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we demonstrate a facile one-pot method for the successful fabrication of binary PdCu nanocatalysts
bounded with 3D open-structured nanocages, which show the advantages of high surface areas, facile
mass/electron transport, and strong synergistic effect. Impressively, the resultant 3D open-structured
PdCu nanocages (NCs) show large promotion in electrocatalytic performance toward ethanol oxidation
reaction (EOR) with the mass activity of 1790.8 mA mg~!, being 3.3 times higher than that of commercial
Ethanol oxidation reaction Pd/C (536.2 mA mg~!). Besides, the specific acFivity for EOR on Pd(;u NCs (7.7 mAcm™2) is .also compara-
Electrocatalysts ble to many Pt-based electrocatalysts, suggesting the dramatically improved electrocatalytic activity. The
Highly open nanocages outstanding electrocatalytic performance of binary PdCu catalysts is attributed to the highly open 3D
nanocage structure and strong electronic effect of Pd and Cu.

© 2019 Elsevier Inc. All rights reserved.

Keywords:
PdCu

1. Introduction

Ethanol, with many overriding virtues, such as high theoretical
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generally regarded as the desirable energy sources for fuel cell
technology [1,2]. Consequently, (direct ethanol fuel cells (DEFCs)
have received increasing notices based on fossil fuel combustion
for portable power generation. Unfortunately, the sluggish reaction
kinetic on anodic (ethanol oxidation reaction (EOR) has restricted
their commercial application. To boost the practical application
of DEFCs [3,4], it is necessary to improve the ability of catalysts
to promote the anodic reaction kinetics.

At present, platinum (Pt) is generally regarded as the most effi-
cient material for electrocatalytic reactions, while its high cost,
limited natural reserve, and weak ability for splitting C—C bonds
of ethanol badly hindered its large-scale applications [5-7].To
address this issue, exploring appropriate material to substitute
noble Pt is urgently sought. Recently, palladium (Pd) has been
developed and employed as ideal substitute of Pt due to its
Pt-like properties but relatively low cost [8,9]. While, the monome-
tal Pd with limited active sites and poor stability have seriously
hampered its practical application, resulting in unsatisfactory elec-
trocatalytic performance [10,11]. Update, many efficient strategies
have been developed by previous researchers. On the one hand,
incorporating the second metal into Pd to generate the Pd-based
alloy nanocatalysts has been widely considered as one of the most
feasible approaches to obtain desirable anode electrocatalysts
because of the generated two effects (electronic effect and syner-
gistic effects between Pd and Cu) [12,13], which not only cut down
the cost of catalyst, but also largely promote the electrocatalytic
performances of catalysts. For example, the introduction of Cu
facilitates the formation of OH species [14,15], which are favorable
for improving the antipoisoning capability of catalysts, leading to
the large promotion of electrocatalytic performances.

Apart from the composition influences, the morphology and
architecture of catalysts can also strongly affect their electrocat-
alytic performance due to the geometric effect derived from lattice
strain [16-18]. Moreover, the catalysts with high active areas can
also expose more surface active sites available for liquid fuel,
leading to the great enhancement in electrocatalytic activity and
durability. For instance, the highly open 3D nanocages commonly
show excellent electrocatalytic performance toward liquid fuel
oxidation reaction due to their abundant merits, such as rich active
sites, facilitated mass/electron transfer, and abundant holes
[19,20]. Although these beneficial terms, the approaches for the
synthesis of highly open 3D nanocages are commonly complicated,
which often take two or more steps [21,22]. Therefore, it will be
meaningful to synthesize nano-caged catalysts through a simple
method.

Taking into account the advantages of chemical composition
and structure, herein, we demonstrated the synthesis of porous
PdCu nanocages through a facile one-pot wet-chemical method
employing Fe(Ac), as the structure-directing agent. Owing to the
bifunctional effect and geometric effect, the optimized PdCu NCs
showed excellent electrocatalytic activity for EOR. More impor-
tantly, the resultant PdCu NCs could also maintain high activity
for long-term electrochemical tests, exhibiting a novel class of
efficient anode catalysts for DEFCs.

2. Experimental section
2.1. Chemicals

Copper (II) chloride, sodium tetrachloropalladate (Na,PdCly),
Nafion (5%), N,N-Dimethylformamide (DMF), and tungsten car-
bonyl (W(CO)s) were purchased from Sigma-Aldrich. Acetic acid
(CH3COOH, AA) was purchased from Aladdin. Ethanol (C;HgO)
and potassium hydroxide (KOH) were purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China).

