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A simple and rapid wet-chemical co-reduction method was developed for
synthesis of alloyed Pd-Au nanochains networks supported on RGO, with the
assistance of caffeine as a capping agent and a structure directing agent. The
as-prepared nanocomposites showed high electrocatalytic activity and stability toward

ORR, compared with Pd black and Pd-C catalysts.
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Abstract

Bimetallic alloyed Pd-Au nanochains networks supported on reduced graphene oxide
(Pd-Au NNs/RGO) were prepared by a one-pot wet-chemical co-reduction method
with the assistance of caffeine as a capping agent and a structure directing agent,
while no seed, template, or surfactant was involved. It was found that the dosage of
caffeine and the concentrations of the precursors (i.e. PdCl + AuCly ions) played
essential roles in the formation of Pd-Au NNs. Moreover, the as-prepared
nanocomposites exhibited much better electrocatalytic performance than that of
conventional Pd black and Pd-C toward oxygen reduction reaction (ORR) in an
alkaline media in terms of the onset potential, limiting current, and stability.
Keywords: Reduced graphene oxide; Nanochains networks; Electrocatalysis; Oxygen

reduction reaction
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1. Introduction

Pt and Pt-based catalysts are generally considered as the most efficient
electrocatalysts for oxygen reduction reaction (ORR) in fuel cells, owing to their
superior catalytic activity toward direct reduction of oxygen to water via the
4-electron pathway.1 Unfortunately, these catalysts are seriously inhibited from
large-scale commercial applications because of their high cost, limited supply, poor
stability, and sluggish kinetics for ORR.*? Therefore, it is urgent to explore non-Pt
catalysts to reduce costs and improve the catalytic activity during ORR. Several good
examples are reported in the past, such as Pd,* Ir,” and Ru-based® bimetallic catalysts,
oxides,”® carbide,s’ and non-precious catalysts.'’"?

Among various non-Pt catalysts, Pd-based catalysts have attracted great interest
as cathode materials in fuel cells, owing to their relatively low cost and more
abundance as compared to Pt-based catalysts.'*"” Particularly, the incorporation of a
second metal (M) into Pd (PdM) often brings better catalytic performance, compared
to individual counterparts, owing to the synergistic effects and rich diversity of the
compositions.'® "’

Lately, several PdM catalysts demonstrate the enhanced catalytic activity for
ORR, including Pd-Au,”® Pd-Ni,*! Pd-Co,” Pd-Mo,” Pd-Ti,** Pd-Ag,”* and Pd-Cu®*®
catalysts. Among them, Pd-Au catalysts have attracted increasing attention for their
striking catalytic activity toward ORR.”* For example, Son et al. synthesized

sponge-like Pd/Au with higher catalytic activity than single Pd with the similar

morphology, commercial Pd-20/C, and Pt-20/C catalysts for ORR.* Koenigsmann
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and coworkers fabricated PdoAu nanowires with superior catalytic performance for
oxygen reduction, compared with commercial Pt nanoparticles.3 !

In spite of their enhanced catalytic performances toward ORR, their synthesis is
complex, which are usually involved toxic organic solvent, high temperature,
time-consuming, sacrificial templates, and complicated synthetic procedures. For
instance, Shim and coworkers prepared carbon-supported Pd-coated Au nanoparticles
by spontaneous reduction of Pd (II) to Pd on a Au nanoparticles surface, with the
reaction time of about ten hours.® In another example, Cha’ group synthesized
carbon-supported porous Pd shell coated Au NN, using Co nanoframes as sacrificial
templates.28 Therefore, it is of great significance to develop a common, rapid, and
environmental friendly approach to fabricate Pd-Au catalysts with the improved
electrocatalytic performance.

