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Graphical Abstract

A simple and facile one-pot polyol method was developed for synthesis of
porous Pdg;Agsz; alloy coral-like nanostructures, which exhibited the improved

electrocatalytic activity and enhanced stability for glycerol oxidation reaction.
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Abstract

In this work, porous bimetallic palladium-silver (Pde¢3Ags7) alloy nanocorals were
synthesized by a simple and facile one-pot polyol method. The composition and
morphology of the nanocrystals were well controlled by changing the concentrations
of the precursors. The obtained nanocrystals were mainly characterized by scanning
electron microscopy, transmission electron microscopy, X-ray diffraction, X-ray
photoelectron spectra, and Brunauer-Emmett-Teller method. Porous PdeAgs;
nanocorals had the enlarged electrochemically active surface area (55.85 m’ g‘l), and
exhibited the enhanced electrocatalytic activity and improved stability for glycerol
oxidation reaction as compared to commercial Pd black, owing to the unique porous

coral-like nanostructures and synergistic interactions of the alloyed bimetals.

Keywords: Polyol synthesis; bimetallic alloy; Nanocorals; Porous structure; Glycerol

oxidation reaction
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1. Introduction

Many efforts have been devoted to direct liquid fuel cells (DLFCs), which are
considered to be one of the promising clean energy sources with high energy
conversion efficiency and lower environmental pollution.'” To date, lots of liquid
anodic fuels have been employed, such as methanol,* ethanol,’ formic acid,® ethylene
glycol,” and glycerol.®

Among them, glycerol attracts more interest in recent years, due to its lower
toxicity, renewability from biomass, and relatively high theoretical energy density as
compared to other alcohol fuels.” ' However, each carbon carries an alcohol group in
glycerol and consequently it tends to be partially oxidized to mesoxalate without C-C
bond breaking and COs> production, causing 10 electrons exchanged, rather than 14
electrons for the complete oxidation to C032_.“’ 12

Pt-based nanomaterials are widely used as electrocatalysts in fuel cells, because
they possess high catalytic activity among the anode catalysts for electro-oxidation of
small organic fuels and the cathode catalysts for oxygen reduction.'*'* However, the
high cost and serious CO self-poisoning of Pt severely limit its potential applications
in fuel cells."”

Recent extensive researches focus on the development of non-platinum
electrocatalysts with comparable catalytic properties. Fortunately, Pd is considered as
the promising alternative candidates for both the anode and cathode catalysis in
DLFCs, because of its comparable catalytic properties but much lower cost relative to

Pt 15,16
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Moreover, introducing transition metals (e.g., Au, Ag, Cu, and Ni) into Pd is
highly desired both for improving the catalytic activity of Pd and cutting down the
cost. For example, Ma et al. found that carbon supported Pds;pAuy nanoparticles with
significantly low Pd content showed remarkably higher activity than commercial Pt/C
and Pd/C."” In another example, Chen and his coworkers prepared PdAg alloy
nanowires with enhanced catalytic activity as compared to commercial Pd/C.?

Besides the alloying of transition metals, fabricating Pd-based nanocatalysts with
different structures and/or morphology are also a powerful way to enhance their
catalytic activity and stability. Up to now, various Pd and Pd-based nanomaterials
have been synthesized as potential nanocatalysts, including porous Pd rods,'
branched Pd dendrites,19 PdAg flowers,?’ and hollow NiPdAu/C par‘[icles.21

Notably, three dimensional porous structures contribute to the remarkably
improved stability, owing to the enlarged surface area-to-volume ratio and more
active sites available for absorbed molecules.”*?* The branched Pd nanodendrites
displayed substantially enhanced catalytic activity for oxygen reduction and ethanol
oxidation as compared with commercial Pd/C." The flower-like porous PdAg
nanocrystals exhibited improved catalytic activity and better stability for ethanol
oxidation.”

The polyol synthesis provides a simple and versatile approach to prepare
nanomaterials.”> ?® This is attributed to the ability for polyol to dissolve many metallic
precursor salts, temperature-dependent reducing power, and relatively high boiling

point (e.g., ethylene glycol of ~196 °C).? ?* In addition, the reductant can be
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continuously in situ produced upon heating the polyol. Thus, the changes in the
kinetics of nanostructure growth can be negligible as the reductant is added or
consumed.

