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Abstract： Palladium (Pd) is a good catalyst for ethanol electro-oxidation in alkaline solutions. The activity of Pd is further im-

proved in this study by modifying the gold (Au) nanoparticles with Pd adatoms using a simple spontaneous deposition process. The

Pd overlayer on the Au core (Au@Pd) is un-uniform with some Au atoms exposed to the electrolyte. The activity of Au@Pd/C toward

ethanol oxidation reaction (EOR) is much higher than that of Pd/C in an alkaline solution. The peak current density of Au@Pd/C is

4.6 times higher than that of Pd/C with a 100 mV lower onset potential. The enhanced activity may be due to the electronic effect

from the Au core, and the bifunctional reaction mechanism.
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As an alternative power source for portable elec-

tronic devices and stationary power plants, direct

ethanol fuel cell (DEFC) has attracted significant atten-

tion since great achievements have been made [1]. In

acidic media, the electro-oxidation of ethanol re-

quires Pt-based electrocatalysts which are very ex-

pensive. In alkaline solutions, Pd-based electrocata-

lysts that are inactive for EOR in acidic media but are

quite active at high pH[2-3]. With recent advances in

anion-exchange membranes[4-6], alkaline DEFCs have

become more promising than before, which inspire

more researchers to use non-platinum materials as

promising alternative catalysts to study ethanol oxida-

tion reaction (EOR). Great efforts have been devoted

to design and synthesize Pd-based bimetallic nanopar-

ticles (NPs) (Pd-Pt[7-8], Au-Pd[9-14], Pd-Ag[15-18], Pd-Ru[19,20],

Pd-Ni[21-24], Pd-Sn[25-26], Pd-Co[27-29], Pd-Cu[30], and Pd-Fe[31]).

These bimetallic electrocatalysts more or less showed

enhanced activities over pure Pd. Among them, Au-Pd

bimetallic systems showed great promises[9, 32-35]. On an

Au-Pd surface, a bifunctional reaction mechanism

has been proposed: the catalytic oxidation of CO or

CO-like intermediate species was promoted on Au

atoms, releasing more Pd active sites[36-37]. Various Au-

Pd nanostructures showed 1.4 ~ 3 times of enhance-

ment over Pd NPs in terms of anodic peak current

density[12-14, 32-34, 38]. In a previous study, we synthesized

a resembling core-shell structure consisting of an Au

core and Pd shell via a Cu underpotential deposition

(UPD)-Pd-displacement method[39]. The Pd layer con-

sisting of tiny Pd clusters and pinholes was very ac-

tive for ethanol oxidation. However, this method in-

volves a complicated Cu UPD process, which is un-

desirable for large scale synthesis. Herein, we report

a simplified protocol only involving the spontaneous

deposition of Pd atoms on Au NPs in 2 min. The ma-

terial synthesized showed comparable activity toward

EOR to that fabricated involving Cu UPD.
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1 Experimental Section
1.1 Preparation of Au/C Nanoparticles

All chemicals were used as-received without any

further purification. Carbon-supported Au NPs was

prepared according to the literature[40]. Briefly, a vig-

orously stirred solution of tetraoctylammonium bro-

mide (0.15 g) in 10 mL of toluene was added into

0.031 g of HAuCl4·3H2O in 5 mL of deionized water.

After adding 0.046 g dodecanethiol, the organic phase

was isolated and the resulting solution was stirred

vigorously for 10 min at room temperature. NaBH4

(0.038 g) in 5 mL of deionized water was then added

over a period of 10 min and was further stirred at

room temperature for at least another 3 h. After the

organic phase was collected, the solvent was removed

on a rotary evaporator. The black product was sus-

pended in 10 mL of ethanol, briefly sonicated to en-

sure complete dispersion. The suspension was filtrat-

ed and washed with at least 20 mL of ethanol and 50

mL of acetone. At last, the as-prepared Au NPs were

sonicated with carbon in toluene to obtain Au/C sam-

ple with a metal loading of ~10%. After the solvent

was evaporated, the dried Au/C was heated at 280 oC

in a tube furnace in air for 30 min, and then at 400 oC

in H2 for 30 min to remove organic surfactants.

