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We describe the fabrication of novel PdCu bimetallic nanocomposites with hierarchically hollow
structures through a simple galvanic replacement reaction using dealloyed nanoporous copper
(NPC) as both a template and reducing agent. The reaction process was monitored by UV —vis
absorbance spectra and X-ray diffraction (XRD), which clearly demonstrate a structure evolution
from NPC precursor to a Pd-rich PdCu alloy structure upon the completion of the reaction. Structure
characterization by means of transmission electron microscope (TEM) and scannmg electron
mlcroscope (SEM) indicates that the replacement reaction between NPC and [PdC14] solution
results in a nanotubular mesoporous structure with a nanoporous shell, which is comprised of
interconnected alloy nanoparticles with size around 3 nm. The resulted PdCu nanostructure shows
superior activity toward oxygen reduction reaction (ORR) with a half-wave potential at 0.840 V,

which is significantly better than that of the commercial Pt/C catalyst.

Introduction

Pt-based electrocatalysts are currently the most em-
ployed cathode catalysts in proton-exchange membrane
fuel cells (PEMFCs) due to their high activity toward
oxygen reduction reaction (ORR)."> However, the high
cost and low durability of Pt-based catalysts pose a severe
challenge to the commercialization of PEMFCs.*> Now,
great efforts have been devoted to seeking for alternative
nonplatinum catalysts with low cost and high ORR
activity.*> Among them, Pd nanostructures have stimu-
lated considerable attention recently because they were
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found to exhibit unique catalytic activities toward ORR
especially when they are combined with certain transition
metals.®” ' For instance, Adzic and co-workers have
observed higher ORR activity from Pd—Fe alloy nano-
particles as compared with Pt/C catalyst.® Fernandez et
al. found that unique ORR activity can be achieved on
Pd—Ti and Pd—Co—Au alloy nanoparticles.” Wang et al.
recently found that carbon-supported Pd—Cu alloy cat-
alysts offer a greatly enhanced ORR activity compared to
the monometallic Pd electrocatalyst.!! In addition, simi-
lar ORR activity was also observed on sputtered Pd—Co
films, Co modified Pd/C nanoparticles, and so forth.*!°

Hollow metallic nanostructures represent a class of
interesting materials with high surface area, low density,
and rich surface chemistry to allow function integra-
tion.'> The in situ galvanic replacement reaction based
on sacrificial Ag nanoparticle templates, a method re-
cently developed by Xia and co-workers, has been a
very effective route to prepare hollow Au, Pt, and
Pd nanostructures.'>”'® This method has been further
developed by several research groups by, for example,
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substituting Ag nanoparticles with Co nanoparticles as
templates.'’ 2 However, to prepare metal nanoparticles,
it is usually inevitable that organic reducing agent, sur-
factant and/or capping agent, and high temperature are
involved."*?! Consequently, it is highly favorable to
develop environmentally benign and effective fabrication
route to hollow nanostructures with desired properties.
While we have been studying a simple corrosion method
to make functional porous metals,* recently we success-
fully fabricated nanoporous copper (NPC) by dealloying
CuAlalloys. Realizing that NPC may work as an efficient
and easily available template material, we speculate that a
similar replacement reaction based on NPC may allow
the construction of interesting three-dimensional metallic
nanostructures with hollow interiors. Indeed, based on
this concept, we have successfully fabricated PtCu bime-
tallic nanostructures that showed novel nanotubular
mesoporous morphology and high activity toward
methanol electrooxidation with enhanced CO toler-
ance.” In the current work, we describe the fabrication
of nanotubular mesoporous PdCu (NM-PdCu) alloy
structures with a nanoporous shell, with an emphasis on
their electrocatalytic performance for important elec-
trode reactions such as ORR. Intriguingly, the resulted
PdCu nanostructures exhibit superior ORR activity than
that of the commercial Pt/C catalyst, which suggests their
great potential in fuel cells as highly efficient and cost-
effective catalysts.