2.2. Synthesis of 3D open-structured PdCu NCs

The preparation of 3D open-structured PdCu NCs is based on
our previous work. In the typical synthesis procedure, 10 mg of
CuCl,, 10 mg of Na,PdCl,, 50 mg of PVP, 30 mg of W(CO)s, and
10 mg of Fe(Ac), were dispersed into the solution containing
8.0 mL of DMF and 2.0 mL of acetic acid in a vial. After keeping son-
icating for 10 min, the vial was then heated in an oil bath from
room temperature to 150 °C and keeping reacting for 3 h. After
cooling to room temperature, the products were then collected
by sonicating and washing with ethanol for three times.

2.3. Characterizations

The morphologies of samples were analyzed by transmission
electron microscope (TEM, FEI Tecnai G2-20) and high-angle annu-
lar dark field-scanning transmission electron microscopy (HAADF-
STEM). The chemical compositions of the samples were deter-
mined by elemental mappings, scanning electron microscope
energy spectrometer (SEM-EDS), and X-ray photoelectron spec-
troscopy spectra (XPS). High-resolution TEM (HRTEM) and X-ray
diffraction (XRD) were also performed to characterize the crystal
structures of samples.

2.4. Electrochemical measurements

The EOR electrochemical measurements for 3D open-structured
PdCu NCs were performed in a three-electrode system with
CHI760e electrochemical workstation employing glassy carbon
electrode (GCE) as working electrode, Ag/AgCl and Pt wire as
reference and counter electrode, respectively. To improve the
conductivity and specific areas of the as-obtained catalysts, the
pre-prepared samples (2 mg) were first loaded on the surface of
porous carbon materials (8 mg), then the mixture was dispersed
into the 2mL of solution containing isopropanol and Nafion
(v/v=1/0.005) under sonication. Finally, 5 uL of the catalyst disper-
sions were added dropwise on GCE surface and dried in air. The
electrocatalytic activities of catalysts were evaluated by cyclic
voltammetry (CV) at the scan rate of 50mVs~!. And the
chronoamperometry (CA) and continuous CVs of 300 cycles were
performed to evaluate the durability of electrocatalysts. The (elec-
trochemical impedance spectroscopy (EIS) conducted at the fre-
quency ranging from 1 to 100,000 Hz was employed to evaluate
the conductivity and reaction kinetic of catalysts.

3. Results and discussion

As illustrated by Fig. 1, the 3D open-structured PdCu NCs were
synthesized through a facile one-pot method, where CuCl, and
Na,PdCl, as precursors, PVP as stabilizer, W(CO)s and Fe(Ac), as
structure-directing agents. The morphology and structure of the
products can be characterized by TEM and XRD. Fig. 2a-c showed
that the as-prepared Pd;Cu;, nanocrystals were well dispersed
and featured with the typical 3D nanocage structure (Figs. S1 and

Fig. 1. Scheme illustration for the synthesis of 3D PdCu NCs.
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Fig. 2. (a, b) Representative TEM images of Pd;Cu; , NCs with different magnifications. (c) HAADF-STEM image, elemental mappings, and (d) compositional line profiles for

Pd;Cu, » NCs. (e) HRTEM image and (f) XRD pattern of Pd;Cu;; NCs.

S2), where the chemical composition was analyzed by SEM-EDS
(Fig. S3). The average particle size was calculated to be around
85 nm (Fig. S4). The chemical compositions have been analyzed
by elemental mappings, and the corresponding elemental mapping
images revealed that both Pd and Cu were uniformly distributed in
the nanocage, clearly demonstrating the generation of PdCu nanoc-
age (Fig. 2d). The results of compositional line profile data are con-
sistent with the analysis of elemental mapping, further confirming
the formation of PdCu nanocages. The HRTEM images have also
been obtained to reveal the crystal structure of the PdCu nano-
cages. As seen in Fig. 2e, the clear lattice fringes with the interpla-
nar spacing of 0.217 and 0.219 nm is corresponding to the (11 1)
crystal plane of face-centered cubic PdCu alloy [23]. To further elu-

cidate the crystal structure of such PdCu nanocages, the corre-
sponding XRD patterns have also been obtained. As observed in
Fig. 2f, the representative diffraction peaks at 41.4°, 48.2°, 70.5°,
and 85.3° are well indexed to the (111), (200), (311), and
(2 2 2) crystal facets of PdCu alloy (JCPDF#48-1551), respectively,
further illustrating the formation of PdCu alloy[24].

The surface chemical compositions and electronic structures of
Pd;Cu;, NCs were further analyzed by XPS. Fig. 3a showed the XPS
survey scan of Pd;Cu; ; NCs, where the representative peaks at the
binding energy around 340 and 950 eV were corresponding to the
Pd 3d and Cu 2p, respectively. Also, the Pd 3d spectrum exhibits
peaks at 340.3 eV and 335.4 eV were corresponding to metallic
Pd of Pd 3ds;;, and Pd 3ds;;, while the other two peaks at
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Fig. 3. (a) XPS spectra of survey scan of Pd;Cu; ; NCs. High-resolution XPS spectra of (b) Pd 3d and (c¢) Cu 2p in 3D Pd;Cu;, NCs.