In this work, porous Pdg;Ags; alloy nanocorals were prepared by a simple
one-pot polyol method, and their electrocatalytic properties were examined using

glycerol oxidation reaction (GOR) as a bench model system.

2. Experimental section
2.1 Chemicals and materials

Palladium(Il) trifluoroacetate ((CF;COO),Pd, 98%), silver trifluoroacetate
(CF3CO0Ag, 98%), poly(vinylpyrrolidone) (PVP, My = 58,000), ethylene glycol
(EG), glycerol, and commercial Pd black were all obtained from Aladdin Chemistry
Co. Ltd (Shanghai, China). All the other chemicals were of analytical grade and used
without further purification. All the aqueous solutions were prepared with

twice-distilled water in the whole experiments.

2.2 Preparation of highly porous Pdg;Ags; alloy nanocorals

For typical synthesis of highly porous Pdg¢3Ags; alloy nanocorals, 200 mg of PVP
and 9.0 mL of EG were added into a round-bottomed flask and heated in an oil bath at
160 °C under magnetic stirring, followed by the quick injection of another 1.0 mL of
EG solution containing 33.3 mg of (CF;COO),Pd and 11.1 mg of CF;COOAg (the

molar ratio is 2:1) with a pipette. The reaction solution was maintained at 160 °C for 3
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h and then cooled down to room temperature in air. The resulting black precipitates
were collected by centrifugation and thoroughly washed with ethanol and water for
several times, and dried in vacuum at 60 °C for further characterization. EDS analysis
confirms the coexistence of Pd and Ag with the atomic ratio (Pd to Ag) of 63:37 (Fig.
S1A, Electronic supplementary information, ESI). Thus, the products denoted as
Pds3Agsy.

For comparison, control samples were prepared with (CF;COO),Pd and
CF;COOAg with the molar ratio of 1:1 and 1:2, respectively. The coexistences of Pd
and Ag with the atomic ratio (Pd to Ag) of the compositions were 50:50 and 40:60,
respectively (Fig. S1B and C, ESI). They denoted as PdspAgsp and PdsoAgeo,

respectively.

2.3 Characterizations

The morphology and crystal structure of the samples were determined by
scanning electron microscopy (SEM, LEO-1530), transmission electron microscopy
(TEM), and high resolution TEM (HR-TEM) on a JEM-2100F transmission electron
microscope operating at an acceleration voltage of 200 kV equipped with selective
area electron diffraction (SAED) and energy dispersive X-ray spectrometer (EDS).
The elemental mappings were recorded on a scanning transmission -electron
microscope (STEM) with a high-angle annular dark-field (HAADF) detector
(HITACHI S-5500). The specific surface area of the sample was measured by

Brunauer-Emmett-Teller (BET) method on a Surface Area Analyzer (NOVA2000-09,
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USA) at 77.3 K through N, adsorption. X-ray diffraction (XRD) analysis was
performed at a Philips PW3040/60 diffractometer with Cu Ka radiation source (A =
0.15418 nm). X-ray photoelectron spectra (XPS) were acquired to determine the
chemical surface properties on a K-Alpha XPS spectrometer (SCIENTIFIC

ESCALAB 250) with Al Ka X-ray radiation (1486.6 eV) for excitation.

2.4 Electrochemical measurements

All the electrochemical measurements were carried out at room temperature on a
CHI 660D electrochemical workstation (CHI Instruments, Chenhua Co., Shanghai,
China) with a three-electrode cell, containing a bare or modified glassy carbon
electrode (GCE, 3 mm in diameter) as the working electrode, a platinum wire as the
counter electrode, and a saturated calomel electrode (SCE) as the reference electrode.

For typical preparation of Pdg3Ags; nanocorals modified electrode, 2 mg of the
samples were dispersed into 2 mL of water and ultrasonicated to form a dark
homogeneous suspension. Subsequently, 6 puL (0.006 mg) of the suspension was
uniformly casted on the GCE and dried in air, followed by the deposition of 4 pL of
Nafion (0.05 wt. %) to tightly combine the deposit on the electrode surface. For
comparison, PdsoAgso, PdsAgey, and commercial Pd black modified electrode was
prepared in a similar way.

