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Abstract

In this work, a facile general strategy is developed for preparation of
palladium-based bimetallic alloyed nanodendrites (PdM NDs, M = Pt, Co, and Ni) via
coreduction of Pd (II) acetylacetonate and M (II/IIl) acetylacetonate salts with
oleylamine. Hexadecylpyridinium chloride monohydrate (HDPC) is used as a
co-surfactant for further preventing the nanodendrites from aggregation. Control
experiments by varying the precursors and reaction time demonstrate that the
dendritic nanocrystals are formed via the aggregation-based crystal growth. The
as-prepared hybrid nanocrystals display the improved electrocatalytic activity and
better stability for methanol and ethylene glycol (EG) oxidation, compared with
home-made Pd NDs and commercial Pd black catalysts. The developed method
provides a novel platform for synthesis of novel electrocatalysts in fuel cells.
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1. Introduction

During the last several decades, noble metals (e.g. Pt, Pd, Au, and Ag) have
attracted great research attention, owing to their excellent catalytic, electronic,
photonic and sensing properties.'™ However, their sky-rocketing price is a major
obstacle for their commercial applications. To enhance the mass activity of metallic
nanocrystals and thereby reduce their usage in electronic devices, many efforts have
been devoted to adjusting their composition,” 6 size 7® and morphology,g’ ' and
found that their morphology and size highly determine their chemical and physical

113 35 well as bring the improved catalytic performances. For example,

properties,
ultrathin Pt network-like nanowires display the enhanced catalytic activity for oxygen
reduction reaction, compared with commercial Pt/C catalyst."* In another example,
hollow PdCu nanoparticles show the improved catalytic activity for formic acid
oxidation in comparison with that of solid PdCu nanoparticles."

It is known that Pd catalysts have broad applications in hydrogen storage,'® gas
sensing,'” and surface-enhanced Raman spectroscopy (SERS),"® mainly owing to their
relatively lower price than Pt catalysts. Particularly, PAM (M = Au, Pt, Cu, and Ag)
nanocrystals are the hot research topics because of their synergistic effects and rich
diversity of the compositions. Recent reports demonstrate the enhanced catalytic
activity of PdM, compared with individual Pd and M (M = Au, Pt, Cu, and Ag)
components.® ' Therefore, researchers have prepared a variety of bimetallic PdM

nanostructures with different morphology, including hollow PdCu spheres,”® PdPt

concave cubes,”' PdAu wires,” and core-shell PdwAg particles.23

Page 2 of 32



Page 3 of 32

Journal of Materials Chemistry A

Recently, much attention is focused on synthesis of dendritic Pd-based
nanostructures, because more active sites available on the abundant atomic steps,
edges and corners in the dendrites.”* % Lately, dendritic Pd,> * % Pd-Pt,** ?7 and
Pd-Au**>" nanostructures are synthesized and widely used as good electrocatalysts in
fuel cells.

Oleylamine (OAm) is extensively used for preparation of metallic nanocrystals,
due to its multi-roles as the reductant, surfactant, and solvent.’! However, very few
examples about PAM NDs are reported in OAm systems until now, in which
complicated synthesis is needed.’” **> Therefore, it is still a challenge to develop a
facile method to fabricate Pd-based bimetallic NDs.

Herein, a simple one-pot solvothermal route is developed to fabricate PdAM NDs
(M = Pt, Co, and Ni) by coreduction of Pd (II) acetylacetonate and M (II/III)
acetylacetonate. Here, OAm acts as the solvent, reductant, and surfactant, while
HDPC serves as a co-surfactant that can further prevent the nanocrystals from
aggregation. The electrocatalytic performances of the as-prepared PAM NDs were
investigated by cyclic voltammetry and chronoamperometry toward methanol and

ethylene glycol oxidation.

2. Experimental section
2.1. Chemicals
Palladium (II) acetylacetonate (Pd(acac),), platinum (II) acetylacetonate

(Pt(acac),), cobalt (III) acetylacetonate (Co(acac)s), nickel (II) acetylacetonate
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(Ni(acac),), oleylamine (OAm), hexadecylpyridinium chloride monohydrate (HDPC),
and commercial Pd black catalyst were supplied from Aladdin Chemical Reagent
Company (Shanghai, China). Other chemicals were of analytical grade and used
without further purification. All the aqueous solutions were prepared with

twice-distilled water throughout the whole experiments.