Experimental Section

The Cu,sAl;s (atom %) alloy foils were made by melting high-
purity (99.9%) Cu and Al in an arc-furnace, followed by melt-
spinning in N, atmosphere. NPC was prepared by etching CuAl
alloy foils in 1.0 M NaOH for 5 h at 30 °C. The NPC samples
were stored in N, saturated ultrapure water to avoid oxidation.
In a typical replacement reaction, ~10 mg of freshly made NPC
was quickly added into K,PdCl, aqueous solution (1.2 mM, 150
mL) in a three-neck flask. The reaction was performed at 5 °C
under N,-protected magnetic stirring conditions for 150 min.

XRD data was recorded on a Bruker D8 advanced X-ray
diffractometer using Cu Ka radiation (4 = 1.5418 A) at a step
rate of 0.02°/s. UV—vis spectra were recorded on a Shimadzu
UV-1700 spectrophotometer at room temperature. The mor-
phological and compositional characterizations were carried
out with a JEOL JSM-6700F field emission SEM, equipped
with an Oxford INCA x-sight energy dispersive X-ray spectro-
meter (EDS). TEM images were obtained from a JEM-2100
high-resolution TEM (HRTEM) (200 kV).
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Electrochemical measurements were performed with a CHI
760C electrochemical workstation using a conventional three-
electrode cell with Pt foil as a counter electrode and mercury
sulfate electrode (MSE) as the reference electrode. The ORR
activity was measured by using a PAR model 636 rotating disk
electrode system in an O,-saturated 0.1 M HCIO, solution. All
potentials presented in the current manuscript are given with
respect to the reversible hydrogen electrode (RHE). The catalyst
suspension solution was prepared by sonicating 4.0 mg of PdCu
sample, 2.0 mg of carbon powder, 200 L of isopropanol, and
200 uL of Nafion solution (0.5 wt %), and then 8 uL of as-
prepared catalyst suspension was dropped onto a 5 mm-dia-
meter glassy carbon electrode which was prepolished to a
mirror-finish with 0.05 um alumina slurry and used as the
working electrode. Prior to electrochemical measurements, the
electrolytes were deoxygenated by bubbling N, for 30 min
except for the ORR measurements. Considering that certain
Cu components in the as-prepared PdCu catalysts may be
unstable in electrolytic solutions, all the activity measurements
were recorded after the working electrodes reached the steady-
state by continuous potential cycling in 0.1 M HCIO4 solution
before each ORR measurement, unless otherwise mentioned.
The ORR activities of the commercial E-TEK Pt/C (20 wt % on
carbon) and Johnson-Matthey Pd/C (20 wt % on carbon)
catalysts were also measured for comparison.

Results and Discussion

Recently, a simple dealloying method has been proved
to be very effective in generating novel nanoporous metal
materials.>* For example, Hayes et al. have reported that
NPC can be easily fabricated by electrochemically deal-
loying Cu/Mn in H,SO,4.? In our work, we use traditional
Raney’s method to prepare NPC,?® that is, dealloying Cu/
Al alloy foils in NaOH solution at room temperature,
which generates uniform three-dimensional nanoporous
structures with bicontinuous pore channels and solid
ligaments around 50 nm (Figure 1a,1b). The preparation
of NPC is extremely simple and clean and can be easily
scaled up, using the most common reagents (such as
NaOH) in aqueous solution. EDS analysis confirms that
the residual Al is less than 3 atom % in the resulted NPC
structure. As the standard electrode potential between
[PACI4* /Pd (0.591 V vs SHE) is higher than that of
Cu?t/Cu (0.342 V vs SHE), a spontaneous galvanic
replacement reaction will occur at mild temperature
driven by the difference of the equilibrium electrode
potentials. We know that templating Ag nanoparticles
with a similar replacement reaction may result in inter-
fering AgCl precipitates; therefore high temperature re-
flux or adding a little ammonia is a common strategy to
avoid or eliminate this problem.'? In contrast, the replace-
ment reaction based on NPC can proceed much easier
under mild conditions because Cu is relatively active and
the yielded CuCl, salt is highly soluble.