The electrochemically active surface area (ECSA) of the catalyst was determined
by CO-stripping voltammograms. Specifically, the catalyst surface was first saturated

with CO by bubbling CO through 0.5 M H,;SO4 at 0.1 V for 30 min. The remaining
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CO in the solution was purged with N, for another 30 min. Then, the CO-stripping
voltammograms were recorded in 0.5 M H,SO4 (pH = 0.38) at the scan rate of 50 mV

s™'. The ECSA of the catalyst was calculated by the following equation:*’

where Qo) is the charges of CO desorption-electrooxidation (LC), mpg) is the weight
of Pd loading on the electrode surface (ug), and 420 is the charge required to oxidize a
monolayer of CO on the catalyst (uC cm2).

The cyclic voltammetry experiments were carried out in 1.0 M KOH containing
0.5 M glycerol at a scan rate of 50 mV s ', and the chronoamperometry experiments
were conducted in 1.0 M KOH containing 0.5 M glycerol at —0.2 V. All the

experiments were performed at room temperature, if not stated otherwise.

3. Results and discussion
3.1 Characterizations

The morphology and structural features of the as-synthesized products were
characterized by TEM and HR-TEM measurements. As shown in Fig. 1A,
well-defined coral-like Pdg3Ags7 alloy nanostructures are observed through the polyol
synthetic synthesis, which consist of many branched nanocorals. High magnification
TEM image further reveals that the branch-like corals are composed of numerous
small and irregular nanoparticles which are interconnected to generate abundant pores
(Fig. 1B). Furthermore, HRTEM images taken from the marked sections (Fig. 1B)

clearly display well-resolved lattice fringes (Fig. 1C and D), with the interplanar

7
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spacing distance of 0.228 nm corresponding to the (111) planes of Pdg;Ags7 alloy. The
value is smaller than that of the (111) crystal planes of the face-centered cubic (fcc)
Ag (0.236 nm, JCPDS-04-0783), but larger than that of the fcc Pd (0.225 nm,
JCPDS-46-1043), showing the formation of Pdg;Ags7 alloy again. These observations
are matched well with Pds3Ags; nanocatalysts in the literature.* *° In addition, their
polycrystalline nature is strongly demonstrated by the corresponding SAED pattern
(inset in Fig. 1B). Moreover, the morphology of the samples (i.e., PdspAgso and
PdiAgep) remarkably change by tuning the molar ratios of the precursors
(CF;C0O0),Pd/CF;COOAg), as displayed in Fig. S2 (ESI). For the sample of
PdsoAgso procured from the molar ratio of 1:1 (Fig. S2A, ESI), small coral-like
fragments are obtained, while there are only thin nanochains observed for PdsgAgeo
sample with the molar ratio of 1:2 (Fig. S2B, ESI). It reveals that the molar ratio of
the precursors plays an important role in the formation of the nanocorals.

SEM and BET measurement were conducted to characterize the surface structure
of Pd¢3Ags7 nanocorals. As illustrated in Fig. 2A, the sample exhibits rough surfaces,
which are distributed with numerous pores. Besides, the nitrogen
adsorption-desorption isotherm curves measured at 77.35 K exhibit an evident
hysteresis loop at a relative pressure P/Py ranging from 0.6 to 1.0 (Fig. 2B).
Accordingly, the dominating pore-size distribution is located in the range of 3-13 nm
(inset in Fig. 2B), as calculated by the Barrett-Joyner-Halenda method.”® The BET
surface area is 17.21 m’ g_1 for Pdg3Ags7 nanocorals, as well as the pore volume of

0.04 cm’ g_1 and the average pore size of 10.84 nm. The porous structure would
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endow Pdg3Ags; nanocorals with the enlarged ECSA and offer more active sites
available for glycerol oxidation.

Element analysis was conducted to clarify the distribution of Pd and Ag in
Pd¢3Ags7 nanocorals. Fig. 3A-C show the selected-area element analysis mapping
images of Pd, Ag and the overlap, in which Pd and Ag are uniformly dispersed in the
entire nanocorals, reflecting the formation of homogeneous Pdg;Agsz; alloyed
structure,’’ as supported by the EDS line scanning profiles (Fig. 3D).