2.2. Synthesis of PdM (M = Pt, Co, and Ni) NDs

For typical preparation of PdAM NDs, 0.1 g of HDPC was put into 20 mL of OAm
under gentle agitation, and ultrasonicated for 30 min to obtain a homogenous solution.
Then, 0.016 g of Pd(acac), and 0.020 g of Pt(acac), were put into the mixed solution
under stirring. After ultrasonication for another 30 min, the mixture was transferred
into a Teflon-lined stainless autoclave. The autoclave was kept at 170 °C for 24 h and
then allowed to cool to room temperature naturally. The final products were collected
and thoroughly washed with ethanol, followed by dispersing the final dispersion in
cyclohexane. Similarly, PdCo and PdNi NDs were prepared with Co(acac); and
Ni(acac), instead of Pt(acac),, respectively, while other conditions were kept
unchanged. The concentrations of all the metal precursors are 2.55 mM.

For comparison, individual Pd(acac),, Pt(acac),, Co(acac)s, or Ni(acac), was used
as a precursor to prepared monometallic Pd, Pt, Co, and Ni nanocrystals in a similar

way, while other conditions were kept the same.
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2.3. Characterization

The morphology and chemical composition of the samples were characterized on
a JEM-2100F high resolution transmission electron microscope (HR-TEM) coupled
with an energy-dispersive X-ray spectrometer (EDS, Dxford-INCA) at an
acceleration voltage of 200 kV. The scanning transmission electron microscopy
(STEM) imaging and elemental mappings were acquired on a scanning transmission
electron microscope (STEM) unit with high-angle annular dark-field (HAADF). The
oxidation states were determined by a K-Alpha X-ray photoelectron spectrometer
(XPS, ThermoFisher, E. Grinstead, UK) with an Al Ko X-ray radiation (1486.6 e¢V)
for excitation. The crystal structure was examined by X-ray diffraction (XRD, Rigaku

Dmax-2000 diffractometer) employing Cu Ko radiation.

2.4 Electrochemical measurements

The electrochemical measurements were performed on a CHI832b
electrochemical workstation (CH Instruments, Chenhua Co., Shanghai, China) at
room temperature. A conventional three-electrode system was employed for all the
electrochemical experiments, which includes a Pt mesh as counter electrode, a
Ag/AgCl electrode as reference electrode, and a modified glassy carbon electrode
(GCE, 3 mm in diameter) as working electrode. All the potentials here were
normalized to the reversible hydrogen electrode (RHE).

For construction of PdAM (M = Pt, Co, and Ni) NDs modified electrode, 5 mg of

the sample was dispersed in 5 mL water by ultrasonication for 60 min to obtain a
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homogeneous suspension (1.0 mg mL™"). Then, 6 pL of the suspension was dropped
onto the electrode surface with a microsyringe. After drying in air, the electrode was
further covered with 4 uL of 0.05 wt% Nafion and dried in air. Similarly, home-made
Pd NDs and commercial Pd black catalyst modified electrodes were prepared under
the same conditions.

CO-stripping voltammetry experiments were performed as follows: CO was
bubbled for 15 min to form CO adlayer on the catalyst surface and the working
electrode was maintained at —0.1 V. Excess CO in the electrolyte was purged with N,
for 20 min and CO-stripping voltammograms were recorded via oxidizing
pre-adsorbed CO (CO,g) in 0.5 M H,SOy at a scan rate of 50 mV s .

To examine the electrocatalytic activity and stability of the as-prepared catalysts,
electrochemical experiments were performed by cyclic voltammetry in 1.0 M KOH
containing 1.0 M methanol or 0.5 M EG The current densities in cyclic
voltammograms were normalized to electrochemically active surface areas (ECSAs)

and loading amount of metals in order to evaluate the catalytic activity.

3. Results and discussion

Morphologies of the typical samples were examined by TEM analysis. Low and
high resolution TEM images confirm that the products consist of many uniform and
monodisperse NDs, with the average sizes of 51 nm for PdPt (Fig. 1A), 29 nm for
PdCo (Fig. 2A), and 32 nm for PdNi (Fig. 3A) dendritic nanostructures, respectively.