1.2 Surface Modification of Au/C with Pd
Adatoms and Electrochemical Evalua-
tion
A uniformly dispersed catalyst ink was prepared

by ultrasonic the mixture containing 5 mg of the

Au/C, 1 mL of 2-propanol and 20 μL of 5% Nafion

(Aldrich) in 4 mL of water for 15 min. A glassy car-

bon electrode was polished with 0.3 μm alumina

powder and cleaned thoroughly. 10 μL of the ink was

deposited onto the surface of the glassy carbon elec-

trode and dried under infrared lamp to obtain a thin

film. Prior to surface modification, the Au/C-covered

glassy carbon electrode was activated between 0.07

and 1.5 V for 10 cycles in an Ar-saturated 0.1 mol·L-1

HClO4 (99.999%, Aladdin) solution at a scanning rate

of 100 mV·s-1. A final cyclic voltammetric (CV)

curve was recorded at 50 mV·s-1. An Ag/AgCl/KCl

(3 mol·L-1) leak-free and Pt wire electrodes were

used as the reference and counter electrodes, respec-

tively. All the potentials reported in this paper were

referred to the reversible hydrogen electrode (RHE).

After that, the Au/C electrode was quickly immersed

in a 1.0 mmol·L-1 Na2PdCl4 (99.999%, Alfa Aesar) +

50 mmol·L-1 H2SO4 (ACS reagent, Sigma-Aldrich)

solution to adsorb Pd ions for various time (20, 120, and

300 s, denoted as Au@Pd/C (20 s, 120 s, and 300 s,

respectively)). The as-prepared Au@Pd/C electrode

was then taken out and rinsed multiple times with

deionized water. CV curve of the Au@Pd/C electrode

was recorded between 0.07 and 0.8 V for two cycles

in an Ar-saturated 0.1 mol·L-1 HClO4 solution at a

scanning rate of 50 mV·s-1. The upper potential limit

was set to 0.8 V to minimize the dissolution of Pd[41].

The Cu UPD curves of Au/C and Au@Pd/C electrocat-

alysts were recorded in an Ar-saturated 50 mmol·L-1

H2SO4 + 50 mmol·L-1 CuSO4 (Reagent grade, Schar-

lau) solution. The potential range for the Cu UPD

was set between 0.33 V and 0.75 V at a scanning rate

of 50 mV·s-1. The charges associated with Cu UPD

were used to estimate electrochemical surface areas

(ECAs) of Au/C and Au@Pd/C.

The EOR activity was evaluated by carrying out

the electrochemical measurement in an Ar-saturated

1.0 mol·L-1 NaOH (ACS reagent, Sigma-Aldrich) + 1.0

mol·L-1 ethanol (Gradient grade for liquid chromatog-

raphy, LiChrosolv) solution in the potential range be-

tween 0.07 and 1.2 V at a scanning rate of 50 mV·s-1.

A Pd/C catalyst (30wt%, TKK) with an average parti-

cle size of 3.9 nm (Fig. S1 in the Supporting Informa-

tion) was used for comparison.

1.3 Nanoparticle Characterization
Transmission electron microscopy (TEM) and

scanning transmission electron microscopy with a

high angle annular dark field (HAADF-STEM) were

employed to characterize nanoparticles on an electron-

microscope (Tecnai F30, FEI; Netherlands) with an

accelerating voltage of 300 kV.

2 Results and Discussion
A typical TEM image of Au/C is shown in Fig.

1A. The mean particle size is 6.5 ± 1.0 nm by count-

ing about 200 randomly chosen particles from TEM
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images. The corresponding histogram of particle size

distribution is shown in Fig. 1B. Fig. 2A (black line)

shows a typical cyclic voltammogram of the as-pre-

pared 6.5 nm Au/C in an Ar-saturated 0.1 mol·L-1

HClO4 solution, which is similar to that of a polycrys-

talline Au. Prior to the recorded CV curve of Au NPs,

Au NPs were cycled for 20 cycles between 0.05 and

1.5 V vs. RHE to clean up the Au surfaces. The Cu

UPD curve of the cleaned Au/C sample in an Ar-sat-

urated 50 mmol·L-1 CuSO4 + 50 mmol·L-1 H2SO4 so-

lution at a scanning rate of 50 mV·s-1 is shown in Fig.

2B (black line). Two broad current peaks on the an-

odic and cathodic scans were observed at 0.59 and

0.55 V, respectively. The cathodic peak at 0.55 V

was associated with Cu deposition on the Au surface,

while the anodic one at 0.59 V corresponded to Cu

stripping[42]. Based on the charge associated with the

stripping of the Cu monolayer, the ECA of Au/C in

Fig. 2B was calculated to be 0.23 cm2, assuming 420

μC·cm-2 for a full Cu monolayer coverage[43-44].

Surface modification of Au surfaces was per-

formed in a 1.0 mmol·L-1 Na2PdCl4 + 50 mmol·L-1

H2SO4 solution. The change in the open circuit poten-

tial (OCP) of the electrode as a function of time was

monitored and the result is shown in Fig. 3. The OCP

increased fast in the first 10 s from 0.475 V vs.

Ag/AgCl (double layer range of Au/C) to 0.53 V and

reached a plateau at ~ 0.54 V in 30 s. The Au/C elec-

trode was kept in the solution for different time (20 s,

120 s, and 300 s) to deposit various amounts of Pd.

