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ABSTRACT: Noble metals such as platinum (Pt) are
widely used as catalysts in fuel cells and other
heterogeneous catalytic processes. However, there is an
urgent need to develop substitutes for pure Pt catalysts to
reduce the overall use of precious Pt and at the same time
to enhance poisoning resistance. A promising strategy is to
design Pt based bi- or trimetallic nanostructures because
their unique structures and compositions would enhance
their catalytic performance. In this study, we report the
synthesis, characterization, and electrochemical evaluation
of cubic intermetallic PtCu; nanocages. The influential
effects of several important experimental parameters on
the final products have been explored through systematic
studies on the growth of PtCu; nanocages. Relative to the
current commercial Pt electrocatalyst, these PtCu,
nanocages possess a more accessible surface area and a
unique hollow structure, which contribute to improved
electrocatalytic activity in the methanol oxidation reaction.

N oble metals like Pt are widely used as the effective catalyst
component in heterogeneous catalytic processes, such as
CO/NO, oxidation, petroleum cracking, and fuel cells."* Tt is
generally known that the size, shape, composition, and
structure of Pt-based catalysts are important parameters that
determine the catalytic activity.> Pt nanomaterials with unique
morphologies have attracted considerable interest because of
their intriguing properties and applications in the past decades.
At present, shape-controlled synthesis of Pt nanocrystals has
been extensively studied to improve the catalytic activity
through modification of the surface atomic arrangement of
particles.* Nevertheless, considering the limited resource of Pt
on earth, there is an urgent need to develop substitutes for pure
Pt catalysts to reduce the overall use of Pt and enhance
poisoning resistance at the same time.>®

Because of their high surface to volume ratio and large void
space, hollow structured Pt nanomaterials, including nanoc-
ages,7_9 hollow nanospheres,m’11 and nanoboxes,>™'® have
received tremendous attention as electrocatalysts.'” Moreover,
as high activity catalysts, Pt based bimetallic nanocrystals would
not only reduce the consumption of Pt but also bring enhanced
activities to catalyze multistep processes in which each metal
component participates mainly in one step.'"® Therefore,
another important route for greatly improving the activity
and stability of Pt catalysts is to design Pt based bi- or
trimetallic nanostructures with controlled architectures,'® which
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have received more attention recently as low-cost catalysts.** In
particular, Pt-containing alloy nanocrystals such as PtNi,>"**
PtCo,™*° PtSn,”**” and PtCu**™° have attracted increasing
interest as electrocatalysts. Recent reports indicate that the
electrocatalytic activities of these Pt based bimetallic nano-
crystals are superior to those of pure Pt counterparts.>® Such
alloy nanocrystals possess not only large surface areas but also
unique structural properties.'”>>~>* Therefore, it is of great
importance to synthesize advanced electrocatalysts that will not
only reduce the Pt loading amount but also increase the activity
and stability of Pt based electrocatalysts.*>>

Herein, we report an efficient synthesis of novel intermetallic
PtCu; nanocages and their attractive electrocatalytic activity
toward the methanol oxidation reaction. The influence of
several important synthesis parameters on the final products is
also systematically investigated. Relative to the current Pt
nanoparticle electrocatalysts, the as-synthesized Cu-rich PtCu,
nanocages exhibit improved electrocatalytic activity presumably
because of some possible synergetic effect of the two metallic
components.

In a typical synthesis of PtCu; nanocages, chloroplatinic acid
hexahydrate (H,PtCls-6H,0), copper(II) acetylacetonate [Cu-
(acac),], and cetyltrimethylammonium bromide (CTAB) are
dissolved in oleylamine (OAm). The resultant homogeneous
solution is then solvothermally treated in a Teflon-lined
stainless steel autoclave at 170 °C for 24 h. A typical
transmission electron microscope (TEM) image shows that
the sample consists of nanocages with an edge size of ~20 nm,
and the morphological yield is greater than 95% (Figure 1a).
Further examination (Figure 1b) reveals that these nanocages
possess an obvious hollow cubic structure (the model of a cubic
nanocage structure is displayed in the inset of Figure 1b),
though some particles appear like hexagonal stars at first glance
due to the particular orientation. The selected-area electron
diffraction (SAED) pattern of the nanocages (Figure 1, cl)
indicates the high crystallinity of these nanocages. The cubic
morphology and hollow structure are further elucidated by
different nanocages shown in Figure 1 (c2—c4). It can be seen
that the nanostructures have clear edges and corners. Figure 1d
shows more free-standing nanocages with different orientations,
which again confirms the hollow cubic structure.

