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Abstract: A one-pot method for the fast synthesis of a 3D

nanochain network (NNC) of PdCu alloy without any surfac-
tants is described. The composition of the as-prepared PdCu
alloy catalysts can be precisely controlled by changing the

precursor ratio of Pd to Cu. First, the Cu content changes
the electronic structure of Pd in the 3D NNC of PdCu alloy.

Second, the 3D network structure offers large open pores,
high surface areas, and self-supported properties. Third, the
surfactant-free strategy results in a relatively clean surface.

These factors all contribute to better electrocatalytic activity

and durability towards ethanol oxidation. Moreover, the use
of copper in the alloy lowers the price of the catalyst by re-

placing the noble metal palladium with non-noble metal

copper. The composition-optimized Pd80Cu20 alloy in the 3D
NNC catalyst shows an increased electrochemically active

surface area (80.95 m2 g¢1) and a 3.62-fold enhancement of
mass activity (6.16 A mg¢1) over a commercial Pd/C catalyst.

Introduction

The last several decades have witnessed great advances in
noble-metal-based electrocatalysts for direct ethanol fuel cells

(DEFCs) because state-of-the-art commercial Pt/C anode cata-
lysts need to be replaced due to their high cost, relatively low

catalytic activity, and poor durability.[1, 2] A promising solution
to solve all of these problems is to synthesize shape-controlled
alloy catalysts.[3] First, it is possible to reduce the loading of
platinum by alloying or replacing platinum with other transi-

tion metals ; this mainly contributes to lowering the cost.[4, 5]

Second, the alloy nature has a positive effect on the catalytic
activity and durability.[6, 7] Additionally, shape-controlled cata-
lysts always show perfect catalytic activity because of their
large surface areas.[8]

Palladium is a suitable replacement for platinum not only
due to its larger earth abundance, but also because of its good

performance as an electrocatalyst towards ethanol.[9, 10] Previ-

ous studies have reported many Pd-based shape-controlled
catalysts, such as PdNi nanoparticles (NPs),[11] PdAu nano-

chains,[12] and PdPt nanotubes,[13, 14] with good catalytic activity.
Apart from these, 3D nanochain networks (NNCs) are promis-

ing shape-controlled catalysts, which have the advantages of

large surface area, as well as superior physical and chemical

properties due to the combination of the specific properties of
nanomaterials magnified by self-assembly on the macro-
scale.[15] Various NNCs have been used in electrocatalytic etha-

nol oxidation, such as Pd NNCs,[16] PdAu NNCs,[17, 18] and PdPt
NNCs,[6] all of which perform better than the commercial Pd/C

catalyst.
However, most of these methods require either the prepro-

duction of metal NPs in the first step or the addition of tem-
plate, surfactant, and stabilizer ; thus making the preparation

process complicated and time consuming, which limits their
large-scale production. Furthermore, added surfactants have
negative effects on the properties of these materials and sur-
factant-removing processes are always difficult or required to
be performed under harsh conditions.[19–22] In addition, many

studies used another noble metal as the alloy content, which
contributes little to decreasing the amount of noble metal.

Therefore, it is crucial to develop a clean and fast synthetic ap-
proach without involving surfactants or another noble metal in
preparing economical 3D alloy NNC catalysts with enhanced

performance towards ethanol electro-oxidation.
Herein, we reported a one-pot salt-mediated self-assembly

method for the rapid synthesis of PdCu 3D NNCs in the ab-
sence of surfactants. Not only does alloying with copper im-
prove the electrocatalytic activity, but also it lowers the price

of the catalyst. Research into the mechanism of forming net-
work structures revealed that cations enable the NPs to aggre-

gate, and higher valence cations have a stronger ability to fab-
ricate the network structures because the minimum concentra-
tions of cations required to form 3D NNCs decrease with in-
creasing valence. On the other hand, anions facilitate the ani-
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sotropic growth of NPs. The versatility of this method was also
tested by fabricating PdPt and PdAu alloys of 3D NNCs.