The CV curve of the as-prepared Au@Pd/C (120 s)

electrode is shown in Fig. 2A (red line). A pair of well-

defined peaks originated from the adsorption/desorp-

tion of H atom was easily distinguished in the poten-

tial range of 0.07 ~ 0.4 V. These observed peaks indi-

cated that a Pd overlayer was successfully deposited

on Au NPs[45]. On the basis of hydrogen adsorption/

desorption region assuming 210 μC·cm-2, ECA of Pd

was determined to be 0.11 cm2, which was lower than

the area of Au surface (0.23 cm2). The lower surface

area may be due to the fact that the adsorbed Pd

atoms were not fully covered on the whole surface of

Au NPs. The Cu UPD curve of Au@Pd/C is different

from that of Au/C. One pair of well-defined peaks as-

sociated with Cu UPD on Pd was observed at 0.52

(deposition) and 0.54 V (stripping), respectively (red

line in Fig. 2B). This observation further demonstrat-

ed the existence of a Pd overlayer. In the meantime, a

shoulder peak at 0.55 V was also observed on the re-

verse scan, indicating the incomplete coverage of Pd

on Au NPs. This was considered as another evidence

for the un-uniform distribution of Pd atoms on Au

surface. The surface area derived by the Cu UPD

charge (including both Au and Pd atoms) is ~ 0.24 cm2,

which is larger than Pd area from hydrogen adsorp-

tion (0.11 cm2), and Au area from Cu UPD (0.23 cm2).

Based on these values, we can estimate that the Pd

coverage is 0.4 ~ 0.5. The Au NP surfaces were not

covered with Pd atoms entirely leaving some bare Au

atoms exposed to the electrolyte. The similar phenom-

Fig. 1 (A) TEM image of Au/C catalyst and (B) the corresponding histograms of particle size
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Fig. 2 Cyclic voltammograms of Au/C (black line) and Au@Pd/C (120 s) (red line) electrodes in a deaerated (A) 0.1 mol·L-1

HClO4 solution, (B) 0.05 mol·L-1 H2SO4 + 0.05 mol·L-1 CuSO4 solution. Scanning rate = 50 mV·s-1. The currents were

normalized to the geometric area of the electrode (0.196 cm2).

ena were observed for the samples with different Pd

deposition time. Their CVs and Cu UPD curves are

compared in Fig. S2.

The as-prepared Au@Pd/C (120 s) NPs were fur-

ther characterized by TEM, as shown in Fig. S3. It is

obvious that Au@Pd uniformly dispersed on carbon

black without agglomeration. EDX elemental 2D

mapping images (Fig. 4B-D) of an individual Au@Pd

(120 s) shown in an HAADF-STEM image (Fig. 4A)

were composed of both Au and Pd, suggesting that

the latter was successfully loaded on the Au surfaces.

Due to the resolution limitation, this technique, how-

ever, cannot distinguish well between a core-shell

structure and a bimetallic alloy, or reveal the un-uni-

formity of the Pd shell. Similar elemental mapping

results were obtained for both Au@Pd/C (20 s) and

Au@Pd/C (300 s) NPs in Fig. S4 and S5.

The electrocatalytic activities for EOR of

Au@Pd/C catalysts were evaluated by measuring

the voltammograms in an Ar-saturated 1.0 mol·L-1

NaOH + 1.0 mol·L-1 ethanol solution, as shown in

Fig. 5A. Their CV curves were stabilized after about

25 potential cycles. For comparison, the activity of

Pd/C (3.9 nm) was also recorded. All the current den-

sities were normalized with respect to the ECAs de-

rived from Cu UPD. The EOR curves on both

Au@Pd/C and Pd/C were characterized by two

well-defined current peaks on the forward (positive)

and reverse (negative) scans, respectively. In the for-

Fig. 3 The open circuit potential as a function of time dur-

ing the deposition process in 1 mmol·L-1 Na2PdCl4 +

50 mmol·L-1 H2SO4 solution. The potentials are re-

ferred to the Ag/AgCl electrode.

Fig. 4 (A) An HAADF-STEM image of the as-prepared

Au@Pd (120 s) NPs, (B-D) EDX elemental 2D map-

ping images of Pd (orange), Au (green), and overlap.
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ward scan, the oxidation peak was ascribed to the ox-

idation of freshly chemisorbed ethanol [7, 46]. At more

positive potentials, the dropping of oxidation current

was attributed to the Pd oxidation and less active sites[2].

In the negative scan, the current peak was primarily

associated with removal of carbonaceous species

which were not completely oxidized in the forward

scan, and consequent oxidation of freshly adsorbed

ethanol[2, 7, 46].

