affecting the ultimate perfor-
mance is the reaction on the anode of DAFCs, the oxidation of
organic molecule like methanol. Therefore, more and more
attention has been paid to the electrooxidation of methanol,>®
ethanol,” long-chain ethylene glycol and glycerol.®

Noble metal nanomaterials possess great potentials as prac-
tical candidates for future power supply.” As the most promising
candidate of anode catalysts for alcohol oxidation, Pt has been
widely studied due to its superior electrocatalytic efficiency.*
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potential in applications like fuel cells.

Thus, Pt and Pt-based nanomaterials have been applied in many
fields, such as fuel cells and biosensors owing to their high
catalytic activity and stability."* However, several disadvantages
have hindered the commercial application of Pt catalysts, such as
rare reservation, high cost and poor stability." Therefore, many
approaches have been developed for the fabrication of Pt-based
nanomaterials. Since the electrocatalytic property of Pt-based
nanomaterials can be tuned by manipulating the precursors,
reaction conditions and preparation methods, one promising
strategy to improve the electrochemical performance is alloying
Pt with a second transition metal which holds advantages
comparing with monometallic catalysts owing to the existence of
synergistic effect between the two metals. A series of measures
have been utilized in alloying Pt with Ni,**** Cu," Pd," Fe,"” and
Pb."®?° Huang et al® successfully prepared platinum-lead
concave nanocubes with excellent electrocatalytic performance
towards methanol oxidation, which is contributed by the syner-
gistic effect of Pt—Pb alloys. However, it is still a challenge using
platinum-based materials in practical DAFCs due to its poor
activity and durability under the alkaline condition.*

Recently, many strategies have been developed to the fabri-
cation of non-Pt electrocatalysts with both enhanced activity
and durability for alcohol oxidation reactions,?” among which
Pd-based electrocatalyst is more likely to be a promising
substitute since Pd possesses similar atomic size and crystal
structure with Pt. Compared with Pt catalysts, Pd catalysts have
received more and more attentions, owing to their lower cost
and higher poison resistance for CO-like intermediate
species.”*** However, the electronic structure of monometallic
Pd may alleviate the electron transfer during the electro-
oxidation process, which may limit the Pd material to achieve
practical application in DAFCs.”>*® Thus, adjusting the elec-
tronic structure of palladium can facilitate the electron transfer,
which in turn promote the conversion efficiency of fuel cells.””
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Comparing with Pd nanomaterials, Pd-based intermetallic alloy
possesses the advantages of optimized catalytic activity,
improved CO-resistance ability and enhanced stability. One
effective way to form intermetallic alloy is to decorate Pd with
other cheaper transition metals, such as Cu,*® Pb,* Ni,** and
Ag,** and uncountable efforts have been devoted into this area.
Besides, the shape, morphology, and surface chemistry of Pd
material also affect its property for specific applications.**
Therefore, Pd-based catalysts with different morphologies have
been synthesized to enhance the electrocatalytic perfor-
mance.***” For example, Shi et al.** fabricated Pd;Pb nanowire
network with excellent electrocatalytic performance, which can
be ascribed to the modified electronic structures by incorpo-
rating with Pb. Jana et al.** successfully prepared the flower-like
ordered Pd;Pb nanocrystals which exhibit preferable electro-
catalytic activities. Asset et al.*” reported the synthesis of Pd-Pb
catalysts by a modified sacrificial support method for glycerol
and ethylene glycol electrooxidation. To the best of our knowl-
edge, raspberry Pd;Pb alloy nanoparticles for electrooxidation
of ethylene glycol and glycerol have been rarely reported.

Herein, raspberry-like Pd;Pb nanocomposites are prepared
by a facile one-pot method. The electrocatalytic activity and
stability of the as-prepared nanocomposites are systematically
examined in alkaline media, which are further compared with
commercial 10% Pd/C catalyst.

Experimental
Chemicals

Chemicals including palladium(u) acetylacetonate (Pd(acac),),
lead(n) formate (Pb(COOH),), citric acid, octadecylene (ODE),
ascorbic acid (AA), oleylamine (OAm), ethanol (C,H¢O), hex-
adecyltrimethylammonium chloride (CTAC), and cyclohexane
(CeHyp) were of analytical grade and used as received without
further purification. Ultrapure water (18.2 MQ cm) was used in all
experiments.