Considering that the [PdCl,]*~ aqueous solution has char-
acteristic absorption behavior, we used UV —vis absorption
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Figure 1. SEM and TEM (HRTEM) images of NPC (a, b) and nanotubular mesoporous PdCu bimetallic nanostructure (c—f), respectively.

spectra to monitor the reaction process momentarily. As
shown in Figure 2a, upon mixing NPC with the [PdCl,]*~
aqueous solution, the absorption peak at ~210 nm de-
creases quickly in intensity, and after 150 min, the trend
slows down, indicating a near complete conversion of
NPC to a Pd-based nanostructure. By comparing these
absorption curves with the calibrated standard plot
(Figure 2c), we can estimate the amount of Cu replaced
with Pd and the corresponding composition in the re-
sulted structure during the entire reaction process
(Figure 2b). For example, after reacting for 150 min, the
content of Pd in the resulted nanostructure accounts for
~82 atom %, which is in excellent agreement with the
EDS results which will be discussed below.

SEM observation shows that the resulted PdCu bime-
tallic nanostructure maintains very well the initial 3D
porous structure of NPC template despite a slight in-
crease of the ligament size from the original 50 nm to
~60 nm (Figure 1c). Some tubular openings can be clearly
observed as marked with arrows, which also allows us to
estimate the shell thickness to be less than 5 nm. The TEM
image in Figure 1d demonstrates a clear contrast between
dark edges and bright center portions from hollow liga-
ments, which have a tube diameter around 60 nm and
shell thickness around 4 nm, indicating the formation of a
nanotubular mesoporous nanostructure.>’” Higher mag-
nification imaging allows closer inspection of the shell
structure, and from Figure le, it is interesting to find that
the shell surfaces are comprised of many small pores and
grains around 3 nm rather than being smooth and seam-
less, suggesting the formation of a third order porosity at
sub-5-nm scale. The structural details of these shells were
further revealed by HRTEM (Figure 1f), from which one
sees single crystalline bimetallic PdACu nanoparticles with

size 3—4 nm interconnecting with each other to form a
porous network. The lattice spacing of NM-PdCu in the
HRTEM image was calculated to be ~0.220 nm, which
corresponds to the (111) crystal plane of the PdCu alloy
structure. By using the Brunauer—Emmett—Teller (BET)
method, the surface area and pore size of NM-PdCu were
measured to be ~32.4 m?> g~' and ~3.4 nm with a
Quadrasorb SI-MP Surface Area (Quantachrome Instru-
ments). As will be discussed below, this structural feature
will be particularly advantageous to their electrocatalytic
properties because the interconnecting metallic scaffold
structure in all three dimensions allows excellent electron
transport while the structure hollowness at higher length
scale benefits the transport of targeted molecules (such as
0O,) for surface reactions.

To gain insight into the structural formation and
evolution, XRD was used to examine the crystal struc-
tures of samples during the reaction. As shown in
Figure 3, after reacting for 60 min, the diffraction peaks
from Cu are mostly suppressed. Meanwhile, three broad
diffraction peaks located at around 42.0, 48.7, and 71.1
(26) show up, which gradually shift to lower angle direc-
tion and increase in intensity as the reaction goes on. For
the 150 min sample, the well-defined diffraction peaks sit
well within the range of the expected diffractions for pure
Pd and Cu, indicating the formation of a PdCu alloy
structure. The asymmetric peaks with the tail at the
higher-angle side suggest the formation of a Pd-rich
overlayer®® on the surface, which leads to the termination
of replacement reaction due to the surface passivation.
The composition analysis with EDS gives a nominal
composition of PdgsCu;s (atom %) for the 150 min
sample, which is consistent with the estimated composi-
tion based on the quantitative UV—vis absorption data
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Figure 2. (a) UV—vis absorption spectra of the reaction solution at
different reaction stages. (b) The quantification information at different
reaction stages based on adsorption curves and the stoichiometry of
the reaction: Cu + [PdCL> ] = Cu®>" + Pd +4Cl ", assuming a 100%
efficiency of the replacement reaction. The left (black) and right (blue)
axes represent the concentration of [PdCI,>"] and the Pd ratio in the
resulted PdCu bimetallic nanostructure, respectively, at a specific reaction
time. (c) UV—vis absorbance spectra of the standard K,PdCl, solutions.
The corresponding linear correlation between K,PdCl, concentration and
absorbance intensity is shown as an inset in (c).