XRD analysis was employed to check the crystal structure of PdgAgs;
nanocorals (Fig. 4). In the XRD pattern of Pds3Ags; nanocorals, there are four
diffraction peaks emerged at 39.34°, 45.50°, 66.61°, and 80.04°, which are well
assigned to the (111), (200), (220), and (311) planes of PdgAgs; alloy.’* For
comparison, bulk Pd (JCPDS: 46-1043) and Ag (JCPDS: 04-0783) are also provided.
All the diffraction peaks for Pdg3Ags; nanocorals coincidentally show up between the
diffraction peaks from bulk Pd and Ag, which further demonstrate the alloyed
structure of Pds3Agsz; nanocorals. More importantly, the diffraction peaks from
Pds3Ags7 nanocorals shift to lower 26 values as compared with bulk Pd, suggesting
the increase of lattice constant by alloying with Ag.3 233 This observation is in good
accordance with Pdg3Ags7 alloy nanospheres in the previous report.’

XPS measurements were performed to determine the surface composition and
oxidation states of Pds3Ags; nanocorals. Fig. 5SA shows the survey XPS spectrum,
which reveals that the sample is mainly composed of C, O, Ag, and Pd elements. It

can be seen that the high-resolution XPS spectrum of Pd 3d can be deconvoluted into
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two doublets at around 334.84, 335.55, 340.10, and 340.81 eV (Fig. 5B), indicating
metallic Pd and PdO present in the nanocatalyst.zg’3 ! Further detailed analysis shows
that the percentage of Pd (0) is 65.91%, indicating that the Pd precursor was
efficiently reduced to metallic Pd. Furthermore, the binding energies of Pd are
negatively shifted compared with those of commercial Pd black (Fig. S3, ESI). The
negative shift of Pd 3d peaks is possibly due to the doped Ag facilitating the electron
transfer with Pd (electronegativity: Pd = 2.20, Ag = 1.93).

Similarly, Ag 3ds,, and 3ds;, peaks are located at 368.25 and 374.28 eV in the
35

high-resolution XPS spectrum of Ag 3d (Fig. 5C), respectively.’*

It means that Ag mainly present in the zero valent state in Pdg3Ags7 nanocorals.

3.2 Formation mechanism

Fig. 6 shows the formation mechanism of porous coral-like Pds;Ags; alloy
nanostructures based on the fast nucleation and attachment growth.* ® 3¢ Firstly, large
numbers of Pd and Ag atoms are generated immediately after the addition of the
precursors, owing to the extremely fast reduction rate of the polyol synthesis method.
As the concentrations of Pd and Ag atoms have reached hyper-saturated states, Pd and
Ag nanoclusters are formed via the homogeneous nucleation. Next, the primary Pd
and Ag nanoclusters would aggregate to form larger particles to minimize the total
surface free energy of the system with the assistance of PVP as a structure director.

As a result, coral-like Pdg3Ags7 nanostructures are formed eventually.

10
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3.3 Electrochemical measurements

The ECSA of Pdg3Ags7 nanocorals, PdsgAgso, PdsAge and commercial Pd black
modified electrodes were analyzed by CO-stripping measurements in 0.5 M H;SO4
(Fig. 7). According to the CO-stripping voltammograms of Pde;Ags; nanocorals (Fig.
7A) PdsoAgso (Fig. 7B), PdsAgeo (Fig. 7C) and commercial Pd black (Fig. 7D)
modified electrodes, the ECSA of Pdg;Ags; nanocorals modified electrode is
calculated to be 55.85 m’ g_l, which is larger than PdsoAgso (35.52 m> g_l), PdspAgeo
(32.79 m* gﬁl), and commercial Pd black (7.11 m? gﬁl) modified electrodes. The
enlarged ECSA of Pds3Ags; nanocorals is ascribed to the large electrochemically
accessible surface and interface area because of the unique porous structures as
demonstrated by TEM and SEM characterizations.”” **