In the positive scan, the oxidation of ethanol

started at about 0.41 V for Au@Pd/C (120 s) electrode,

which was ~100 mV more negative than that on

Pd/C. The similar potential shift was also observed

for the current peak (0.82 V for Au@Pd/C vs 0.9 V for

Pd/C) in the positive scan. The negative shifts of the

onset and peak potentials indicated that Au@Pd/C

catalysts can enhance the electro-oxidation kinetics

of ethanol. The onset and current peak potentials for

the three Au@Pd/C electrocatalysts with different

immersing time in Pd solution were similar, while the

peak current densities were greatly different. The ele-

ctrocatalytic performance in terms of peak current den-

sity followed the order Au@Pd/C (120 s) > Au@Pd/C

(300 s) > Au@Pd/C (20 s) > Pd/C. The peak current

density of Au@Pd/C (120 s) was 30.8 mA·cm-2, which

was about 1.6, 1.9 and 4.6 times than that of

Au@Pd/C (300 s) (19.7 mA·cm-2), Au@Pd/C (20 s)

(16.1 mA·cm-2) and commercial Pd/C (6.7 mA·cm-2),

respectively. When th e surface modification time is

too short, most Pd atoms are in the single atom form,

which is not very active for EOR as this reaction

requires two neighboring atoms for ethanol adsorp-

tion[47]. On the other hand, large Pd clusters are formed

when the time is too long. It is worth noting that the

performance of Au@Pd/C (120 s) is compatible to

that of Au@Pd made of Pd displacement of Cu UPD

layer (36 mA·cm-2)[39]. In our previous work, we pro-

posed that the ligand effect and lattice mismatch be-

tween the Au core and Pd overlayers, and bifunction-

al mechanism could be responsible for the improved

EOR activity of Au@Pd[39].

The long-term performance of the Au@Pd/C

(120 s) was assessed by recording the current with

time at 0.7 V in an Ar-saturated 1.0 mol·L-1 NaOH +

1.0 mol·L-1 ethanol solution. As shown in Fig. 5B,

both Au@Pd/C and Pd/C show an obvious initial cur-

rent decay followed by a slower attenuation before

reaching the quasi-steady state. The decrease of cur-

rent is mainly caused by the mass transfer of the reac-

tants and the gradually built-up COad on Pd surfaces.

The initial current density decay of Pd/C was faster

than that of Au@Pd/C (120 s). This implies that the

latter owns a higher tolerance to the poisoning of the

adsorbed species.

3 Conclusions
The Au NPs modified by Pd atoms with a simple

Fig. 5 (A) Cyclic voltammograms of ethanol electro-oxidation for Pd/C (3.9 nm) and Au@Pd/C (20 s, 120 s and 300 s), (B) Cur-

rent-time curves of ethanol electro-oxidation at 0.7 V for Pd/C and Au@Pd/C (120 s) electrocatalysts in an Ar-saturated

1.0 mol·L-1 NaOH + 1.0 mol·L-1 ethanol solution at a scanning rate of 50 mV·s-1. The currents were normalized to the

corresponding ECAs.
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spontaneous process showed excellent activities for

ethanol oxidation in alkaline solutions. The onset po-

tential of EOR on the modified Au surface was re-

duced by ~ 100 mV compared with Pd. More impor-

tantly, the peak current density was also increased by

4.6 times. The activity enhancement might origin

from the electronic and strain effects from the Au

core, and the bifunctional catalytic mechanism in the

Au-Pd system. The simple synthesis procedure and

excellent activity make Au@Pd a promising electro-

catalyst for ethanol electro-oxidation.
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钯原子修饰的金纳米颗粒乙醇氧化电催化剂

陈慧梅1,2,3，朱尚乾2，黄加乐3，邵敏华2*

（1. 浙江医药高等专科学校制药工程学院， 浙江 宁波 315100； 2. 香港科技大学化学与生物工程系， 香港 999077；

3. 厦门大学化学化工学院， 化学工程与生物工程系， 福建 厦门 361005）

摘要： 钯催化剂对碱性溶液的乙醇电催化氧化反应表现较好的催化活性. 本文通过简单的化学沉积法， 将钯原

子成功修饰到金纳米颗粒表面， 制备的催化剂对乙醇电催化氧化反应表现出比钯更好的催化性能. 研究发现，钯

原子不均匀地覆盖在金核表面，部分金原子暴露在外层. 制备的催化剂的峰电流密度是钯催化剂的 4.6 倍，起始

电势低 100 mV. 该催化剂较好的催化性能可能归因于金核的电子效应和表面双功能电催化反应机制.

关键词： 乙醇氧化；核壳；电催化作用；燃料电池；表面原子
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