(Figure 2). It is quite interesting that although the reac-
tion proceeds at below room temperature, the interdiffu-
sion between Cu and the deposited Pd atoms is so quick
that a gradient-structured PdCu alloy can form within
minutes after the initiation of the reaction. This observa-
tion is actually not unexpected because low temperature
alloying has been frequently observed from bimetallic
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Figure 3. XRD patterns for NPC and the resulted bimetallic PdCu
samples at different reaction stages (60 and 150 min). The standard
patterns for pure Pd (JCPDS 65-2867), Cu (JCPDS 04-0836), and PdCu
alloy (JCPDS 48-1551) are attached at the bottom for comparison. A little
Cu,0O (marked as %) was found in some samples because of the partial
oxidation of the exposed Cu on sample surfaces.
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Figure 4. (a) Cyclic voltametric curves (CVs) of NM-PdCu sample in 0.1
M HCIOy solution. Scan rate: 20 mV s~ . (b) Polarization curves for the
ORR on NM-PdCu and Pd/C, Pt/C nanoparticles in an O,-saturated 0.1
M HCIO, at room temperature at 1600 rpm. Scan rate: 5mV s~ . Inset is
the specific activity for NM-PdCu, Pt/C, and Pd/C catalysts at 0.8 and
0.85 V, respectively.

nanoparticles.”” Ghodbane® et al. have investigated the
mechanism of exchange reaction between Pd-containing
solution and Cu electrode and found that the oxidation of
Cu by the existing oxygen dissolved in solution was
involved besides the replacement reaction between Cu
and palladium ions. In contrast, the use of N, in our
reaction can effectively prevent the oxidation of NPC.
The appearance of a little Cu,O (marked with an asterisk)
should be ascribed to the oxidation of the exposed Cu
during the drying process.
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The hollow structure makes NM-PdCu an ideal elec-
trode material for electrocatalytic applications. Pd-based
nanostructures have shown extraordinary activity toward
many important reactions such as CO oxidation, formic
acid electrooxidation, ORR, and so forth.*' 3> Herein,
we focus on their performance in ORR reactions in view
of their potential as cathode catalysts for PEMFC appli-
cation. Cyclic voltammetry was first used to probe its
surface state. Figure 4a presents the voltammetric beha-
vior of NM-PdCu sample in 0.1 M HCIO,4 solution.
During the first scan, the anodic peak at 0.6—0.85 V can
be attributed to the leaching of exposed Cu atoms from
the surface layer. In the subsequent scans, the hydrogen
region (0—0.3 V) gradually evolves into a well-defined
voltammetric profile of hydrogen absorption/desorption
and hydrogen evolution. Meanwhile, the reduction peak
for palladium oxide shifts slightly toward the positive
potential direction and eventually stabilizes at ~0.70 V.
The disappearance of the Cu dissolution peak suggests
the formation of nearly pure Pd-skin on the catalyst
surface. Figure 4b shows the ORR polarization curves
for NM-PdCu, Pd/C, and Pt/C catalysts in O,-saturated
0.1 M HCIOy solution. Clearly, NM-PdCu catalyst ex-
hibits a half-wave potential of 0.840 V for the ORR,
which is nearly 60 mV more positive as compared with
that of the commercial Pd/C catalyst (0.78 V), indicating a
greatly enhanced ORR activity. Intriguingly, the NM-
PdCu catalyst is also superior to the commercial Pt/C
(0.825 V) catalyst with more positive half-wave potential.
The inset in Figure 4b shows that NM-PdCu has the
highest specific activity at 0.8 and 0.85 V among three
catalysts, which is 1.5 and 1.4 times of the activity of Pt/C
catalyst at the respective potential. The real surface arca
of Pd for the used eclectrode catalysts was estimated by
integrating the amount of reduction charge correspond-
ing to the surface oxide stripping reaction in 1 M H,SO,4
solution from 0 to 1.35 V at 50 mV/s.>® Recent studies
have demonstrated that Pd catalysts can produce high
ORR activity when combined with appropriate transition
metals such as Co, Fe, Mo, and so forth.®”%=” Here, our
results clearly demonstrate that the ORR activity of Pd
can also be greatly enhanced by alloying with Cu. It is
well-known that Pt catalysts are usually significantly
better than Pd catalysts in view of their ORR activities
(Figure 4b). However, here we achieved even better
activity than that of Pt, merely because we have added a
common non-noble metal such as Cu into the Pd lattices.
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Figure 5. (a)Polarization curves of ORR on NM-PdCu catalyst in an O,-
saturated 0.1 M HCIO, solutions at different rotation rates. (b) The
corresponding Koutecky—Levich plots at different potentials. (c) Tafel
plots of ORR on NM-PdCu, Pt/C, and Pd/C catalysts at 1600 rpm. Inset
shows the corresponding Tafel slopes.