Moreover, Fig. 7 show that the onset potentials of CO oxidation on Pdg3Ags;
nanocorals, PdsoAgso and Pd4gAgeo modified electrodes (ca. 0.71 V, 0.68 V and 0.66 V)
are more negative than that on commercial Pd black modified electrode (ca. 0.75 V),
which means that the doping of Ag promotes the removal of CO from the surface of
PdAg alloy.39’ % These results indicate the enhanced catalytic activity of PdAg alloy.3 ’

Cyclic voltammetry measurements were used to evaluate the electrocatalytic
properties of Pdg3Agsz; nanocorals for GOR, using PdsoAgso, Pd4oAgeo and commercial
Pd black as referenced materials (Fig. 8A). As shown in Fig. 8A, the forward
oxidation peak current of glycerol on Pds3Ags; nanocorals modified electrode reaches

the maximum value of 94.45 mA cm 2, which is about 2.89, 4.99, and 8.78 folds

larger than PdsoAgso, PdsAgeo and commercial Pd black modified electrodes (32.62,

11
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18.96 and 10.78 mA cm™).

It is well known that the specific activity (normalized to the ECSA) and the mass
activity (normalized to the mass of metal (Pd) loading) of a catalyst can effectively
evaluate the intrinsic activity.! Fig. 8B shows the ECSA-normalized and
mass-normalized maximum catalytic currents of Pdg;Ags; nanocorals, PdsoAgso,
Pd4oAgeo and commercial Pd black modified electrodes. The specific activity of
Pdg3Ags; nanocorals modified electrode is 6.07 mA cm_z, which is larger than
PdspAgso (1.08 mA cmfz), PdipAgeo (6.07 mA cmfz) and commercial Pd black (4.67
mA cm ) modified electrodes. According to the comparison of mass activity in Fig.
8B, Pdg3Ags7 nanocorals, PdspAgso and PdsgAge modified electrodes all have larger
values (1603.19, 773.08, and 565.87 mA mg ' Pd) than commercial Pd black (150.48
mA mg_1 Pd), indicating that alloying Ag with Pd significantly enhances the oxidation
activity of glycerol. Moreover, the oxidation peak current density of PdgAgs;
nanocorals is higher than the other catalysts in the literature.'>** These results show
that Pd¢3Ags7 nanocorals have improved electrocatalytic performance for GOR.

The catalytic activity and long-term stability of Pdg3Ags; nanocorals modified
electrode for GOR were evaluated by chronoamperometry at an applied potential of
—0.2 V (curve a, Fig. 9A), using PdspAgso (curve b, Fig. 9A), PdspAgeo (curve c, Fig.
9A) and commercial Pd black (curve d, Fig. 9A) modified electrodes as the contrast.
As shown in Fig. 9A, the two catalysts show the high initial oxidation current
densities, which are come from the double-layer charging and numerous available

active sites on the catalyst surface.’ Afterwards, the currents drop down sharply,

12
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implying the formation of intermediate carbonaceous species such as CO-like species
which poison the active sites. During the whole reaction process, the currents on
Pd¢3Ags7 nanocorals modified electrode are much higher and decrease more slowly as
compared to those on PdspAgso, PdioAgey and commercial Pd black modified
electrodes. These observations confirm that Pdg;Ags; nanocorals modified electrode
has much higher catalytic activity and better stability for GOR, as further
demonstrated by cyclic voltammetry curves (Fig. 9B) where the catalytic current
density is almost constant (only reduced by 3.35%) within 200 cycles. Furthermore,
after scanning for 1000 cycles, the peak current density still maintain 69.47% of the
initial value (inset in Fig. 9B). The enhanced stability is attributed to the presence of
Ag in Pdg3Ags; alloy. As known, OH™ ions are more easily adsorbed onto Pde;Ags;
alloy instead of monometallic Pd, which will accelerate the oxidation of the produced
intermediates (such as glyceraldehydes, glycerate, and tartronate etc.) and release
more active sites on the surface of Pdg;Ags, nanocorals.>*** The foregoing explain
is also supported by the result that PdsoAgso and Pd4oAgeo modified electrodes exhibit
an improved stability as compared to commercial Pd black. The detailed schematic
illustration for GOR on Pdg3Ags7 nanocatalyst is provided in Fig. S4 (ESI).