342.1 eV and 337.0 eV were ascribed to the Pd(II) of Pd 3ds, and
Pd 3ds),, respectively [25]; The peaks of Pd(0) were remarkably
stronger than that of Pd(II), suggesting that most of Pd atoms have
been reduced in this reaction environment [14]. Fig. 3¢ recorded
the XPS spectrum of Cu 2p, where the peaks at 931.7 eV (Cu
2psj2) and 951.6 eV (Cu 2p4);) were the indicative of Cu(0), while
the peaks at 933.7 eV and 953.9 eV were corresponding to the Cu
(II) of Cu 2p3, and Cu 2p4 2, respectively [26].These analyses have
indicated that the main chemical compositions on the surface of
PdCu NCs were metallic Pd and Cu, which were active to the small
organic molecules [27].

To decode the formation mechanism of the 3D PdCu NCs, the
controlled experiments regarding the reaction agents have been
conducted. First, we have thoroughly investigated the role of CuCl,
in the synthesis of 3D PdCu NCs. As seen in Fig. S5, the reaction in
the absence of CuCl, while keeping other conditions the same yield
some uniform Pd nanocages, which were similar to 3D PdCu NCs.
Second, we have also thoroughly studied the influences of amounts
of CuCl, for the synthesis of 3D PdCu NCs by tuning the amounts of
CuCl, to 5 mg and 15 mg, the atomic ratios were 1:0.4 and 1:1.5,
respectively, determined by (SEM-EDS (Fig. S6). As displayed in
Fig. 4a-d, both Pd;Cug4 and Pd;Cu, s also showed the typical 3D
nanocage-like structure, which were similar to 3D Pd;Cu;, NCs.
Moreover, the XRD diffraction peaks of both Pd;Cug4 and Pd,Cu; 5
NCs were well indexed to the fcc PdCu alloy (JCPDF#48-1551)
(Fig. 4e and f), indicating the(successful construction of PdCu alloy
structure [28]. Moreover, we have also clearly researched the
effects of PVP and Fe(Ac), for the successful fabrication of
nanocage-like PdCu electrocatalysts. Fig. S7 shows the representa-
tive TEM images of PdCu nanomaterials that (prepared in the
absence of PVP and Fe(Ac);‘while keeping other conditions the

same. From Fig. S7, it is clearly found that the PdCu are featured
with the typical 3D nanoflowers that assembled by 2D nanosheets
but not 3D nanocage structure, illustrating that theladdition of PVP
and Fe(Ac), was essential to the successful syntheses of highly
open 3D PdCu nanocages.

In consideration of the unique 3D open-structured nanocage
structure and the strong alloy effect, such 3D open-structured
PdCu nanocages are thus highly expected to serve as efficient
anode electrocatalysts for EOR in fuel cells. To this end, we herein
thoroughly evaluate their electrocatalytic performance towards
EOR in alkaline media. For comparison, the electrocatalytic perfor-
mance of Pd;Cug 4 NCs, Pd;Cu; s NCs and commercial Pd/C catalysts
have also been thoroughly investigated. Fig. 5a shows the CV of
PdCu NCs with different atomic ratios in 1 M KOH solution, where
the peak from —0.2 to 0V in the forward scan is corresponding to
the oxidation of Pd, while the peak from —0.2 to —0.4V in the
backward scan is relating to the reduction of Pd-O that formed in
the forward scan. Taking into accounting that the charge during
reduction of Pd-O into Pd is associated with the number of Pd
atoms on the surface of catalysts [29]. Therefore, the electrochem-
ically active surface areas (ECSAs) of different catalysts were calcu-
lated according to the Eq. (1)

ECSA = Q/(0.405 x Pdy) (1)

The ECSAs calculated based on Eq. (1) are recorded in Fig. 5b, as
seen, the ECSAs are 22.2, 23.2, and 22.5 m?> g~1 for Pd;Cug4 NCs,
Pd;Cu;, NCs, and Pd;Cu;s NCs, respectively. The high ECSA is
favorable for exposing more surface active sites available for
reactants, being beneficial for promoting the electrocatalytic
performance. The electrocatalytic activities of Pd;Cug4 NCs,
Pd;Cu; > NCs, and Pd;Cu; 5 NCs were tested by CVin 1M KOH+1M
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Fig. 4. TEM images of (a, c) Pd,Cug4 NCs and (b, d) Pd;Cu, s NCs with different magnifications. XRD patterns of (e) Pd;Cug4 NCs and (f) Pd;Cu; 5 NCs.