This is of considerable importance for their application as
the cathode electrocatalysts for the ORR.

Figure 5a profiles a group of polarization curves for the
ORR on the NM-PdCu catalyst at different rotation rates
at room temperature. Figure 5b shows the corresponding
Koutecky—Levich plots obtained from the inverse current
density (j ') as a function of the inverse of the square root
of the rotation rate (w ™~ ?). The good linearity and parallel-
ism of these plots indicate the first-order kinetics with
respect to molecular oxygen. From the slope of the
Koutecky—Levich plot, the so-called B factor was esti-
mated to be 0.084 mA rpm . According to equation
B = 0.62nFAD**v~" 6C02 (n = 4), the corresponding value
is calculated to be 0.08 mA rpm ™~/ by imputing the values
for the Faraday constant F, the electrode’s geometric
area A, and the reported parameters for oxygen solubility,
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Co, (Co, =1.26 x 10> mol L™"), oxygen diffusivity, D
(D =193 x 107> em® s~ '), and kinetic viscosity of the
electrolyte, v (v = 1.009 x 1072 cm? s~ 1).*** The good
accordance between the experimental and theoretical B
value indicates a nearly complete reduction of O, to H,O
on the NM-PdCu surface via a four-electron reaction
process.

The Tafel plots for the NM-PdCu catalyst are shown in
Figure 5c along with those of Pt/C and Pd/C catalysts
included for comparison by using the Koutecky—Levich
method. The obtained plots for all catalysts can be fitted
by two linear segments. The Tafel parameters corre-
sponding to each catalyst are shown in the inset in
Figure 5c. For NM-PdCu, one slope is estimated to be
—67 mV dec”! in the potential range of 0.90—0.95 V,
while the others are —88 mV dec ™' in the lower potential
range, respectively. The two Tafel slopes for Pd/C catalyst
are 61 and 99 mV dec™ ! in the high- and low-potential
range, respectively, whereas Pt/C catalyst shows the
corresponding Tafel slopes at —64 and —111 mV dec™',
indicating different ORR behaviors within different po-
tential ranges. The exchange current density correspond-
ing to each Tafel slope of NM-PdCu, Pt/C, and Pd/C
catalysts was calculated to be 1.6 x 107°,1.0 x 107>, and
7.94 x 10~ ®mA cm ™ ? by extrapolating the potential from
the higher potential range to the reversible oxygen elec-
trode potential,*® implying a higher ORR activity on
NM-PdCu. Adzic and co-workers have also found two
Tafel slopes of —81 and —96 mV dec™ ! in the similar
potential range on Pd/Pt(111)in 0.1 M HCIOy, solution.?®
They have evaluated an intrinsic Tafel slope of =118 mV
dec™! in acidic solutions in the absence of adsorbed
anions.*! The slight deviation of the Tafel slopes for
NM-PdCu catalyst may be related to a variation of
adsorbed oxygen-containing species on catalyst surface
in the potential range studied.>®