The morphology of the PdCu 3D network structure was ob-
served by SEM and (high-resolution (HR)) TEM, and the alloy

nature of this 3D NNC was confirmed by XRD. The electrocata-
lytic performance for ethanol oxidation with the PdCu 3D net-

work was evaluated in alkaline solution. The composition-opti-
mized Pd80Cu20 3D NNC had an enhanced electrocatalytic mass
activity (6.16 A mg¢1) as well as better durability than that of

a commercial Pd/C catalyst. Our results demonstrate that the
performance of the electrocatalyst prepared by a surfactant-
free strategy can be significantly enhanced.

Results and Discussion

The porous structures of the as-prepared Pd80Cu20 3D NNCs
were confirmed by SEM (Figure 1 A) and TEM (Figure 1 B and

C). The TEM images demonstrate that the porous networks
consist of ultrathin primary nanochains with a relatively uni-

form diameter of 6.8 nm. As shown in Figure 1 D, the electron
diffraction pattern of Pd80Cu20 3D NNC consists of diffraction

rings rather than separated spots, which indicates that the
PdCu 3D NNC is polycrystalline, as further observed in HRTEM

images and XRD patterns.
The composition of the Pd80Cu20 3D NNC was analyzed by

inductively coupled plasma atomic emission spectroscopy (ICP-

AES). The mass ratio of Pd to Cu in Pd80Cu20 NNC is about 4:1,
whereas the atomic ratio is about 7:3, which is different from

the precursor ratio because PdCl4
¢ has a higher reaction rate

than Cu2+ . When the precursor ratio of Pd to Cu was regulat-

ed, Pd68Cu32 and Pd59Cu41 3D NNCs with different mass ratios
of Pd to Cu were also fabricated. When evaluating the electro-

catalytic activity of multimetallic structures, the state of alloy-
ing is an important index. Recently, Eychmìller et al. showed
separated phases in their original multimetallic 3D NNCs, and
only after several hours of heat treatment at 400 8C under an
inert atmosphere could the separated phases be transformed
into an alloy; this raises the question of whether or not our

PdCu 3D NNCs are alloys.[23] From HAADF-STEM elemental
mapping of Pd80Cu20 3D NNC (Figure 1 D), we can see the uni-

form dispersity of Pd and Cu in this network structure, which
means that it is an alloy rather than core–shell structures or
separated phases. To gain more insights into this issue, the
PdCu 3D NNCs were analyzed by powder XRD.

Figure 2 shows the XRD patterns of Pd80Cu20, Pd68Cu32,

Pd59Cu41, and Pd 3D NNCs with all of the peaks corresponding

to the cubic phase. The peaks of PdCu 3D NNCs are all around

those of PdCu (JCPDS 048-1551), and they shift positively with
increasing mass fraction of Cu, which reveals that the lattice

constants of the PdCu alloys are larger than those of pure Pd
NNC as a result of the alloying of Cu with a smaller atomic

radius.[18] In addition, there are no separated Pd and Cu reflec-

tion peaks, which indicates that the PdCu 3D NNCs are alloys
instead of heterostructures or separate nanonets.[24] A similar

phenomenon can also be observed in PdAu and PdPt 3D
NNCs (Figures S1 and S2 in the Supporting Information). These

results indicated that our method was successful for the fabri-
cation of different kinds of bimetallic 3D NNCs; this method is

much easier to use than those previously reported. More im-
portantly, this method offers the possibility of synthesizing tri-
or multimetallic alloys in a facile manner.

Changes to the surface electronic structure of Pd in the
PdCu 3D NNCs was investigated by X-ray photoelectron spec-

troscopy (XPS; Figure 3). The binding energies of Pd 3 d5/2 for
Pd80Cu20, Pd68Cu32, and Pd59Cu41 3D NNCs are 335.051, 334.751,

and 334.501 eV, respectively, which are evidently lower than

that of pure Pd NNC (335.601 eV) and negatively shifted to
lower binding energy with decreasing Pd/Cu ratios.[25, 26] The

binding energy shift of Pd indicates a visible change in the
electronic structure, due to intra-atomic charge transfer or in-

teratomic charge transfer between Pd and Cu when they are
alloyed together in the PdCu 3D NNC; this might influence the

Figure 1. TEM (A and B) and HRTEM (C) images and D) high-angle annular
dark-field scanning electron microscopy (HAADF-STEM) elemental mapping
and electron diffraction pattern of the PdCu 3D NNC.