ethanol solution at the sweeping rate of 50 mV s~'. (For ease of
comparison, the electrocatalytic activity of commercial Pd/C has
also been evaluated. As seen in Fig. 5c, the forward peak at the
potential around —0.3 V is associated with(the oxidation of ethanol,
while the other one in the backward scan is corresponding to the
further oxidation of (unremoved ethanol or intermediates [30].
The current densities were normalized to the mass of catalysts
on the surface of GCE. In addition, the mass activities (normalized
to the mass of Pd) and specific activities (normalized to the ECSA)
of different catalysts have also been recorded in Fig. 5d. As seen,
the Pd;Cu;, NCs showed the mass activity of 1790.8 mA mg !,
which was 3.3 times higher than Pd/C (536.2 mA mg~!) (Fig. S8),
and being much higher than those of recently reported Pd-based
nanocatalysts (Table S1). In addition, both of Pd;Cup4 NCs
(881.7mAmg~!) and Pd;Cu;s NCs (1427.2mAmg ') also dis-

played much higher mass activity than Pd/C, indicating the excel-
lent electrocatalytic properties of 3D PdCu NCs. More importantly,
all of the PdCu NCs also exhibited relatively high specific activity of
7.7mAcm 2, 6.3mAcm 2 and 40mAcm 2 for Pd;Cu;, NCs,
Pd;Cug4 NCs, and Pd;Cu; s NCs, respectively, further demonstrat-
ing the excellent electrocatalytic properties of 3D PdCu NCs.
Considering their highly open 3D cage-like structural features,
the enhanced electrocatalytic activities of PdCu NCs are attributed
to their sufficient surface active sites from both interior and exte-
rior surface [31-33]. Moreover, the introduction of Cu facilitates
the adsorption of OH™ and OH,qs, benefiting for the enhancement
of oxidation kinetics [34-38].

To further reveal the reason for the enhancement of electrocat-
alytic performance toward EOR, the conductivities of Pd;Cug 4 NCs,
Pd;Cu;; NCs, and Pd;Cu; 5 NCs were investigated by means of EIS
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measurements. As seen in Fig. 6a, the composition-optimized
Pd;Cu;, NCs showed the smallest diameter of the impedance arc
(DIA), suggesting the smallest charge transfer resistance for the
EOR in alkaline media, which can also account for the highest
electrocatalytic activity of Pd;Cu;, NCs [39].

From the practical viewpoint, the long-term stability of catalyst
is equally important to the activity. To this end, we herein also con-
ducted a series of electrochemical tests to evaluate their long-term
stabilities. Fig. 6b showed the CA curves of Pd;Cug4 NCs, Pd;Cuy >
NCs, and Pd;Cu; 5 NCs at —0.3 V for 3600 s. As seen, the Pd;Cu; »
NCs could retain the highest current density of 31.5 mA mg!
among these electrocatalysts investigated. Besides, the continuous
CVs of 300 cycles have also been conducted. Fig. 6¢c showed the
electrochemical response of Pd;Cug4 NCs, Pd;Cu;, NCs, and
Pd;Cuys NCs after different numbers of potential cycles by CV.
And the retained mass activity after 300 potential cycles have also
been recorded in Fig. 6d{ Surprisingly, although the successive CV
of 300 cycles, the 3D PdCu NCs could maintain high normalized
current percentage (normalized to the initial current density) and
retained mass activity. Particularly for 3D Pd;Cu;; NCs, whose nor-
malized current percentage and retained mass activityare as high
as 49.3% and 882.8 mA mg !, respectively, much higher than those
of commercial Pd/C catalysts (20.6% and 109.3 mA mg ') (Fig. S9).
These results have further confirmed the outstanding long-term
stability.

4. Conclusion

To summarize, the high-quality 3D open-structured PdCu NCs
are constructed through a facile one-pot method by employing
Fe(Ac), as the structure-directing agent. The electrochemical tests
reveal that the electrocatalytic performance of such 3D PdCu NCs
are highly depended on their chemical compositions, where the
composition-optimized Pd;Cu;, NCs displayed the highest EOR
activity of 1790.8 mAmg~' and 7.7 mAcm~2 for mass activity
and specific activity, respectively. The incorporation of Cu is bene-
ficial to facilitate the formation of OH species, improving the
antipoisoning ability of catalysts. More importantly, the highly
open 3D nanocage-like structure not only maximizes the atomic
utilization of Pd, but also facilitates the mass/electron transfer.
Both of which contribute to the excellent electrocatalytic activity
and durability of 3D open-structured PdCu NCs toward EOR, and
the excellent electrocatalytic performance make such 3D open-
structured PdCu NCs a class of highly promising anode catalysts
for EOR in DEFCs.
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