Preparation of palladium-lead nanocomposite

In a typical synthesis, 15.2 mg Pd(acac),, 5.0 mg Pb(COOH),,
15.5 mg AA, 15.6 mg citric acid, 6.4 mg CTAC, 2.0 mL ODE and
8.0 mL OAm were added into a round-bottom flask. The flask
was sealed and ultrasonicated for two hours. The resulting
solution was heated to 160 °C under magnetic stirring in an oil
bath and kept for six hours. After naturally cooling down to
room temperature, the obtained product (Pd;Pb alloy) was
centrifuged, washed several times with a cyclohexane/ethanol
(v/v = 1/9) mixture, and redispersed in ethanol for further
characterization. Besides that, Pd and palladium-lead nano-
materials with other Pd to Pb ratios of 1:1 (PdPb) and 1:3
(PdPbs) were also obtained by simply changing the precursor
masses. The metal amounts were identified by inductively
coupled plasma atomic emission spectrometry (ICP-AES).

Structure, composition and morphological characterizations

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images of the as-prepared palladium-lead
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alloys were obtained on a Tecnai G2 S-Twin F20 transmission
electron microscope. The scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDX) images of
palladium-lead alloys were acquired on XL 30 ESEM-FEG. X-ray
diffraction (XRD) measurements were conducted on a D/max
2550 V/PC X-ray diffractometer using Cu (50 kV, 200 mA) radi-
ation. X-ray photoelectron spectroscopy (XPS) test was per-
formed on an ESCALAB-MKII spectrometer. ICP-AES was
carried out on OPTIMA 3300DV (PerkinElmer).

Electrochemical measurements

Electrochemical measurements including cyclic voltammetry
(CV) and chronoamperometry (CA) were performed on
a CHI660E electrochemical workstation (Shanghai Chenhua,
China), employing a traditional three-electrode system which
includes a glassy carbon electrode (GCE) with a diameter of
3 mm as the working electrode, a Pt wire as the counter elec-
trode and a saturated calomel electrode (SCE) as the reference
electrode. GCE was polished to mirror with alumina paste
before performing the electrochemical measurements. The
modified GCE was fabricated by dropping and drying the as-
prepared catalyst ink on GCE surface, which was covered by
10 uL of 0.5 wt% Nafion and then dried in air. CV measure-
ments were performed at room temperature in 1 M KOH
aqueous solution in the presence or absence of organic mole-
cules within the potential range from —0.8 to 0.4 V at a scan rate
of 50 mV s~ ". CA tests were measured in 1 M KOH aqueous
solution containing 1 M ethylene glycol or glycerol at applied
potentials.

Results and discussion

In this study, raspberry-like palladium-lead alloy nanoparticles
were prepared by a simple one-pot method. SEM is firstly
employed to examine the morphology of the prepared Pd;Pb
nanomaterial, as shown in Fig. 1A. It can be seen that the as-
prepared products show sphere-like structure with rough
surfaces in an average diameter of 97 nm. Fig. 1B is the TEM
image of the prepared Pd;Pb alloy, and a raspberry-like nano-
structure can be observed for every obtained particle. Besides,
raspberry-like surface can also be seen for other palladium-lead
alloys (Fig. S1t), indicating the variation of metal precursor
amount does not significantly affect the resulting morphology.
In this way, Pd;Pb raspberry-like alloy is further examined as an
example in the following studies. As is known, AA and citric acid
are both common reducing agent. Since the reducing capability
of citric acid is relatively poorer than AA, AA is employed as the
primary reducing agent in the preparation of raspberry Pd;Pb
nanoparticle. The roles CTAC and citric acid played in the
preparation are also further investigated, and the TEM images
of products prepared without CTAC (A) or citric acid (B) are
shown in Fig. S2.7 It can be observed that when CTAC is absent,
irregular particles with poor dispersion appear (Fig. S2Af),
while agglomeration is seen for the product when CA is not
present in the preparation (Fig. S2Bf), suggesting that both
CTAC and citric acid are of importance as the stabilizing and
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Fig. 1 SEM (A), TEM (B), HRTEM (C), EDX (D) and mapping ((E) TEM +
overlay; (F) Pb; (G) Pd) images of the raspberry-like PdsPb alloy
nanoparticles. Inset in (C) is the FFT image.

structure-directing agents. TEM results imply that both CTAC
and citric acid are important in the formation of raspberry-like
Pd;Pb alloy nanoparticles.