Given that the catalytic activity of Pd-Au catalysts is not only affected by the
morphology, size and dispersion, but also by the nature of a support that is associated
with the distribution of the catalysts.’> ** Graphene oxide (GO) has abundant
oxygen-containing functional groups on the surface (e.g. —-OH, —-COOH, —C=0),
which can be used as anchoring sites for metallic catalysts, along with contributing to
its large surface area.”* ** Hence, the presence of GO or reduced GO (RGO) is benefit
to the catalytic activity of the as-prepared nanocomposites for ORR, as verified by
previous work.*®*7

Herein, a simple, rapid, and one-pot wet-chemical co-reduction method was

explored for synthesis of alloyed Pd-Au nanochains networks uniformly anchored on
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reduced graphene oxide (denoted as Pd-Au NNs/RGO), with the assistance of caffeine.
The electrocatalytic performance of Pd-Au NNs/RGO was investigated, using ORR as

a model system.

2. Experimental

2.1 Chemicals

Graphite powder (99.95%, 8000 mesh), HAuCls, PdCl,, hydrazine hydrate (80%),
caffeine, commercial Pd black and 10% Pd-C were purchased from Shanghai Aladdin
Chemical Reagent Company (Shanghai, China). All the other chemicals were of
analytical grade and used as received. 1.77 g PdCl, was dissolved with 0.4 mL HCI
(37%), and then diluted to 100 mL with water (100 mM H,PdCly). All solutions were

prepared with twice-distilled water throughout the whole experiment.

2.2 Synthesis of Pd-Au NNs/RGO

For typical synthesis of Pd-Au NNs/RGO, GO was firstly prepared from purified
natural graphite by a modified Hummer’s method.”® Next, 0.5 mL GO (0.5 mg mL™")
was mixed with 10 mL of aqueous caffeine solution (25 mM) in the ice bath (0 °C),
followed by gradual addition of 0.5 mL of 100 mM H,PdCl, and 0.93 mL of 53.95
mM HAuCly under stirring. Afterward, 0.2 mL of hydrazine hydrate (80%) was
slowly dropped into the mixed solution. The solution color quickly changed from
yellow to black, which was further reacted for 15 min. The black precipitate was

washed and recollected by consecutive washing/centrifugation cycles with water, and
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dried at 60 °C in a vacuum oven for further characterization.

2.3 Characterization

The morphologies and sizes of the samples were characterized by transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM) on a JEM-2010HR
transmission electron microscope operated at 200 kV equipped with an
energy-dispersive X-ray spectrometer (EDS). The samples were prepared by
ultrasonic dispersion in ethanol and depositing a drop of the suspension on a copper
grid. The crystalline structures were determined by X-ray diffraction (XRD)
spectroscopy, which were performed on a Bruker-DS-AXS diffractometer system
equipped with Cu Ka radiation (Bruker Co., Germany). The elemental composition
analysis was measured by X-ray photoelectron spectroscopy (XPS), which were
conducted by a K-Alpha XPS spectrometer (ThermoFisher, E. Grinstead, UK), using
Al Ko X-ray radiation (hv = 1486.6 eV). Raman spectra were recorded on a Renishaw
Raman system model 1000 spectrometer equipped with a charge coupled device
(CCD) detector. Fourier-transform infrared (FT-IR) spectra were recorded on a
Nicolet NEXUS-670 FT-IR spectrometer from 500 to 4000 cm . Thermogravimetric
analysis (TGA, NETZSCH STA 449C) was performed with a heating rate of 10 °C

min "' in air atmosphere from room temperature to 800 °C.

2.4 Electrochemical measurements

Electrochemical measurements were carried out on a CHI 660D electrochemical
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workstation (CH Instruments, Chenhua Co., Shanghai, China). A conventional three
electrode cell was used, including an Ag-AgCl electrode as reference electrode, a
platinum wire as counter electrode, and a bare, modified glassy carbon electrode
(GCE, 3 mm in diameter) or rotating disk electrode (RDE, 4 mm in diameter) as
working electrode.