The as-prepared product is also characterized by field-
emission scanning electron microscopy (FESEM). As shown in
Figure S1 (see Supporting Information (SI)), the product
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Figure 1. TEM (a, b, c2—c4, d1—d4) and HRTEM (el—e3) images of
PtCu, nanocages: (a) low magnification, (b) high magnification, inset
of (b) is the model of a cubic nanocage. (c1) Selected-area electron
diffraction (SAED) pattern; (c2—c4) nanocages. (d1—d4) Nanocages
with different orientations; the insets are the corresponding crystal
model.

mainly consists of uniform cubic nanoparticles. The nanocage
composition has been investigated by energy dispersive X-ray
(EDX) spectroscopy equipped with FESEM and TEM. The
consistent results obtained suggest a Pt/Cu molar ratio of ~1:3
(Figure Slc; see SI). A powder X-ray diffraction (XRD)
technique is employed to identify the crystalline structure of as-
prepared products. The XRD pattern (Figure S2; see SI) of the
nanocages displays characteristic peaks that are in agreement
with that of the standard PtCu, pattern (JCPDS No. 35-1358).
Moreover, no obvious peaks from either Pt or Cu are detected,
thus confirming the purity of the intermetallic PtCu; phase. As
shown in Figure 1 (el—e3), high-resolution (HR) TEM images
further reveal the hollow cubic structure of these PtCu,
nanocages and clear lattice fringes with an interplanar distance
of approximately 0.22 nm. Furthermore, the elemental mapping
analysis (Figure S3; see SI) shows the uniform distribution of
both Pt and Cu elements.

To better understand the formation process of these PtCu,
nanocages, the intermediate nanocrystals produced at different
reaction durations are investigated by TEM. Figure 2 shows the
morphological evolution of the particles with the reaction time.
The nanoparticles collected after reaction for 12 h possess a
uniform and concave solid morphology with sizes in the range
of 20—50 nm, while the hollow nanocage structure is hardly
observed (Figure 2a). With the increasing reaction time, the
structure of these nanocrystals continues to evolve. The cage
structure can be clearly observed in the products obtained with
reaction durations of 20 and 28 h (Figure 2b and c), and there
is no further pronounced change in structure for the product
obtained with a reaction time of 36 h (Figure 2d). It has been
reported that oleylamine can serve simultaneously as the
solvent, reducing agent, and stabilizer for the synthesis of metal
nanocrystals.>” Additionally, CTAB also plays an important role
in the formation of the nanocage structure. In the absence of
CTAB, mixed polyhedra of Pt—Cu nanocrystals are obtained

Figure 2. TEM images of products obtained with different reaction
durations: (a) 12 h; (b) 20 h; (c) 28 h; and (d) 36 h.

(Figure S4a; see SI). When the amount of CTAB is increased
from 0 to SO mg, the cage structure gradually appears and the
nanocrystals are dispersed more uniformly (Figure S4b and c).
We postulate that the presence of CTAB would probably affect
the reduction rates of Pt and Cu species; thus Cu nanocrystals
are first formed although the standard reduction potential (E)
for Cu"/Cu (0.34 V) is more negative than that of the Pt"/Pt
pair (1.18 V). The following galvanic replacement of Cu
nanocrystals with Pt species in the solution finally leads to the
formation of PtCu; hollow nanocages.”> However, when the
amount of CTAB is further increased to 150 mg, nanocages
would be coated by the excessive CTAB, leading to aggregation
(Figure S4d). Thus, it is suggested that an appropriate amount
of CTAB as a structure directing and stabilizing agent can favor
the formation and dispersion of PtCu; nanocages.**”*