Figure 2. XRD patterns of Pd80Cu20, Pd68Cu32, Pd59Cu41, and Pd 3D NNCs.
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activity and durability of the electrocatalytic ethanol oxidation

reaction.[18]

To explore the mechanism for the formation of these 3D
NNCs, we first use Pd 3D NNC as a model to understand the

function of salt in these reactions. These palladium nanochains
are fused and interconnected at various angles, and some of

them are connected along the nanochain direction to form
a branch-type structure. Different lattices of some typical

spots, including cross-linked points, curved turning parts, and

nanochains with free branch ends, are shown in Figure 4. Lat-

tice planes with an interplanar distance of about 2.30 æ, con-
sidered to be the (111) plane of face-centered cubic (fcc) metal-

lic Pd, are widely distributed at all locations, and the 1/3(422),
(200), and (220) planes are also found in different places.

In this process, we used different amounts and valences of
cations, including K+ , Na+ , Ca2 + , Mg2 + , Zn2+ , Al3 + , and Cr3 + ,

to control the reaction and found that the minimum concen-
tration of cations to form Pd 3D NNCs decreased with increas-
ing valence and approximately obeyed the following regula-

tion: X+/Y2+/Z3 + = 3000:60:1, in which X+ indicates a monova-
lent cation, Y2+ indicates a divalent cation, and Z3 + indicates
a trivalent cation; this means that higher valence cations have
stronger abilities to fabricate network structures. Detailed data

are given in Table S1 in the Supporting Information and the
characterizations of the morphologies are shown in Figure 4

and Figure S3 in the Supporting Information. If anions played

an important role in this stage, the difference between the
minimum concentrations would be minor. Furthermore, upon

increasing the amount of cations, the staking effect of palladi-
um nanostructures becomes more influential (Figure 4 D).

In previous studies, Zheng et al. demonstrated that some tri-
valent cations, such as Fe3 + and Al3 + , were able to assemble

2D surfactant-free Pd nanosheets into 1D Pd superlattice nano-

wires in a face-to-face manner.[27] From some (111) planes of
fcc metallic Pd in the cross-linked point shown in the HRTEM

image in Figure 4 E, it can be deduced that cations play a signif-
icant role in the present study. Specifically, the original metal

particles were coated by borate (the production of reductant),
whereas cations worked as the ion binder to connect different

metal particles through electrostatic adsorption, and an overall

distribution of potassium along the nanobranches was found
in the metal network, as confirmed by STEM-EDX analysis (Fig-

ure 4 F). In addition, because higher valence cations have
stronger affinities for borate, they should also have a stronger

ability to form these network structures, which is in accord-
ance with the aforementioned rule.

To further test this hypothesis, we synthesized the palladium

NP first, followed by the addition of KCl to fabricate the 3D
NNC structures (Figure S4 A in the Supporting Information).

However, there were many differences between these 3D
NNCs. The grain structures in the nanochains of each network
increased with increasing valence of each cation, and the
number of these grain structures reached the peak shown in
Figure S4 in the Supporting Information. After analyzing these

reaction conditions, we found that the concentrations of
anions contributed most to the formation of these grain nano-
structures. Previous studies showed that monovalent Cl¢ fa-
vored the anisotropic growth of NPs by specifically binding

onto the (100) facets of fcc nanocrystals, thus restricting the
growth of (100) facets, and an overall distribution of Cl along

the nanobranches was also found in the metal network, which

could be confirmed by STEM-EDX (Figure 4 F).[28, 29] Therefore,
we assumed that the nanostructures of the branches could be

controlled by tuning the concentration and type of anions.
To confirm this assumption, we performed some control ex-

periments by replacing Cl¢ with Br¢ , NO3
¢ , and SO4

2¢ anions.
As shown in Figure S4 in the Supporting Information, the grain

Figure 3. XPS results for Pd80Cu20 and Pd 3D NNCs.