For fabrication of Pd-Au NNs/RGO modified electrode, 4 mg of Pd-Au
NNs/RGO was dispersed in 2 mL water under ultrasonication for 30 min to obtain a
homogenous suspension. Then, 8 and 20 pL of the resulting suspension were
deposited on the pre-cleaned GCE and RDE, respectively, and allowed to dry in air.
After drying, 4 and 10 pL of Nafion (0.05 wt %) were deposited onto the electrode
surfaces, respectively. For comparison, Pd-black and Pd-C modified electrodes were
prepared in a similar way.

The electrochemically active surface area (ECSA) of the catalysts modified GCE
was calculated by the CO stripping experiments. CO gas was firstly adsorbed on the
modified GCE at 0.1 V for 900 s in 0.5 M CO-saturated H,SOy4, and then recorded the
corresponding CO-stripping voltammograms in H,SOj.

The electrocatalytic performances of the catalysts modified RDE were
determined in 0.1 M oxygen-saturated KOH at a scan rate of 5 mV s from 100 to
3600 rpm. Meanwhile, the stability tests were conducted in oxygen-saturated 0.1 M
KOH at the half-wave potential by chronoamperometry, with a rotating rate of 1600

rpm. All the tests were performed at room temperature, if not sated otherwise.
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3. Results and discussion

3.1 Characterization of Pd-Au NNs/RGO

The morphology and size of Pd-Au NNs/RGO were examined by TEM analysis (Fig.
1). As can be seen, the product contains a lot of typical Pd-Au NNs well dispersed on
RGO surface (Fig. 1A and B). The absence of caffeine yields heavy aggregated
nanoparticles (Fig. S1A, Supplementary Information). Alternatively, excessive
caffeine induces the destruction of the network-like structures (e.g. 50 mM, Fig. S1B).
Therefore, caffeine is critical for synthesis of Pd-Au NNs, which serves as a capping
agent and a structure directing agent to effectively prevent the aggregation of Pd-Au
nanocrystals on RGO sheets.*

Besides, less (e.g. 1 mM) and excess (e.g. 7.5 mM) amounts of the total

precursors (i.e. PdCl* and AuCly) produce seriously aggregated Pd-Au nanoparticles.

(Fig. S2, Supplementary Information). These observations imply the essential role of
the precursors with appropriate concentrations in the present system.

HRTEM images show good crystallinity of Pd-Au NNs (Fig. 1C and D), as
indicated by their well-defined fringe pattern. Moreover, the inter-planar distance
between two adjacent fringes is about 0.233 nm, corresponding to the (111) planes of
face-centered cubic (fcc) Pd-Au alloy.40 These observations indicate that the
precursors are simultaneously reduced by hydrazine hydrate to form alloy at the very
early stage, and the Pd-Au nanocrystals grow along the (111) directions.*" *

Meanwhile, HAADF-STEM-EDS mapping and line scanning profiles were

conducted to examine the elemental distributions in Pd-Au NNs. As displayed in Fig.
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2, Au and Pd atoms are uniformly distributed across the whole nanochains networks.
It means the formation of Pd-Au alloy, rather than the mixture of Pd and Au.

EDS (Fig. 3A) and XRD (Fig. 3B) measurements were carried out to evaluate
the composition and crystal structures of Pd-Au NNs/RGO. EDS analysis shows that
the content of Au is more abundant than that of Pd in Pd-Au NNs, with Pd to Au at
atomic ratio of 1.0: 1.8. The difference is attributed to different reduction potentials of
A’ (AuCly /Au, 1.002 V vs. SHE) and Pd* (PdCl,*/ Pd, 0.591 V vs. SHE). Notably,
Au’" is more easily reduced, compared with Pd*", leading to the formation of Au-rich
alloys.