HRTEM is employed to obtain further lattice fringe infor-
mation of the as-prepared raspberry-like nanoparticles, as
shown in Fig. 1C. A well-resolved lattice fringe inter-planar
distance of 0.23 nm can be seen, which is ascribed to the
lattice spacing distance of Pd;Pb (111) plane. Besides, the fast
Fourier transform (FTT) image of the prepared nanoparticle
also corresponds to the Pd;Pb (111) plane (inset in Fig. 1C).
Fig. 1D shows the typical EDX image of the prepared nano-
particle, which reveals the presence of Pd and Pb in the
composite. Besides, the atomic ratios of Pd to Pb ratio for
Pd;Pb, PdPb, and PdPb; are confirmed to be 3:1, 1:1, and
3 : 1, respectively. EDX elemental mapping is further utilized to
show the distribution of Pd and Pb in the prepared nano-
particles. A TEM image is randomly chosen as the mapping area
(Fig. 1E), and Pd and Pb elements (Fig. 1F and G) are observed to
be evenly distributed on the raspberry-like nanoparticle surface,
suggesting the alloy nature.

The crystal structures of the as-prepared Pd;Pb alloy are
further analyzed by XRD technique. As shown in Fig. 2A,
diffraction peaks on curve a can be ascribed to the fcc phase of
metallic palladium according to JCPDS no. 46-1043. For Pd;Pb
alloy (curve b), the diffraction peaks at 38.6°, 44.8°, 65.3° and
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Fig.2 (A) Comparison of the X-ray diffraction profiles of Pd (a), PdsPb
(b), PdPb (c) and PdPbs (d). (B) Magnified presentation of typical (111)
peaks.

78.5° are assigned to the (111), (200), (220) and (311) facets of fcc
Pd;Pb,* which in accordance with Pd;Pb (JCPDS no. 50-1631),
further revealing the formation of Pd;Pb alloy employing the
applied method. With the increase of Pb amount, no obvious
change can be observed for the crystalline structure (curve ¢ and
d). The (111) plane area for the four investigated nanomaterials
are magnified, as shown in Fig. 2B. It can be seen that only
slight negative shifts are found as the Pb quantity increases.

The valence state and surface composition of the as-prepared
raspberry-like Pd;Pb nanoparticles are revealed by XPS. As
illustrated in Fig. 3A, Pb 4f region of the XPS spectrum can be
deconvoluted into two pairs of asymmetric peaks. The stronger
peaks at binding energies of 136.5 eV and 141.5 eV are ascribed
to 4f;, and 4fs, orbitals of metallic lead Pb(0),* while the
weaker peaks at binding energies of 138.0 eV and 142.6 €V can
be assigned to the 4f,,, and 4fs/, orbitals of PbO(u), which are
probably derived from the partial oxidation of Pb on Pd;Pb
surface.’® Fig. 3B is the Pd 3d XPS spectrum of the prepared
nanocomposite, and the peaks of binding energies at 335.3 eV
and 340.5 eV are in good consistence with 3ds;, and 3dss,
orbitals of Pd°, indicating Pd element mainly exists as zero
valence state on the surface of Pd;Pb nanoparticles. The above
analysis results show that metal precursors are efficiently
reduced, suggesting the successful fabrication of raspberry-like
Pd;Pb alloy nanoparticles.

It has been reported that Pd-based nanomaterials exhibit
good electrocatalytic property towards alcohol oxidation in
alkaline media.>* Therefore, the as-prepared raspberry-like
nanoparticles are modified onto the GCE surface to examine
the electrochemical behaviors in a typical three-electrode
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Fig. 3 Pb 4f (A) and Pd 3d (B) regions of the XPS spectrum of the
prepared raspberry-like PdsPb alloy nanoparticles.
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system. Fig. S31 shows the CV curves of Pd;Pb (a), PdPb (b), Pd
(c), and PdPb; (d) nanoparticles in 1 M KOH aqueous solution at
the scan rate of 50 mV s~ '. As depicted in Fig. S3,} reduction
peaks characteristic of Pd can be seen on all curves, indicating
the successful preparation of Pd during the preparation
process. Moreover, raspberry-like Pd;Pb alloy nanoparticle
exhibits the largest electrochemical active surface area (EASA)
values in comparison with the other three nanomaterials,
showing the possible better performance in the following elec-
trocatalytic investigation.