Figure 4. TEM micrographs of Pd 3D NNCs synthesized with different con-
centrations of cations: A) 37.8 mm KCl, B) 0.75 mm CaCl2, C) 12.5 mm AlCl3,
and D) 12.5 mm AlCl3. E) HRTEM micrograph. F) Electron diffraction pattern
and STEM energy-dispersive X-ray spectroscopy (EDX) mapping of K and Cl
for the sample shown in A).
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structures increased in the order of Br¢ , NO3
¢ , and SO4

2¢ ; this
means that Cl¢ and Br¢ have the strongest ability to form

these grain structures. The multigrain structures shown in Fig-
ure S4 A in the Supporting Information can be attributed to

the lack of anions to restrict growth of the (100) facets of the
NPs in the first stage, and thus, the addition of KCl only leads

to the assembly of NPs into networks with a large number of
grain structures. This result further confirmed the occurrence

of the restricting effect of anions in the growth of palladium

NPs.
However, it is impossible to synthesize Cu NNCs by this

method, which makes it harder to fabricate PdCu 3D NNCs.
Only by adding both KCl and AlCl3 can the PdCu 3D NNC be

formed (Figure S5 in the Supporting Information).
Moreover, the amount of precursors also affects the NNC:

0.125 mm of precursors leads to a very low production, where-

as 0.5 mm of precursors results in the aggregation of nanoma-
terials ; thus breaking the network structures, and therefore,

0.25 mm of precursors is appropriate (Figure S6 in the Support-
ing Information).

In addition, sodium borohydride plays an important role in
this reaction because of its strong reducing capacity. After

adding sodium borohydride, many NPs formed immediately,

which provided the original materials for the NNC. When using
other reducing agents, such as ascorbic acid and hydrazine hy-

drate, to replace sodium borohydride, we failed to fabricate
the PdCu 3D NNC. As result of their weak reducing capacities,

only a small amount of NPs emerged in the first stage. There is
a main kinetic barrier to forming nuclei in a homogeneous so-

lution because extremely small nuclei are less stable than sub-

sequently formed larger NPs.[30] Therefore, the use of ascorbic
acid and hydrazine hydrate as reducing agents would lead to

the formation of larger nanostructures instead of NNCs (Fig-
ure S7 in the Supporting Information).

The mechanism for the formation of 3D NNCs can be de-
scribed as follows: sodium borohydride reduces the metal pre-

cursor into small NPs coated with borate, and anions facilitate

the anisotropic growth of NPs, while cations contribute to the
assembly of these small NPs into network structures through

electrostatic adsorption (Scheme 1).
Inspired by the attractive nanostructure and properties (3D

porous, large surface area, surfactant-free) of PdCu 3D NNC,

we tested the electrocatalytic activity of this catalyst towards
ethanol oxidation. The electrochemically active surface areas

(ECSAs) of PdCu, Pd 3D NNCs, and commercial Pd/C catalysts
were estimated by calculating CO stripping results from cyclic

voltammograms (CVs) recorded in 0.1 m HClO4 (Figure 5). By as-

suming that the oxidation of a monolayer of CO on Pd corre-

sponds to a charge of 420 mC cm¢2 and normalizing the value
by Pd loading, the ECSAs of Pd80Cu20, Pd68Cu32, and Pd59Cu41