It is known that the PEMFCs’ efficiency will dramati-
cally degrade when the methanol permeates to the cath-
ode side because Pt-containing catalysts usually have very
little methanol tolerance.** Consequently, it is of practical
importance for the cathode catalyst to possess high
methanol tolerance for application in PEMFCs. We
detected the ORR activity of NM-PdCu catalyst in the
presence of methanol by using RDE measurement. As
shown in Figure 6a, the half-wave potential only under-
goes a slight negative shift of ~40 mV in the mixed
solution of 0.1 M HCIO4 + 0.1 M CH30H, indicating a
respectable ORR activity even in the presence of metha-
nol. To explore the possible origination for the small
decrease of ORR activity, the electrocatalytic behavior
of NM-PdCu catalyst toward methanol oxidation was
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Figure 6. (a) Polarization curves for the ORR on NM-PdCu catalyst in an
oxygen-saturated 0.1 M HCIOy, solution with (w/, red) and without (w/o,
black) 0.1 M methanol at a rotation rate of 1600 rpm; scan rate: 5mVs .
(b) CV curves of NM-PdCu catalyst in an Np-purged 0.1 M HCIO, solution
with (red) and without (black) 0.1 M methanol; scan rate: 20 mV s .

examined by cyclic voltammetry. From Figure 6b, it can
be found that in the presence of methanol both the
hydrogen region and palladium reduction peak for
NM-PdCu slightly reduce in intensity. Moreover, a small
peak emerges at ~0.7 V was found to superimpose onto
the onset potential for Pd oxidation as compared with
that in methanol-free solution. This anodic peak should
be ascribed to the weak oxidation of methanol molecules
on oxidized Pd surfaces. Accordingly, the adsorption of
methanol and/or the related partially oxidized intermedi-
ates on NM-PdCu surface possibly causes the decrease of
ORR activity in the presence of methanol as described
above.

On the basis of the experimental observations, NM-
PdCu bimetallic catalyst shows excellent ORR activity
with enhanced methanol tolerance as compared with the
commercial Pt/C and Pd/C catalysts. This performance
improvement is obviously related to the special structure
configuration of our catalyst. During the voltammetric
measurements, Cu atoms on the surface are progressively
dissolved, and accordingly, the neighboring Pd atoms will
undergo a reconstruction at the NPC/electrolyte interface
to form a unique PdCu alloy structure with a nearly pure
Pd-skin, and the residual Cu atoms are buried within the
subsurface atomic layers.* These sublayer Cu atoms may

(43) Knudsen, J.; Nilekar, A. U.; Vang, R. T.; Schnadt, J.; Kunkes, E.
L.; Dumesic, J. A.; Mavrikakis, M.; Besenbacher, F. J. Am. Chem.
Soc. 2007, 129, 6485-6490.
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provide an electronic modification for the topmost Pd
layer by a surface strain effect or an alloying effect,***°
which may provide unique surface sites for the adsorption
of O, molecules and be beneficial for their subsequent
electro-reduction.”*® Recently, Koh et al. reported that
dealloyed Pt-rich Pt—Cu catalyst could exhibit enhanced
ORR activity, which was ascribed to a strained Pt surface
structure due to the interaction of the low concentration
of near-surface Cu atoms with surface Pt atoms.?’
Furthermore, the three-dimensional bicontinuous
spongy structure and various hollow channels provide
good transport channels for medium molecules and elec-
trons, which may greatly facilitate the reaction kinetics of
ORR on the catalyst surfaces. Further studies are still
needed to establish an explicit picture for the enhanced
ORR activity as well as a physical correlation between
structures and properties in this novel high surface area,
bimetallic nanocatalyst system.

Conclusions

We have demonstrated a simple approach to the
fabrication of novel nanotubular mesoporous PdCu
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bimetallic catalyst with a nanoporous shell based on a
low temperature dealloying in aqueous solution and a
subsequent in situ galvanic replacement reaction. By
using NPC as both a template and reducing agent, the
replacement reaction can be easily performed at room
temperature because Cu is more active and the resulted
CuCl, salt is soluble. Interestingly, the resulted NM-
PdCu catalyst exhibits a superior ORR activity as com-
pared to commercial Pt/C and Pd/C catalyst. It is sug-
gested that the trimodal hollow bimetallic structure in
NM-PdCu plays crucial roles for the enhancement of
ORR activity. With obvious advantages of unique cata-
lytic activities, low cost, and simple processing, our
method can be easily extended to make a wide variety
of nanotubular mesoporous bimetallic composites, using
various metal templates and catalytically active metal
precursors. Being compatible with the current processing
techniques for actual device applications, these novel
nanomaterials see great potential for use in heteroge-
neous catalysis and energy-related fields such as fuel cells.
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