
www.acsami.org
http://pubs.acs.org/action/showImage?doi=10.1021/am3013592&iName=master.img-000.jpg&w=238&h=115


the high resolution TEM (HRTEM) further indicates the
formation of the hollow nanospheres and the hollow
nanospheres are coalesced by small PdCu alloyed nanoparticles
(Figure 1b). The composition of the PdCu/MWCNTs was
determined as 1:1 atomic ratio of Pd and Cu through energy-
dispersive X-ray spectroscopy (EDS) measurement (see Figure
S1 in the Supporting Information), in accordance with the
theoretical stochiometric proportion.

Powder X-ray diffraction (XRD) results indicate the
successful formation of the PdCu alloys. Figure 1c shows the
XRD patterns of Cu supported on MWCNTs (Pd/MWCNTs,
curve I), PdCu/MWCNTs (curve II), and Pd supported on
MWCNTs (Cu/MWCNTs, curve III), respectively. For the
Pd/MWCNTs, the first peak at 26.06° is attributed to the
(002) plane of the MWCNTs,7 the other four peaks at 39.75,
46.32, 67.40, and 81.89° are assigned to the (111), (200),
(220), and (311) planes of the face-centered-cubic (fcc) Pd,
respectively. Compared with the Pd/MWCNTs, the diffraction
peaks of the PdCu/MWCNTs slightly shift to the higher 2θ
values. Furthermore, the peak at 74.25° in curve III
characteristic to Cu (220) plane disappears in curve II and
the lattice parameter of the PdCu/MWCNTs (0.3770 nm) lies
between those of Pd (0.3885 nm) and Cu (0.3605 nm). These
results demonstrate the successful formation of the PdCu
alloys.10,13 In addition, the (200) diffraction peak of Pd in curve
I almost disappears in curve II after the formation of the alloys.
This might be attributed to the oriented attachment through

(200) plane during the formation of the hollow alloyed
nanostructures.

To determine the formation mechanism of the hollow
nanospheres, we monitored the samples at different intervals
during the formation process. The XRD and EDS results
obviously indicate the formation of the PdCu alloys for 1 h
(Figure 1c, Figure S2, Supporting Information). From the TEM
image shown in Figure 1d, only PdCu alloyed nanoparticles are
formed after 1 h. After reacted for 3 h, the tendency of the
formation of hollow structures is very obvious (Figure 1e). The
inset of Figure 1e clearly reveals the oriented attachment of
PdCu alloyed nanoparticles. After reacted for 6 h, the hollow
nanospheres are formed and the internal void space in
nanospheres becomes more distinct. Therefore, it can be
proposed that the initial formation of the PdCu alloyed
nanoparticles and the subsequent oriented attachment play the
important roles in the formation of the hollow PdCu alloyed
nanospheres.

To better understand the formation mechanism of the
hollow nanospheres by coalescence of the alloyed nano-
particles, we carried out the theoretical calculations using
density functional theory (DFT) by introducing the surface
energy (γ), which is the surface excess free energy per unit area
of a certain crystal plane and plays the important roles in crystal
growth.14 From the results, the surface energies of the Cu
(111) and (100) and Pd (111) and (100) are 1.28, 1.33, 1.31,
and 1.48 J m−2, respectively, in coincidence with the previous
reports.10,15 The γ(111) of the PdCu alloys is calculated as 1.29 J
m−2, lying in between the values of Cu and Pd. While the
calculated γ(100) of the PdCu alloys (1.59 J m−2) is much higher
than those of the pure counterparts (Figure 2a). Therefore the

Figure 1. (a) TEM and (b) HRTEM image of the PdCu/MWCNTs.
(c) XRD pattern of the PdCu/MWCNTs. Curve I, Pd/MWCNTs;
curve II, PdCu/MWCNTs; curve III, Cu/MWCNTs, curve IV, PdCu
alloyed nanoparticles. TEM images of samples obtained at (d) 1 h and
(e) 3 h; inset, HRTEM image.

Figure 2. (a) Surface energies of the (111) and (100) planes of the
Cu, Pd, and PdCu alloyed nanoparticles. Inset: the γdiff between (100)
and (111) planes of the Cu, Pd, and PdCu alloyed nanoparticles. (b)
HRTEM image of the PdCu/MWCNTs.
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γdiff between the (111) and (100) planes of the PdCu alloyed
nanoparticles is much higher than those of the pure
counterparts. Consequently, after the formation of the alloyed
nanoparticles, the metastable alloyed nanoparticles would self-
assemble and coalesce through the oriented attachment of the
high energy (100) plane, which will result in the reduction of
the total energy of the system. This might be the driving force
for the formation of the hollow PdCu nanospheres. Indeed, the
hollow PdCu nanospheres obtained in the typical experiment
mainly present the (111) plane (Figure 2b). In addition,
compared with the XRD pattern of the PdCu alloyed
nanoparticles (curve IV, Figure 1c), the diffraction peak of
the (200) plane of the PdCu alloys almost disappears after the
formation of the hollow alloyed nanospheres (curve II, Figure
1c). This further confirms the oriented attachment of the (100)
plane during the formation of the hollow alloyed nanospheres.
Furthermore, through the oriented attachment of the (100)
planes of the model PdCu alloyed nanoparticles, a hollow
model similar to the experimental result can be constructed
theoretically (see Figures S3 and S4 in the Supporting
Information). This confirms the reasonability of the above-
described theoretical explanation.

The application of the as-prepared PdCu/MWCNTs as the
electrocatalyst of the direct formic acid fuel cell (DFAFC) was
evaluated. From the carbon monoxide (CO) stripping
voltammetry studies (Figure 3), the electrochemical active

surface area (EAS) of the PdCu/MWCNTs is much larger than
that of the Pd/MWCNTs. Furthermore, the onset potential of
the CO-stripping on PdCu/MWCNTs shifts toward the

negative direction compared with the Pd/MWCNTs. This
reveals that the EAS of the PdCu/MWCNTs is significantly
higher than that of the Pd/MWCNTs, which may be attributed
to two different reasons. First, compared with the PdCu alloyed
nanoparticles, the internal void space of the hollow alloyed
nanosphere can be considered as the additional internal
surface.16 This can enhance the EAS accessible by small
molecules (e.g., formic acid,) significantly, resulting in the
improved utilization efficiency and thereby the higher electro-
catalytic activity. Second, electronic effect between Pd and Cu
might be another reason. Pd in the catalyst can gain the d-
electrons from Cu of the alloys, which can relieve the
adsorption strengths for CO, the important reaction
intermediates in formic acid oxidation.17

Electrochemical measurements indicate that the PdCu/
MWCNTs exhibits much better electrocatalytic activity for
formic acid electrooxidation than the Pd/MWCNTs. From the
results shown in Figure 4, the two main oxidation peaks of the

catalysts locate at ca. 0.30 V in both the positive and negative
directions. The corresponding peak current density of the
PdCu/MWCNTs in positive scan mode is 166.7 mA/cm2,
much higher than that of the Pd/MWCNTs (105.9 mA/cm2).
Furthermore, the onset potential of formic acid electro-
oxidation locates near −0.079 V, much more negative than
−0.012 V of the Pd/MWCNTs. The higher oxidation current
and the lower onset potential demonstrate the much better
electrooxidation activity of the PdCu/MWCNTs.
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expanded to fabricate other metal alloyed hollow nanostruc-
tures. For example, through this strategy, the preliminary results
from the ongoing studies on the preparation of the PtCu and
RhCu alloyed hollow nanostructures show the positive
perspectives.
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