Importantly, the existence of HDPC was demonstrated essential to form well
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dispersed PdAM NDs, which can effectively prevent the NDs from further aggregation
(Fig. S1, Electronic Supplementary Information, ESI). As expected, the absence of
HDPC induces the formation of aggregated PAM NDs, verifying the co-stabilizing
role of HDPC in the present system.

High-resolution TEM images (insets in Fig.1B, 2B, and 3B) display the
associated crystalline fringes of 0.226, 0.225, and 0.224 nm, corresponding to the (111)
planes of the face-centered cubic (fcc) PdPt, PdCo, and PdNi alloys, respectively.33 33
Their polycrystalline nature is clearly manifested by the selected area electron
diffraction patterns (SAED) of PdPt (Fig. 1C), PdCo (Fig. 2C), and PdNi (Fig. 3C)
NDs, respectively.

Meanwhile, the representative HAADF-STEM images of PdPt, PdCo, and PdNi,
along with their elemental mappings for individual elements, verify homogeneous
distribution of both Pd and M in each sample, revealing the formation of PdM alloys
(Fig. 1D-F, Fig. 2D-F, and Fig. 3D-F). The EDS analysis (Fig. 4) verifies the
coexistence of Pd and M elements in the final products. Additionally, the molar ratios
of PdPt, PdCo, and PdNi NDs are 86.8/13.2, 77.0/23.0, and 85.0/15.0, respectively.

The alloyed nature of PAM NDs was further proved by XRD analysis (Fig. 5). In
all XRD spectra, the diffraction peaks at 40°, 47°, 68°, and 82° are assigned to the
(111), (200), (220), and (311) crystal planes of the fcc structure of Pd
(JCPDS-46-1043). Clearly, no other distinct diffraction peaks are observed. It

indicates that PdAM NDs have prevailing fcc Pd crystal structure. The lattice

parameters are calculated to be 3.8535 and 3.8642 A for PdCo and PdNi NDs, based
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on their corresponding 26 values of the (111) planes. These values are lower than that
of bulk Pd (JCPDS-46-1043, a = 3.8892 A).36 The decrease of the lattice parameters
and the diffraction characteristics of the fcc Pd structure demonstrate the formation of
PdM alloys, reflecting the lattice contraction for partial replacement of Pd by other
elements.’’ Besides, the lattice parameter of PdPt NDs is 3.8999 A, which is higher
than that of bulk Pd, but lower than that of bulk Pt (JCPDS-04-0802, a=3.9224 A).*®
The 260 values of PdPt diffraction peaks exactly locate between those of the standard
Pd and Pt, revealing the formation of PdPt alloys and the substitution of Pd by Pt
atoms. Moreover, the average crystallite sizes are 5.7, 3.9, and 3.7 nm for PdPt, PdCo,
and PdNi NDs, calculated from the (220) peak based on the Scherrer’s equation,*®
respectively.

The surface features of PAM NDs were determined by XPS analysis. Fig. 6
shows the typical high-resolution Pd 3d, Pt 4f, Co 2p, and Ni 2p XPS spectra. The
distinct peaks confirm that these atoms do exist in the as-prepared NDs. Meanwhile,
for the XPS spectra of PAM NDs, the peaks at 340.5 and 335.5 eV are attributed to the
binding energies of Pd 3ds, and Pd 3ds, while there are no obvious peaks from Pd*"
observed by fitting these peaks. It means that Pd*"ions are completely reduced to Pd
atoms in the present work. However, there are still some Pt*", Co®", and Ni** remained
in the final products, by evaluating from the high-resolution Pt 4f, Co 2p, and Ni 2p
XPS spectra. Obviously, the incomplete reduction of Co®*, and Ni*" can be due to the
lower reduction potential of Co>*/Co (=0.282 V), and Ni**/Ni (~0.250 V) than that of

Pd*/Pd (0.915 V). However, this reason is not reasonable for explaining the

Page 8 of 32



Page 9 of 32

Journal of Materials Chemistry A

incomplete reduction of Pt*" because of the higher reduction potential of Pt*'/Pt
(1.188 V) than that of Pd*'/Pd (0.915 V). Considering that Pt precursor has strong

binding affinity to N-containing surfactants™" *°

such as cetyltrimethylamm-onium
bromide (CTAB)"***' and cetyltrimethylammonium chloride (CTAC),* we postulate
that the presence of HDPC would probably affect the reduction rate of Pd species.