Fig. 3B shows the XRD spectrum of Pd-Au NNs/RGO (curve a), in which the
representative peak at 38.4° emerges between the diffraction peaks of the Au (111)
and Pd (111) crystal planes, confirming the formation of Pd-Au alloy.43 And a broad
peak at 21.2° is assigned to the (002) planes of RGO,* which is different from that of
GO with a sharp peak at 11.0° (Fig. 3B, curve b), indicating the effective reduction of
GO.*®

XPS is an effective method to investigate elemental composition and valence
state of materials. Fig. 4A shows that the peaks located at 532.6, 335.3, 284.5, and
85.1 eV correspond to O 1s, Pd 3d, C 1s, and Au 4f in the survey XPS spectrum,
respectively, revealing the presence of Pd and Au in Pd-Au NNs/RGO. In the
high-resolution Pd 3d region (Fig. 4B), the binding energies centered at 341.1 eV (Pd
3dsp) and 335.6 eV (Pd 3dsp), 341.9 eV (Pd 3ds») and 336.5 eV (Pd 3dsp) are

assigned to metallic Pd” and Pd*"* respectively. While only one pair of peaks is
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emerged at 87.8 and 84.1 eV in the Au 4f region (Fig. 4C), which is ascribed to 4fs)
and 4f;, of metallic Auo,47 revealing complete reduction of AuCly in the present
synthesis. All these results further confirm that metallic Pd’ and Au’ are the
predominant species.

For the C 1s XPS spectrum (Fig. 4D), there is a strong peak at 248.7 eV
corresponding to the C—C bonds, along with three relatively weaker ones at 286.5,
287.5, and 288.8 eV associated with the C-O, C=0, and O-C=0 bonds,
respectively.* * It indicates that GO is reduced to RGO, as strongly supported by the
FT-IR and Raman analysis.

As depicted in Fig. 5A, the FT-IR spectrum of Pd-Au NNs/RGO (Fig. S5A, curve
a) clearly shows that the characteristic peak of C=0O stretching vibration of carboxyl at
1733.5 cm ™' and C-O stretching vibration of epoxy and alkoxy at 1058.2 cm ' are
weaker, compared with the C=C skeletal vibration at 1663.2 cm ',”° using the
spectrum of GO (Fig. 5A, curve b) as a standard. It reveals the efficient removal of
most oxygen containing functional groups.

Meanwhile, as illustrated by Raman spectra (Fig. 5B), the peak intensity ratio of
D band (the E>, mode of sp2 carbon atoms) to G band (the 4;, breathing mode of
disordered graphite structure) for Pd-Au NNs/RGO (Fig. 5B, curve a) increases
significantly, using the Raman spectrum of GO as a reference (Fig. 5B, curve b). This
change suggests the formation of smaller graphene sp® domains after the reduction of

GO™ and at the same time confirms the effective reduction of GO to RGO again.

The thermal stability of Pd-Au NNs/RGO was examined by TGA (Fig. S3, curve
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a, Supplementary Information)). It is worth noting that there is a slight weight loss
below 100 °C for Pd-Au NNs/RGO, which is attributed to the loss of absorbed water
molecules on the surface, no obvious weight loss is detected when the sample is
further heated up to 800 °C. This phenomenon is quite different from that of GO (Fig.
S3, curve b, Supplementary Information)) under the identical conditions, in which GO
shows two distinguished drops at 200 and 500 °C corresponding to the decomposition
of oxygen-containing functional groups and carbon oxidation,”! respectively. These
results combined with the above analysis further demonstrate the efficient reduction
of GO to RGO. Additionally, the load of Pd-Au NNs is about 91 wt % in Pd-Au

NNs/RGO.

3.2 Electrochemical measurements
Cyclic voltammetry is a convenient and efficient method to determine the
electrochemical activity of a catalyst on an electrode. Fig. S4 (Supplementary
Information) provides the typical cyclic voltammograms (CVs) of Pd-Au NNs/RGO
(curve a) and Pd-black (curve b) modified electrodes in 0.5 M H,SOs. It can be seen
that hydrogen adsorption/desorption charges (Qpads/Qndes) of Pd-Au NNs/RGO are
higher than those of Pd-black, revealing the enlarged ECSA and more active sites
available for Pd-Au NNs/RGO toward ORR.>