These Cu-rich intermetallic PtCu; nanocages would be of
great interest as electrocatalysts.®® It is suggested that the
selective electrochemical dissolution of Cu is the key process in
the formation of the active electrocatalyst.** As shown in Figure
3a, the second-cycle cyclic voltammogram (CV) curve shows
no characteristic H-ad/desorption peaks (—0.24 - 0.1 V), which
is due to the complete Cu surface segregation in Cu-rich Pt—
Cu alloys (0.2 V).* In the fifth cycle CV curve, the intensity of
the Cu dissolution peaks decreases further, while the H-ad/
desorption features gradually emerge. After ~50 cycles, the
features associated with dissolution of Cu are completely
absent, giving rise to a stable Pt-like CV profile. Subsequent
cycling up to 200 cycles results in little change in the CV profile
while the cubic nanocage structure is generally retained (Figure
SS; see SI) and the Pt/Cu atomic ratio changes to ~3:1 (Figure
S6; see SI). This observation suggests that the active Pt—Cu
electrocatalyst is indeed derived through the initial dealloying
process.*' This electrochemical dealloying process would
endow PtCu; nanocages with some advantageous material
characteristics such as large surface area and atomic rearrange-
ment which are desirable for their electrocatalytic activity.*”**
The electrochemical active surface area (ECSA) can be
calculated by integrating the charge passing the electrode
during the hydrogen adsorption/desorption process after the
correction for the double layer formation. The charge required

to oxidize a hydrogen monolayer is 0.21 mC cm™?
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Figure 3. (a) Cyclic voltammetric (CV) profiles of PtCu; cubic
nanocages at 100 mV s™". (b) CV profiles of PtCu; cubic nanocages,
PtCu, solid nanoparticles, and Pt(JM) in a 0.1 M HCIO, solution (20
mV s7!). (c) CV and (d) chromoamperometric (CA) results of
MeOH oxidation on PtCu; nanocages, PtCu, solid nanoparticles, and
Pt(JM) in a 0.1 M HCIO, + 1 M MeOH solution (20 mV s™*). CA
curves were recorded at 0.75 V vs SCE.

corresponding to a surface density of 1.3 X 10'° Pt atoms per
em®*® As shown in Figure 3b, the specific ECSA of PtCu, is
35.7 m> g7, which is ~73% of that of the commercial Pt
electrocatalyst (48.6 m* g~'; JM, 20 wt % Pt, Pt particle size ~ 3
nm; Figure S7; see SI) and 3 times that of PtCu, solid
nanoparticles (x &~ 9; Figures S8 and S9; see SI) shown in
Figure 2a after the dealloying process (12.1 m* g'; Figures S10
and S11; see SI). The lower ECSA for the PtCuj electrocatalyst
is most likely due to the large nanoparticle size, surface coating
by organic species and/or some aggregation formed in the
electrochemical process.

Next, we investigate the catalytic activity of the PtCus
nanocages toward the methanol oxidation. A CV profile of
PtCu, in a 0.1 M HCIO,/1 M methanol solution is shown in
Figure 3c. For comparison, CVs of PtCu, nanoparticles and the
JM commercial Pt electrocatalyst are also included. It is clear
that the methanol oxidation current density of PtCu; nanocages
(14.1 mA cm™) is higher than that of PtCu, nanoparticles (8.4
mA cm™) and the commercial Pt electrocatalyst (12.8 mA
cm™?). Moreover, the PtCuy nanocages exhibit a much higher
I;/I, (in which I; and I, are the forward and backward current
densities, respectively) ratio compared with the commercial Pt
electrocatalyst (1.93 vs 0.82). This observation implies that
methanol molecules can be more effectively oxidized on the
PtCu; nanocages during the forward potential scan, generating
relatively less poisoning species as compared to the commercial
Pt electrocatalyst.”® The higher methanol oxidation current
density on PtCu; nanocages is further confirmed by the
chronoamperometric (CA) measurements performed at 0.75 V
for 1000 s (Figure 3d). CA curves indicate that the current
density of PtCuj is higher than that of PtCu, nanoparticles and
the commercial Pt electrocatalyst for the entire time course,
which further verifies that the PtCu; nanocages exhibit better
electrocatalytic performance in the methanol oxidation reaction
(MOR). The higher electrocatalytic activity of PtCu; nanocages
might be related to the unique nanocage structure and the
possible synergetic effect between Pt and Cu.*®

In summary, novel cubic PtCu; nanocages have been
prepared by a one-pot synthesis method in an organic solution

system. A galvanic replacement mechanism between preformed
Cu nanocrystals and Pt species is proposed to explain the
formation of these novel nanocages. The as-prepared PtCuy
nanocages exhibit enhanced electrocatalytic activity in the
methanol oxidation reaction compared with solid PtCu,
nanoparticles and a commercial single-component Pt electro-
catalyst. This enhanced performance toward the methanol
oxidation reaction could be attributed to the unique structure
and possible synergetic effect of Pt and Cu components. Our
study suggests that advanced electrocatalysts can be developed
by engineering the structure and composition of the nano-
catalysts.
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