Pdg3Ags; nanocorals exhibit the enhanced catalytic activity and improved
stability for GOR as compared to commercial Pd black, which may be ascribed to
the following reasons. Firstly, Pde3Ags; nanocorals own much larger
electrochemically accessible surface area, offering more active sites for GOR

because of their unique porous coral-like nanostructure. As demonstrated, Pds;Ags;

13
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nanocorals modified electrode exhibit higher anodic peak current (1603.2 mA mg'
Pd) than PdesAgss/C nanoparticles (629.6 mA mg_1 Pd),4 which indicate that the
larger surface area to volume ratio may play a essential role to the enhancement of
the performance. Secondly, alloying Pd with Ag can promote glycerol oxidation by
changing the electronic property of Pd. It is known that the adsorption ability of the
adsorbate onto alloys is intimately correlated with the d-band center of the metals.**
After alloying Pd with Ag, the d-band center of Pd is shifted positively in Pds3Ags;
nanocorals, showing the stronger adsorption ability and increased binding energy of
the adsorbate, which promotes alcohol oxidation on the metallic alloy surface, as
also strongly supported by the density functional calculations.*> *® As a result, it is

facilitated that glycerol oxidation on the surface of Pds3Ags7 nanocorals.

4. Conclusions

In summary, Pdg3;Ags; alloy nanocatalysts with porous coral-like structure were
synthesized by a simple and facile polyol method. The composition and morphology
of the nanocrystals, well-controlled by changing the molar ratios of the precursors,
had great effects on the electrocatalytic activity. The electrochemical measurements
exhibited the improved catalytic activity and enhanced stability of PdgAgs;
nanocorals for GOR, which is attributed to the enlarged specific surface area, unique
porous morphology and alloyed structure. This work not only provides a facile route
for preparation of porous bimetallic alloy nanostructure, but also provides a kind of

novel anodic catalyst with enhanced catalytic performance for liquid fuel cells.

14
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Captions
Fig. 1 (A-B) TEM and (C) HRTEM images of Pde3Ags7 nanocorals. Inset in B shows

the corresponding SAED pattern.

Fig. 2 (A) SEM image and (B) nitrogen adsorption/desorption analysis of Pdg3Agsy

nanocorals. Inset shows the corresponding pore size distribution.

Fig. 3 (A-C) HAADF-STEM-EDS elemental mapping images of Pds3Ags; nanocorals.
(D) Cross-sectional compositional line profiles taken from Pdg3Ags; nanocorals. Inset

shows the associated HAADF-STEM image.

Fig. 4 XRD patterns of Pdg3Ags; nanocorals. For comparison, bulk Pd (JCPDS:

46-1043) and Ag (JCPDS: 04-0783) are also induced.

Fig. 5 Survey (A), high-resolution Pd 3d (B), and Ag 3d (C) XPS spectra of Pdg;Ags;

nanocorals.

Fig. 6 Schematic diagram of the formation process of Pdgs3Ag;; nanocorals.

Fig. 7 CO-stripping voltammograms of Pdes3Ags; nanocorals (A), PdsoAgso (B),

PdspAgso (C) and commercial Pd black (D) modified electrodes in 0.5 M H,SOy4 at a
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scan rate of 50 mV s ..

Fig. 8 (A) Cyclic voltammograms of Pds3Ags; nanocorals (curve a), PdspAgso (curve
b), PdsoAgeo (curve c) and commercial Pd black (curve d) modified electrodes in 1.0
M KOH containing 0.5 M glycerol at a scan rate of 50 mV s'. (B) Comparison of the

corresponding specific activity and mass activity.

Fig. 9 (A) Chronoamperometric curves of Pdg3Ags; nanocorals (curve a), PdspAgso
(curve b), PdspAgeo (curve c) and commercial Pd black (curve d) modified electrodes
at —0.2 Vin 1.0 M KOH containing 0.5 M glycerol. (B) Forward peak current density
(j) as a function of potential scanning cycles of the Pd¢3;Ags; nanocorals modified
electrode in 1.0 M KOH containing 0.5 M glycerol. Inset shows the corresponding

cyclic voltammograms of 1™ and 1000™ cycles.

20



Journal of Materials Chemistry A Page 22 of 30

Figures

Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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Fig. 9
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