3D NNCs were calculated to be 80.95, 75.36, and 75.1 m2 g¢1,
respectively, which were much larger than those of Pd NNCs
(63.02 m2 g¢1) and commercial Pd/C (57.91 m2 g¢1). By alloying
Cu into PdCu 3D NNCs, the ECSA value was significantly en-

hanced.[31] However, as the Cu mass amount increased to 32 %,
there was a slight decrease in ECSA, which might be because
the absorbed strength of CO on the PdCu surface was too

weak.
It should be noted that there was a clear negative onset po-

tential shift of CO oxidation for PdCu 3D NNCs compared with
those of Pd NNC and commercial Pd/C. This also implies that

the strength of CO on the PdCu 3D NNCs was weaker, and the
removal of CO species only required a lower overpotential ; this
indicates that the PdCu 3D NNCs have a better tolerance

toward CO poisoning than Pd NNC or commercial Pd/C.
Figure 6 shows the CVs of the PdCu, Pd 3D NNCs and state-

of-the-art commercial Pd/C catalyst modified electrodes for
ethanol oxidation at a scan rate of 50 mV s¢1 in a solution ofScheme 1. Formation of metal NNCs from various metal precursors.

Figure 5. CV (dashed lines) and CO stripping curves (solid lines) of PdCu 3D
NNC, Pd 3D NNC, and commercial Pd/C catalysts recorded in 0.1 m HClO4

with a potential sweeping rate of 50 mV s¢1. The Pd mass amounts in the
Pd80Cu20, Pd68Cu32, Pd59Cu41, Pd 3D NNCs, and Pd/C catalysts were 1.04, 1.09,
1.05, 1.014, and 1 mg, respectively, as measured by ICP-AES.
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1 m KOH + 1 m ethanol. Pd80Cu20 3D NNC shows the highest ac-

tivity toward ethanol oxidation in terms of peak current
(6.16 A mg¢1; 3.62-fold that of commercial Pd/C (1.7 A mg¢1)),

whereas Pd NNC has a much lower activity (4.84 A mg¢1),
which might mainly be attributed to the largest ECSA and

alloy nature of PdCu 3D NNC. Moreover, the forward peak po-

tentials (Ef) of ethanol oxidation on PdCu 3D NNCs are more
negative than that of Pd 3D NNC. The negative shift of Ef can

be attributed to the modification of the Pd d-band electronic
structure by Cu alloying. The lower peak potential contributes

to a lower activation barrier toward ethanol oxidation.
Based on the ECSA values determined by CO stripping re-

sults, the Pd80Cu20 3D NNC and Pd 3D NNC had much larger

area specific currents than that of commercial Pd/C. This indi-
cated that Pd80Cu20 3D NNC (7.61 mA cm¢2) and Pd 3D NNC

(7.68 mA cm¢2) also had better intrinsic electrocatalytic abilities
than that of the commercial Pd/C (2.94 mA cm¢2) ; this might

be mainly attributed to the network structure in the NNCs.
These results reveal that alloying copper into palladium is able
to enhance the electrocatalytic activity and efficiency towards

ethanol oxidation.
Generally, the forward scan peak current is regarded as rep-

resenting the oxidation of freshly chemisorbed alcohol species,
whereas the reverse scan peak is related to the removal of car-

bonaceous species that are not completely oxidized in the for-
ward scan.[32] The ratio of the forward anodic peak current (If)

to the reverse anodic peak current (Ib) usually reflects the toler-
ance to carbonaceous species accumulation of different cata-
lysts. However, Sun et al. proved that If and Ib shared the same

chemical origin and both of them represented the oxidation of
freshly chemisorbed alcohol species.[33] Therefore, the current

ratio criterion is an inadequate parameter to evaluate the CO
tolerance of electrocatalysts for the ethanol oxidation reaction.

To further test the stability of the PdCu 3D NNC catalyst, we

used a long-term current–time measurement technique, which
was carried out at ¢0.3 V (vs. Ag/AgCl) for 3000 s in a solution

containing 1 m potassium hydroxide and 1 m ethanol. From the
results shown in Figure 7, it can be seen that the current decay

and final current for ethanol oxidation of PdCu 3D NNC is
much slower and higher than those of commercial Pd/C cata-

lysts, which means that PdCu 3D NNC has better durability
during the reaction. In addition, the morphology of PdCu 3D

NNC remained unchanged after this stability test (Figure S8 in
the Supporting Information), which further confirmed the

good durability of PdCu 3D NNC. Both activity and durability
experiments indicate that the PdCu 3D NNC is a promising

electrocatalyst for ethanol oxidation; detailed data obtained

from the electrocatalytic experiment are shown in Table S2 in
the Supporting Information.

