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Abstract: Excavated polyhedral noble-metal materials that
were built by the orderly assembly of ultrathin nanosheets have
both large surface areas and well-defined facets, and therefore
could be promising candidates for diverse important applica-
tions. In this work, excavated cubic Pt—Sn alloy nanocrystals
(NCs) with {110} facets were constructed from twelve nano-
sheets by a simple co-reduction method with the assistance of
the surface regulator polyvinylpyrrolidone. The specific sur-
face area of the excavated cubic Pt-Sn NCs is comparable to
that of commercial Pt black despite their larger particle size.
The excavated cubic Pt-Sn NCs exhibited superior electro-
catalytic activity in terms of both the specific area current
density and the mass current density towards methanol
oxidation.

N oble-metal materials have been shown to play an
irreplaceable role in an extensive range of applications.!™]
Owing to their high cost and low abundance, high atom-
utilization efficiencies and superior activities are goals that we
have pursued in the development of noble-metal materials for
a long time.*” To fulfill these objects, regulating the
structures of noble-metal nanocrystals (NCs) with small
sizes to obtain large specific areas and controlling the
structures to expose high-energy facets to realize superior
properties are two main approaches that have received
substantial research interest over the past decades.*'¥) How-
ever, it seems that these two methods are incompatible with
each other as it is difficult to synthesize small NCs with well-
defined specific facets. From the structural point of view, NCs
with an excavated polyhedral structure that are constructed
by the orderly assembly of ultrathin nanosheets have large
surface areas and specific exposed crystal facets.”) Further-
more, their highly concave three-dimensional morphology
could prevent agglomeration. Therefore, NCs with excavated
polyhedral structures have an ideal morphology for various
applications.
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Owing to the highly concave features and large surface
area/volume ratios, excavated polyhedral NCs are thermody-
namically not favored during crystal growth. Thus far, only
very few examples of NCs with excavated polyhedral
structures (e.g., excavated tetrahedra, excavated rhombic
dodecahedra) have been described,™'!? far less than the
number of examples with convex and normal concave
polyhedral morphologies. The exploration of such fascinating
excavated nanostructures and the corresponding growth
mechanisms should be of great fundamental interest. Apart
from the surface and shape effects, alloying and the alloy
composition of noble-metal NCs also have a great influence
on minimizing the usage of precious metals and achieving
excellent activity owing to the synergistic effects between two
metals.> ") However, the formation of excavated monometal
NCs is already rather difficult, let alone the fabrication of
bimetallic alloy NCs owing to the different reduction
potentials, atomic radii, and electronegativities of the alloy
components.'*!”l Herein, we report the first synthesis of
excavated cubic Pt-Sn alloy NCs with high-energy {110} facets
by simple co-reduction of the tin and platinum precursors.
The surface regulator polyvinylpyrrolidone (PVP) played
a vital role in constructing this excavated morphology. This
unique nanostructure and the alloy nature render the Pt-Sn
material a highly active catalyst for electrocatalytic methanol
oxidation.

A representative scanning electron microscope (SEM)
image of the products reveals that the products are cubic NCs
with a size of about 22 nm (Figure 1a). According to the
enlarged SEM image of an individual particle (Figure 1a,
inset), the central region of the particle is much darker while
the edge region is much brighter, indicating that these NCs
have a highly concave structure. A transmission electron
microscope (TEM) image shows that the NCs exhibit darker
contrast at the center of the particles than at the edges
(Figure 1b), and that they look like excavated cubes consist-
ing of twelve nanosheets orientated from the twelve edges to
the center of a cube. This excavated cube morphology was
further confirmed by a set of TEM and SEM images recorded
at different tilting angles (Figure 1c,d; see also the Support-
ing Information, Figures S1 and S2). In the TEM image
recorded along the [001] zone axis, the two opposite concave
facets of the nanocrystal are perpendicular to each other
(Figure 1c;,d,). The concavity degree of 45°, which is defined
by the dihedral angle between the concave facets and the
{100} facets of the ideal cube, indicates that the exposed
surfaces are {110} facets. Such an excavated cube is an
extreme case of concave cubes that has been rarely seen in the
previously reported concave cubes with exposed {hk0} high-
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Figure 1. a) SEM and b) TEM images of the as-prepared excavated
cubic Pt-Sn alloy NCs. The inset in (a) is an enlarged SEM image of
an individual nanocrystal to show surface details. c) TEM images,

d) corresponding SAED patterns, e) schematic models, and f) corre-
sponding perspectives of the excavated cubic Pt—Sn alloy NCs pro-
jected along the 1) [001] and 2) [011] direction.