As known, bulk Pd can absorb hydrogen to form Pd hydride,” and hence the
ECSA of catalysts were measured by CO stripping experiments. Fig.6 offers the

ECSA value of the catalysts, which are obtained by Eq. ( 1)

10
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ECSA = Q (1)
mx420

where Q is the charge for CO desorption electrooxidation in micro-coulomb (uC), m
is the loading amount of Pd (ug), and 420 is the charge required to oxidize a
monolayer of CO on metal (uC c¢m ). The ECSA value is 28.17 m* g ' for Pd-Au
NNs/RGO (Fig. 6A), which is much higher than that of Pd-black (1.72 m* g, Fig.
6B). Additionally, owing to the special nanostructure, the onset potential of CO,gs
oxidation on Pd-Au NNs/RGO is negatively shifted by about 120 mV in comparison
with commercial Pd-black.

To examine the electrocatalytic activity of Pd-Au NNs/RGO, the ORR
corresponding polarization curves were recorded in oxygen-saturated 0.1 M KOH,
using Pd-black and Pd-C as references. As displayed in Fig. 7A, the onset potential
and half-wave potential () for Pd-Au NNs/RGO (Fig. 7A, curve a) are —0.03 V and
—0.13 V toward O, reduction, respectively, which are much more positive than those
of Pd-black (Fig. 7A, curve b) and Pd-C (Fig. 7A, curve c), highlighting that the NNs
structures facilitate ORR more favorably.”> Therefore, Pd-Au NNs/RGO exhibits
much higher diffusion-limiting current density than those of Pd-black and Pd-C.
Importantly, the mass activity of Pd-Au NNs/RGO at —0.1 V is found to be the highest
among the three catalysts (Fig. 7B). It means that Pd-Au NNs/RGO with the
significantly improved catalytic activity toward oxygen reduction.

In order to examine the kinetics of ORR catalyzed by Pd-Au NNs/RGO, a series
of polarization curves on Pd-Au NNs/RGO modified electrode were recorded in

oxygen-saturated 0.1 M KOH with different rotation rates from 100 to 3600 rpm (Fig.

11
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7C). Evidently, the limiting current densities increase with rotation rates, owing to the
enhanced oxygen diffusion.’® Furthermore, the number of transferred electrons (1) for

Pd-Au NNs/RGO is calculated by the below Koutechy-Levich equation:>”>®

11 1 1 1 ©)

B=0.2nFC,D; v"° )

where iy, is the kinetic current, w is the rotation rate, » is the number of the transferred
electrons per oxygen molecule, F is the Faraday constant (96500 C mol ™), Cy is the
oxygen solubility (1.1x10~ mol L™), Dy is the diffusion coefficient of oxygen in 0.1
M KOH (1.9><1075 cm’ sfl), and v is the kinetic viscosity of the electrolyte (0.01 cm’
s_l).

As shown in Fig. 7D, the K-L plots (' vs. @ ) for Pd-Au NNs/RGO at the
potential ranging from —0.15 to —0.25 V exhibit good linearity, suggesting the
first-order kinetics relative to the reactant concentration. And the electron transfer
number is calculated from the slopes of K—L plots, with the values of 3.91, 3.82, and
3.90 electrons transferred at —0.15 V, —0.2 V, and —0.25 V, respectively, indicating
approximate four-electron transfer pathway for Pd-Au NNs/RGO. That is, oxygen is
directly reduced to water. The above discussion demonstrates that Pd-Au NNs/RGO is
a compelling catalyst for oxygen reduction.