The high activity and durability of PdCu 3D NNC can be at-
tributed to the following reasons: 1) The surfactant-free syn-

thesis strategy offers a relatively clean surface for the as-pre-
pared PdCu 3D NNC without an additional surfactant-removing

process that requires harsh conditions, which always causes

deformation of the nanocrystals and a decrease in catalytic ac-
tivities. 2) The network structure enhances the intrinsic electro-

catalytic ability, which can be observed in the area-specific ac-
tivities of both PdCu 3D NNC and Pd 3D NNC. 3) It is known

that the typical intermediates (CH3COad and COad) are strongly
adsorbed on Pd surfaces, whereas the incorporation of Cu can
weaken the absorbed strength of oxygenated intermediates

on the Pd surface, which facilitates the oxidative removal of
these intermediates and promotes the overall reaction rate.
Therefore, both the catalytic activity and durability are in-
creased because of alloying Cu into these 3D NNCs. However,

as the mass fraction of Cu was further increased to more than
20 %, the absorbed strength of intermediates on the PdCu sur-

face was too weak to activate the absorbed intermediate,

which led to the reduced activity for the Pd68Cu32 and Pd59Cu41

3D NNCs relative to that of the Pd80Cu20 3D NNC. 4) The unsup-

ported PdCu 3D NNCs could efficiently avoid the current drop
caused by corrosion of the carbon support.

Conclusion

This is probably the first report on the development of a one-
pot salt-mediated method for the rapid synthesis of surfactant-

free PdCu 3D NNC electrocatalysts. The reaction only lasted
3 min and was performed at room temperature; thus promot-

ing efficiency and cost savings. Analyses of the mechanism of
forming these PdCu 3D NNC structures revealed that cations

Figure 6. CVs of the PdCu alloy NNCs, Pd NNC, and commercial Pd/C catalyst
modified electrodes in 1 m KOH + 1 m ethanol at a scan rate of 50 mV s¢1

versus Ag/AgCl (3 m KCl). The Pd mass amounts of all the catalysts were in
accordance with those in the CO stripping experiments.

Figure 7. Chronoamperometric curves of the Pd80Cu20 alloy NNC, Pd NNC,
and commercial Pd/C catalyst modified electrodes in 1 m KOH + 1 m ethanol
at ¢0.3 V versus Ag/AgCl (3 m KCl). The Pd mass amounts of all catalysts
were in accordance with those in the CO stripping experiments.
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mainly contributed to the aggregation of NPs to form network
frames, whereas anions mainly facilitated the anisotropic

growth of NPs. Moreover, other 3D NNCs, such as PdAu and
PdPt, can also be prepared by a similar method, which sug-

gests the prevalence of this synthetic strategy. Because of their
clean surface, network structure, alloy nature, and lack of sup-

port, these PdCu 3D NNCs showed enhanced electrocatalytic
activity and durability towards ethanol oxidation over the com-

mercial Pd/C catalyst in alkaline medium. Therefore, this

method can be easily applied to synthesize various 3D NNCs
with superior properties as catalysts in large-scale production.

Experimental Section

Chemicals

PdCl2 (AR), H2PtCl6·6 H2O (AR), HAuCl4·4 H2O (AR), CuCl2·2 H2O,
AlCl3·6 H2O (AR), CrCl3·6 H2O (AR), CaCl2 (AR), MgCl2·6 H2O (AR),
ZnCl2 (AR), KCl (AR), KBr (AR), KNO3 (AR), K2SO4 (AR), and NaBH4

(96 %) were supplied by Sinopharm Chemical Reagent Co., Ltd
(Shanghai, P.R. China). Ultrapure water with a conductivity of
18.25 MW cm was used throughout the experiments, and all chemi-
cals were used without further purification.