For further illustration of the formation mechanism of PAM NDs, single Pd, Pt,
Co, and Ni nanoparticles were prepared under the identical conditions (Fig. S2, ESI).
TEM image reveals the formation of well-defined Pd NDs, which are different from
those of isolated Pt, Co, and Ni monometallic products without any dendrite, owing to
the difficult reduction of Pt, Co, and Ni salts.

To better understand the formation mechanism of PAM NDs, the morphological
evolution of PdPt was examined as an example at various reaction stages by TEM
measurements (Fig. 7). At the initial stage of 30 min (Fig. 7 A), there are a large
quantity of tiny particles emerged, with the average diameter of 2~3 nm. With the
prolonged reaction time, the pre-generated nanocrystals self-aggregate into immature
dendritic nanostructures (Fig. 7 B-C), accompanied with the enlarged particle size.
Afterward, immature dendrites gradually and continuously increase until they reach
the maximum after 12 h (Fig. 7 D). Further increasing the reaction time (e.g. 24 h, Fig.
1 A) improves the quality of the final products, but without any impact on the particle
size. The aggregation-based crystal grow‘ch43 occurs throughout the whole reaction

procedure, resulting into high quality of the final products. This is ascribed to the fact

that small particles have a higher chemical potential than large ones, because of a
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larger surface-to-volume ratio.

Based on the above experimental observations, the possible formation
mechanism of PAM NDs is described in Fig. 8. Specifically, Pd*" ions are initially
reduced to Pd atoms by OAm. At the same time, Pd atoms can absorb M™" ions on
their surfaces, and catalyze the reduction of these adsorbed ions.** The Pd atoms and
the reduced M atoms fuse together, inducing to form tiny PdM nanoclusters, which
further aggregate together to form PdM nanoparticles. The as-formed Pd-M
nanoparticles self-aggregate to form alloyed PAM NDs by the directing role of OAm.™
11, 45

It is known that hydrogen can diffuse into bulk Pd to form Pd hydride, rather than
adsorbing onto Pd surface.’® Thus, it is not suitable to calculate the ECSAs of a
catalyst according to the hydrogen adsorption/desorption strategy. Thus, CO-stripping
measurements were usually employed to estimate the ECSAs of the as-prepared

catalysts (Fig. 9) based on the following equation (1):*

ECSAs = 0 (1)
mxC
where Q is the charge for CO desorption-electrooxidation, m is the loading amount of
Pd, and C (420 pC cm ) is the charge needed for the adsorption of a CO monolayer.
The ECSAs are 31.50, 25.52, 22.02, 16.42, and 12.21 m* g ' for PdPt, PdCo, PdNi, Pd
NDs, and Pd black catalysts, respectively. The larger ECSAs of PdAM NDs and
home-made Pd NDs can be ascribed to their interconnected three-dimensional

nanostructures. Moreover, the onset potential is 0.64, 0.86, and 0.89 V for PdPt, PdCo,

and PdNi NDs, respectively, which are negative than those of home-made Pd NDs

10
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(1.04 V) and Pd black (1.03 V) catalysts. The negative shifts of the onset potentials
indicate that PAM NDs have the higher catalytic activity for CO oxidation.

As known, methanol is the most widely used fuel in liquid fuel cells because of
its high power density, energy efficiency, capacity, and recyclability.*” Meanwhile, EG
is the most promising fuel for its lower toxicity, low volatility, and high volumetric
energy density.”® Therefore, the electrocatalytic performances of PAM NDs were
examined by cyclic voltammetry in 1.0 M KOH containing 1.0 M methanol or 0.5 M
EG (Fig. 10).

For methanol oxidation, there are two anodic peaks observed in the forward and
reverse scans (Fig. 10A), which correspond to methanol oxidation and the removal of
the residual carbonaceous species,” respectively. Obviously, the forward anodic peak
current densities (jf) of PAM NDs are higher than those of the Pd NDs and Pd black
catalysts modified electrodes. Besides, the onset potentials (Eqnset) for PdPt, PdCo,
PdNi NDs are —0.085, —0.081, —0.095 'V, respectively, which are negative than those
on the Pd NDs (-0.079 V) and Pd black (-0.034 V) catalysts modified electrodes. The
enhanced catalytic current densities and lower onset potentials suggest the improved
catalytic activity of PAM NDs.