Fig. 8 shows the ORR polarization curves recorded by 1000 times in O, saturated
0.1 M KOH on Pd-Au NNs/RGO modified electrode. After the durability test, similar
polarization curve was observed in terms of the onset potential, half-wave potential

and limiting current, evidencing the improved stability of Pd-Au NNs/RGO. It

12
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demonstrates Pd-Au NNs/RGO with improved stability toward ORR. On the other
hand, the stability/durability of Pd-Au NNs/RGO (Fig. 9, curve a) was also evaluated
by chronoamperometry, using Pd-black (Fig. 9, curve b) and Pd-C (Fig. 9, curve c) as
references. As illustrated in Fig. 9, the corresponding cathode current densities
primarily show a gradual decay and then achieve a relatively steady state. Notably,
Pd-Au NNs/RGO (Fig. 9, curve a) exhibits considerably higher current and superior
stability during the entire process, compared with Pd-black (Fig. 9, curve b) and Pd-C
(Fig. 9, curve c). These results demonstrate that Pd-Au NNs/RGO is a stable
electrocatalyst for ORR.

Taking the results from both activity and stability studies together, Pd-Au
NNs/RGO has the enhanced electrocatalytic performances. This is ascribed to the
following features: (I) promotional effects of Au in Pd-Au alloys,59 (IT) synergistic
effects between Au and Pd atoms,*® °' (III) well-dispersed Pd-Au NNs on RGO with
high loading, (IV) unique structures of Pd-Au NNs make the catalyst better stability,**

and (V) graphene as a support in tuning electrocatalysis for highly efficient ORR.%

4. Conclusion

Well-defined bimetallic alloyed Pd-Au NNs were uniformly supported on RGO
through one-pot wet-chemical co-reduction method, with the assistance of caffeine as
a capping agent and a structure directing agent, which was simple, facile, and
straightforward. Pd-Au NNs/RGO exhibited much better electrochemical performance

than commercial Pd-black and Pd-C toward ORR in terms of the onset potential,

13
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limiting current, and stability. The prepared Pd-Au NNs/RGO was a very promising
cathodic catalyst in fuel cells. The synthetic method described herein can be extended

to the preparation of other advanced RGO supported bimetallic catalysts.
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Captions
Fig. 1. Representative low- (A, B) and high- (C, D) resolution TEM images of Pd-Au

NNs/RGO.

Fig. 2. HAADF-STEM-EDS mapping (A, B, C) and EDS line scanning profiles (D)

of an individual Pd-Au NN.

Fig. 3. (A) EDS pattern of Pd-Au NNs/RGO. (B) XRD patterns of Pd-Au NNs/RGO

(curve a), GO (curve b), and the standard patterns of bulk Pd and Au.

Fig. 4. Survey (A), and high-resolution Pd 3d (B), Au 4f (C), and C 1s (D) XPS

spectra of Pd-Au NNs/RGO.

Fig. 5. FT-IR (A) and Raman (B) spectra of Pd-Au NNs/RGO (curve a) and GO

(curve b).

Fig. 6. CO-stripping cyclic voltammograms of Pd-Au NNs/RGO (A) and Pd black (B)

modified GCE in 0.5 M H,SO, ata scan rate of 50 mV s L

Fig. 7. (A) LSVs of Pd-Au NNs/RGO (curve a), Pd black (curve b), Pd-C (curve c¢),

modified RDE in oxygen-saturated 0.1 M KOH at a scan rate of 5 mV s, using the
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rotation rate of 1600 rpm. (B) The corresponding mass activity at —0.1 V. (C) LSVs of
Pd-Au NNs/RGO modified RDE with different rotating rates in oxygen-saturated 0.1
M KOH at a scan rate of 5 mV s (curve a-f): 100, 400, 900, 1600, 2500, and 3600

rpm. (D) The corresponding K-L plots at different potentials for ORR.

Fig. 8. The ORR polarization curves before and after the accelerated durability test at

ascanrate of 5mVs ', using a rotation rate of 1600 rpm.

Fig. 9. Chronoamperometric stability test of Pd-Au NNs/RGO (curve a), Pd black

(curve b), and Pd-C (curve c¢) modified electrodes with a rotating rate of 1600 rpm in

oxygen-saturated 0.1 M KOH at the half-wave potential.
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Figures

Fig. 1
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Fig. 4
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Fig. 6
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