Preparation of PdCu 3D NNCs

In a typical synthesis, PdCl2 (15, 7.5, or 5 mmol), CuCl2 (15, 22.5, or
25 mmol), KCl (3 mmol), AlCl3 (12 mmol), and water (237 mL) were
mixed together and stirred to form a homogeneous solution, fol-
lowed by the rapid injection of freshly prepared, ice-cold reducing
agent solution (3 mL) containing NaBH4 (3 mg). After injection, the
solution turned yellow–gray immediately and the Pd80Cu20,
Pd68Cu32, or Pd59Cu41 3D NNC was formed in 3 min. Finally, the
products were collected by centrifugation and washed with water.

Preparation of PdAu and PdPt 3D NNCs

In a typical synthesis, PdCl2 (15 mmol), HAuCl4 (or H2PtCl6 ; 15 mmol),
KCl (3 mmol), and water (237 mL) were mixed together and stirred
to form a homogeneous solution, followed by the rapid injection
of freshly prepared, ice-cold reducing agent solution (3 mL) con-
taining NaBH4 (3 mg). After injection, the solution turned dark
purple immediately (dark gray for PdPt) and the PdAu (PdPt) 3D
NNCs were formed in 3 min. Finally, the products were collected
by centrifugation and washed with water.

Preparation of Pd 3D NNCs by different cation and anion

In a typical synthesis, PdCl2 (30 mmol), KCl (3 mmol; or 180 mmol of
CaCl2, MgCl2, or ZnCl2 ; 3 mmol of AlCl3 or CrCl3 ; 3 mmol of NaCl,
KBr, KNO3, or K2SO4) and water (237 mL) were mixed together and
stirred to form a homogeneous solution. Then, freshly prepared,
ice-cold reducing agent solution (3 mL) containing NaBH4 (3 mg)
was injected into the solution rapidly. After injection, the solution
became dark gray immediately and the Pd 3D NNCs were formed
in 3 min. Finally, the products were collected by centrifugation and
washed with water.

Characterization

A field-emission scanning electron microscope (Zeiss Ultra Plus,
Germany) was used to record the SEM images. TEM measurements
were recorded by using a JEM-2100F high-resolution transmission

electron microscope at an accelerating voltage of 200 kV. STEM ele-
mental maps were made in HAADF mode on a FEI TECNAIF-30 mi-
croscope operated at 300 kV. Samples for TEM analysis were pre-
pared by depositing a single drop of diluted nanostructure disper-
sion in water on copper grids. A Bruker D8 Advance X-ray diffrac-
tometer equipped with a CuKa radiation source was used to carry
out the XRD analysis of all samples. X-ray photoelectron spectra
were measured by using a Thermo VG Multilab 2000 spectrometer
equipped with a monochromatic AlKa radiation source at room
temperature. ICP-AES measurements were performed on an IRIS In-
trepid II XSP instrument (Thermo Fisher Scientific, USA).

Electrochemical characterization

The ethanol oxidation reaction electrochemical measurements
were conducted in a three-electrode cell that consisted of a glassy
carbon electrode (GC; 3 mm in diameter), a platinum wire counter
electrode, and an Ag/AgCl (saturated KCl) reference electrode by
using a CHI 660D electrochemical workstation from CH Instru-
ments, Inc. Before the electrochemical test, the GC electrode was
polished carefully with 1.0, 0.3, and 0.05 mm alumina powder suc-
cessively, rinsed with deionized water, followed by sonication in
8 m HNO3 and deionized water, respectively. Then, the electrode
was allowed to dry under nitrogen. For all electrochemical tests,
aqueous solutions (6 mL) of PdCu NNCs and commercial Pd/C cata-
lyst were dropped on each electrode and dried at room tempera-
ture. Then, 0.28 % Nafion (5 mL; diluted from 5 % Nafion, Aldrich)
was added and dried before the test. The Pd mass amounts of
Pd80Cu20, Pd68Cu32, Pd59Cu41, Pd NNCs, and Pd/C catalysts on the
surface of the GC electrode were 1.04, 1.09, 1.05, 1.014, and 1 mg,
respectively, as measured by ICP-AES.
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