Furthermore, the jr obtained at the peak potentials of these catalysts were
normalized to the ECSAs (specific activity) and mass of the metals (mass activity). As
shown in table 1, the corresponding specific activities (SA) are 3.34, 2.90, 2.12 mA
cm 2 for PdPt, PdCo, and PdNi NDs, respectively. These values are larger than Pd

NDs (1.31 mA cm_z) and Pd black (0.59 mA cm_z) catalysts. Besides, the mass

11
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activities (MA) of the PdPt (1052.33 mA mg '), PdCo (737.82 mA mg '), and PdNi
(467.36 mA mg_l) NDs modified electrodes are also higher than those of Pd NDs
(216.67 mA mg ") and Pd (71.65 mA mg ') black catalysts, showing the superior
catalytic performances of PAM NDs. Pd black catalyst displays relatively poor
catalytic performance, owing to its monometallic, solid spherical (the average
diameter is 18.6 nm) properties, and smaller ECSA, as supported by the TEM analysis
(Fig. S3, ESI) and CO-stripping data (Fig. 9E). Most importantly, the catalytic activity
of PAM NDs is higher, compared with other Pd-based nanostructures reported in the
literatures (Table. S1, ESI). A similar trend is found for EG oxidation (see details in
Table 1), in which the corresponding jt, Eonset, SA, and MA are provided for methanol
and EG oxidation.

The stability of the PdM NDs modified electrodes was investigated by
chronoamperometry toward methanol (Fig. 11A) and EG (Fig. 11B) oxidation, using
Pd NDs and Pd black catalysts as the references. In each case, the corresponding
current densities exhibit rapid decays, owing to the formation of CO-like
intermediates during methanol and EG oxidation reaction. Impressively, PAM NDs
display the enhanced anodic current densities, followed by the much slower decays
under the identical conditions, compared with Pd NDs and Pd black catalysts. For
example, the specific and mass activity of PAM NDs for methanol (Fig. 11C) and EG
oxidation (Fig. 11D) still remain high at 300 s, while those of Pd NDs and Pd black
catalysts almost decrease to zero. The enhanced current densities and lagged decays

demonstrate the improved electrocatalytic activity, good tolerance to the CO-like

12
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intermediates, and long-term stability of PAM NDs.

The improved catalytic performances of PAM NDs over Pd NDs and Pd black
catalysts is ascribed to synergistic effects of bimetals.”® More importantly, the alloyed
M can more effectively remove CO-like intermediates adsorbed on Pd active sites via
the facile formation of M(OH),qs at a relatively lower potential. As a result, Pd active
sites are regenerated, bringing the improved catalytic activity and stability of PdM

NDs toward methanol and EG oxidation.

4. Conclusion

In summary, PdAM (M = Pt, Co, Ni) NDs have been synthesized in the OAm
system by the coreduction of Pd(acac), and the corresponding acetylacetonate salts,
using HDPC as a stabilizing agent. The control experiments by changing the
precursors and reaction time have indicated that the dendritic nanostructures were
formed via the aggregation-based crystal growth. The as-prepared PAM nanocrystals
exhibited the enhanced electrocatalytic activity and better stability for methanol and
EG oxidation, compared with home-made Pd NDs and commercial Pd black catalysts.
This is due to their special structures and synergetic effects of Pd with M (M = Pt, Co,
Ni). The developed method opens a new route for design and construction of novel

Pd-based electrocatalysts in fuel cells.
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Captions
Fig. 1. (A, B) TEM images, (C) SEAD pattern, (D) HAADF-STEM images, and (E, F)
EDS mapping of PdPt NDs. Insets show the corresponding size distribution in (A) and

HRTEM image in (B).

Fig. 2. (A, B) TEM images, (C) SEAD pattern, (D) HAADF-STEM images, and (E, F)
EDS mapping of PdCo NDs. Insets show the corresponding size distribution in (A)

and HRTEM in (B).

Fig. 3. (A, B) TEM images, (C) SEAD pattern, (D) HAADF-STEM images, and (E, F)

EDS mapping of PdNi NDs. Insets show the corresponding size distribution in (A)

and the HRTEM image in (B).

Fig. 4. EDS patterns of (A) PdPt, (B) PdCo, and (C) PdNi NDs.