In recent years, polyols have received much attention as fuel
owing to the characteristics like high boiling point, high energy
density and renewable ability.>* Ethylene glycol is one important
polyol with a series of merits, such as wide variety of sources,
low vapor pressure as well as low toxicity.*® A great many efforts
have been made into the investigation of nanomaterials as
catalyst towards the electrooxidation of ethylene glycol.®*”**
However, one limitation hinders the applicability of ethylene
glycol as a fuel is lacking anode catalyst with high performance
for efficient oxidation. Herein, the electrocatalytic performance
of the as-prepared raspberry nanoalloy is firstly studied in 1 M
KOH aqueous solution containing 1 M ethylene glycol at a scan
rate of 50 mV s~ in room temperature, and the corresponding
CV curves are shown in Fig. 4A. It can be observed on all CV
curves that a strong oxidation peak appears during the forward
sweeping process, which can be assigned to the oxidation of
ethylene glycol, while another oxidation peak appears on the
reverse scan, which corresponds to the removal of incompletely
oxidized carbonaceous residues (e.g. CO).** In addition, rasp-
berry Pd;Pb nanoalloy exhibits the largest Pd mass activity
comparing with the other three products. Histograms of Pd
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Fig. 4 (A) CV curves of PdzPb (a), PdPb (b), Pd (c) and PdPbs (d)
nanomaterials modified GCEs at the scan rate of 50 mV s7. (B)
Histogram of Pd mass activities for different catalysts towards the
electrooxidation of ethylene glycol. (C) CA curves of PdsPb (a), PdPb
(b), Pd (c) and PdPbs (d) modified GCEs at the potential of —0.12 V. (D)
CA curves of PdsPb alloy (a) and commercial 10% Pd/C catalyst (b)
modified GCEs at the applied potential of —0.12 V. Inset is the CV
curves of PdsPb (a) and commercial 10% Pd/C catalyst (b) at the scan
rate of 50 mV s~*. Experiments are performed in 1 M KOH aqueous
solution and 1 M ethylene glycol.
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mass activities for different catalysts are pictured in Fig. 4B in
order to quantitatively make the comparison. Specifically, the
maximum Pd mass activity for Pd;Pb is 916.1 mA mgpq ', which
is ca. 1.4, 2.6 and 3.8 times of that for PdPb (652.1 mA mgpq ),
Pd (347.3 mA mgpq ') and PdPb; (243.4 mA mgpy '), Tespec-
tively. Furthermore, the durability of the products are further
investigated by CA measurement towards the oxidation of
ethylene glycol. Fig. 4C shows the CA curves of Pd;Pb (a), PdPb
(b), Pd (c), and PdPb; (d) nanomaterials modified GCE in 1 M
KOH solution containing 1 M ethylene glycol at the applied
potential of —0.12 V. As shown in Fig. 4C, raspberry-like Pd;Pb
alloy nanoparticle still shows higher catalytic activity after
4000 s duration, meaning the best durability among the inves-
tigated materials. Above-mentioned results indicate the supe-
rior electrocatalytic activity and long-term stability of the
prepared raspberry-like Pd;Pb alloy. As discussed in TEM and
XRD analyses, no significant change is observed in crystalline
structure and morphology as the Pd to Pb ratio changes.
However, the electrocatalytic performance does varies greatly.
This may be ascribed to the stable crystalline structure Pd;Pb
forms in a Pd to Pb ratio of 3 :1. Though atom defects are
resulted when Pd to Pb ratio changes, the electrocatalytic
capability is not improved on the other products, while Pd;Pb
with the stable crystalline structure possesses the highest elec-
trocatalytic performance in the investigated materials. In
addition, the electrocatalytic performance of raspberry Pd;Pb
alloy nanoparticle is also compared with that for commercial
10% Pd/C catalyst. As depicted in Fig. 4D, raspberry Pd;Pb
nanoalloy exhibits much higher Pd mass activity (inset in
Fig. 4D) and better stability than commercial 10% Pd/C catalyst.
The maximum Pd mass activity of Pd;Pb is ca. 4.2 times of that
obtained on the commercial 10% Pd/C catalyst (219.2 mA
mgpq '), as shown in Fig. S4A.t Besides that, the obtained Pd
mass activity on Pd;Pb is also larger than the other Pd-based
nanomaterials reported in previous literatures.*”** In addition,
the total mass activities for raspberry Pd;Pb alloy nanoparticle
and commercial 10% Pd/C catalyst towards the oxidation of
ethylene glycol are also compared (Fig. S4At), and a maximum
current density of 546.1 mA Mg, is obtained on raspberry
Pd;Pb alloy nanoparticle, which is 24.9 times of that for
commercial 10% Pd/C catalyst (21.9 mA Mg *)- All the above
results illustrate that the raspberry-like Pd;Pb alloy is a prom-
ising material for the electrooxidation of ethylene glycol.
Glycerol is another polyol developed as fuel for DAFC
application.** Therefore, the electrocatalytic properties of the
prepared materials are further explored in 1 M KOH aqueous
solution containing 1 M glycerol. Fig. 5A shows the CV curves of
different catalysts towards the electrooxidation of glycerol at the
scan rate of 50 mV s~ ', among which raspberry-like Pd;Pb alloy
nanoparticle also exhibits the highest Pd mass activity. The
maximum Pd mass activities for different catalysts are pictured
as histogram in Fig. 5B. Specifically, raspberry-like Pd;Pb alloy
nanoparticle shows a Pd mass activity of 572.8 mA mgpq ',
which is much higher than PdPb alloy (463.6 mA mgpq '),
PdPb; alloy (164.2 mA mgpq ') and Pd nanoparticles (350.0 mA
mgpq ). Besides that, the stability of the catalysts are evaluated
by CA measurement. As shown in Fig. 5C, raspberry-like Pd;Pb