Fig. 5. XRD patterns of PdPt, PdCo, and PdNi NDs. For comparison, bulk Pd, Pt, Co,

and Ni from JCPDS were also included.

Fig. 6. High-resolution XPS spectra of Pt 4f, Co 2p, Ni 2p, and Pd 3d in PAM NDs.

Fig. 7. TEM images of PdPt products obtained at different time intervals: (A) 30 min,

(B) 1 h, (C) 6 h, and (D) 12 h.
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Fig. 8. The possible formation mechanism of PAM NDs.

Fig. 9 CO-stripping voltammograms of (A) PdPt, (B) PdCo, (C) PdNi, (D) Pd NDs,

and (E) Pd black catalysts in 0.5 M H,SO, with the scan rate of 50 mV s ™.

Fig. 10. Cyclic voltammograms of the PAM NDs, home-made Pd and Pd black
catalysts modified electrodes in (A) 1.0 M KOH + 1.0 M methanol and (B) 1.0 M

KOH + 0.5 M EG at a scan rate of 50 mV s ..

Fig. 11. Chronoamperometric curves of the PAM NDs, home-made Pd and Pt black
catalysts modified electrodes in (A) 1.0 M KOH + 1.0 M methanol and (B) 1.0 M
KOH + 0.5 M EG by applying a potential of 0.15 V (vs. RHE). The corresponding
specific activity and mass activity for (C) methanol and (D) EG oxidaition obtained at

300 s.

Table 1. Comparison of the electrocatalytic activity of the PAM NDs, Pd NDs, and

commercial Pd black catalysts modified electrodes for methanol and EG oxidation.
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Figures

Fig. 1
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Fig. 4
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Fig. 5
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Fig. 6
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& @
@& @ .‘ Reduction - MM"J Induced @ °
—— . ——
¢ ® ¢ OAm ‘;,I.ﬁ M@ reaction )
® e o o

o

* ” Self-aggregation © @ Attachment
& all

@®Pd” @ M © Pd @ PdM clusters @ PdM nanoparticles



Journal of Materials Chemistry A

1.2
02 04 06 08 10 1.2 02 04 06 08 10 12
E/V vs. RHE E/V vs. RHE
12 1.2
9 o
« 0.6 S / « 0.6 D g
g .L;; g 2nd cycle i
]
<« 0.04 < 0.0-b— >
£ E I~
-—-0.6 *=-0.61 1.04V
1.2 1.2
02 04 06 08 1.0 1.2 02 04 06 08 1.0 1.2
12 E/V vs. RHE E/V vs. RHE
(/]
0.6 E g

2nd cycle
—

Of
b
2

j/mA cm
o
o

-1.24

0.6+ 1.03V

02 04 06 08
E/V vs. RHE

1.0

1.2

Page 28 of 32



Page 29 of 32

Journal of Materials Chemistry A

Fig. 10
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Fig. 11
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Table 1
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Catalysts

JimA cm 2

Eonset/V

SA/mA cm >

MA/mA mg

PdPt

PdCo

PdNi

Pd

Pd black

89.37 (methanol)
139.02 (EG)
62.22 (methanol)
72.03 (EG)
39.69 (methanol)
33.97 (EG)
18.41 (methanol)
21.37 (EG)
6.03 (methanol)

11.84 (EG)

—0.085 (methanol)
—0.204 (EG)
—0.081 (methanol)
—-0.161 (EQG)
—0.095 (methanol)
—0.199 (EG)
—0.079 (methanol)
—0.046 (EG)
—0.034 (methanol)

~0.097 (EG)

3.34 (methanol)
5.20 (EG)
2.90 (methanol)
3.33 (EG)
2.12 (methanol)
1.83 (EG)
1.31 (methanol)
1.53 (EG)
0.59 (methanol)

1.15 (EG)

1052.33 (methanol)
1638.3 (EG)
737.82 (methanol)
850.0 (EQG)
467.36 (methanol)
401.67 (EG)
216.67 (methanol)
251.66 (EQG)
71.65 (methanol)

140.0 (EG)
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Graphical Abstract
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PdM (M = Pt, Co, and Ni) nanodendrites were fabricated by a co-reduction strategy.

The nanodendrites displayed the enhanced catalytic activities and stabilities for

methanol and ethylene glycol oxidation.
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