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (A) CV curves of PdsPb (a), PdPb (b), Pd (c) and PdPbs (d)

nanoparticles modified GCEs at the scan rate of 50 mV s*. (B)
Histogram of Pd mass activities on different catalysts towards the
electrooxidation of glycerol. (C) CA curves of PdsPb (a), PdPb (b), Pd (c)
and PdPbs (d) modified GCEs at —0.1V. (D) CA curves of PdzPb alloy (a)
and commercial 10% Pd/C catalyst (b) modified GCEs at applied
potential of —0.1 V. Inset is the CV curves of the catalysts at the scan
rate of 50 mV s~1. Experiments are performed in 1 M KOH aqueous
solution containing 1 M glycerol.

alloy nanoparticle still possesses the highest Pd mass activity
after 4000 s duration among the four investigated products. In
addition, the electrocatalytic performance of the raspberry-like
Pd;Pb alloy is also compared with commercial 10% Pd/C cata-
lyst. Fig. 5D is the CA and CV (inset) comparisons of the two
catalysts. As can be seen from Fig. 5D and S4B, improved
electrocatalytic performance including Pd mass activity and
stability is found on the raspberry-like Pd;Pb alloy in compar-
ison with the commercial catalyst towards the electrooxidation
of glycerol in alkaline media. What is more, the catalytic activity
obtained on Pd;Pb alloy is also better than some Pd-based
nanomaterials previously reported.*”*> Furthermore, the total
mass activities of Pd;Pb alloy and commercial 10% Pd/C cata-
lyst are further compared, and the corresponding column
diagram is shown in Fig. S4B.f The maximum total mass
activity for Pd;Pb can reach 341.4 mA mg ', which is 16.4
times of that obtained on the commercial 10% Pd/C catalyst
(20.8 MA Mgy '), showing the reduced metal cost in the
catalyst utilization. Electrochemical experiments show that the
as-prepared raspberry-like Pd;Pb alloy nanoparticle shows the
good electrocatalytic performance towards the oxidation of
ethylene glycol and glycerol. The superior electrocatalytic
behavior of the raspberry-like Pd;Pb alloy can be attributed to
the following reasons. First, a stable crystalline structure is
constructed for the Pd;Pb alloy. Second, a synergistic effect
exists between palladium and lead in the alloy nanoparticles
may improve the electrocatalytic activity. Last but not least, the
raspberry-like structure may provide more active sites which
facilitate the electron transfer.
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Conclusions

In this study, Pd;Pb alloy nanoparticles with a raspberry surface
are prepared via a simple method and characterized by a series
of methods. The roles that citric acid and CTAC played in
forming the raspberry-like nanoparticles are investigated. The
prepared raspberry Pd;Pb alloy nanoparticles are employed as
electrocatalyst towards the oxidation of ethylene glycol and
glycerol in alkaline media. Electrochemical results reveal that
the prepared Pd;Pb alloy shows the best electrocatalytic
performance in the investigated three Pd to Pb ratios, which
exhibits maximum Pd mass activities of 916.1 mA mgpd’1 and
572.8 mA mgpy " for the oxidation of ethylene glycol and glyc-
erol, respectively. Besides, the prepared raspberry Pd;Pb alloy
nanoparticle also shows better electrocatalytic activity and
stability than the commercial Pd/C catalyst. The superior elec-
trocatalytic performance for raspberry-like Pd;Pb alloy may be
the contribution of the stable crystalline structure, the
raspberry-like surface and the synergistic effect between the two
elements.
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