index facets.">!! For these concave cubes with different high-
index {hkO} facets, the concavity angles differed, but they
were far smaller than 45° (e.g., 31° for {530}, 26° for {210}, and
22° for {520} facets; see Table S1).2*?! Therefore, the
presented cubic NCs do not simply have a common concave
structure with {hkO} high-index facets but an excavated
structure with {110} facets (Figure le,,f;).

The excavated cubic structure of the as-prepared NCs was
further confirmed by analyzing TEM images recorded in
other orientations. As shown in Figure 1c,—f,, in the case of
the [011] zone axis, the angle between the internal profile of
the projected concave nanocrystal and its external profile is
35°, which is in perfect agreement with that of the corre-
sponding model and the perspective projected along the same
direction. The as-prepared excavated cubic Pt-Sn alloy NCs
possess a core of about 10 nm, and the thickness of the {110}
nanosheets that they are made of is about 5 nm.

The X-ray diffraction (XRD) pattern of the as-prepared
excavated cubic NCs, which can be indexed to a face-
centered-cubic (fcc) structure, is shown in Figure 2a. Com-
pared with the standard XRD pattern of Pt, all diffraction
peaks are consistently shifted towards lower angles. This
phenomenon indicates that the excavated cubic NCs are Pt—
Sn alloy NCs, considering the larger atomic radius of Sn
compared to that of Pt. According to energy-dispersive X-ray
spectroscopy (EDS; Figure 2b) and inductively coupled
plasma atomic emission spectrometry (ICP-AES) measure-
ments, the amount of Sn in the products is around 20 %, which
is in good agreement with the molar ratio of the Sn/Pt
precursors (1:4). To determine the spatial distribution of Pt
and Sn in the NCs, the NCs were analyzed by high-angle
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Figure 2. a) XRD pattern and b) EDS spectrum of the as-prepared
excavated cubic Pt-Sn alloy NCs. ¢) HADDF-STEM image and d) corre-
sponding elemental EDS mappings of the as-prepared excavated cubic
Pt—Sn alloy NCs. e) Cross-sectional composition line profiles for Pt
and Sn recorded across two Pt-Sn alloy NCs, as indicated with a line
in (c).

annular dark field scanning transmission electron microscopy
(HAADF-STEM), and elemental mappings and cross-sec-
tional composition line profiles were further measured. As
shown in Figure2c—e, both Pt and Sn are distributed
homogeneously inside the excavated cubic NCs, confirming
the formation of a Pt-Sn alloy. Furthermore, X-ray photo-
electron spectroscopy (XPS) analysis showed that Pt and Sn
are mainly present in their metallic state (Figure S3). The
binding energy of Sn (3d core level) is obviously shifted
towards higher energies compared to that of pure Sn, which
indicates that there is charge transfer from Sn to Pt because of
the alloying of Pt and Sn.

On the basis of the above characterizations, it can be
concluded that the as-prepared products are Pt-Sn alloy NCs
with an excavated cubic structure. As mentioned above, this
excavated polyhedral morphology theoretically leads to large
surface areas. The specific surface area was thus estimated by
measuring the electrochemically active surface areas
(ECSAs), together with the mass of the catalyst; it was
found to be as large as 17.1 m*g ', and is thus comparable to
that of commercial Pt black (Table S2).

In general, it is very unusual to generate excavated
polyhedra because NCs have the tendency to adopt a convex
structure to minimize their total surface energy.”” Further-
more, the {110} facets of an fcc metal are of high surface
energy and are rarely exposed during crystal growth accord-
ing to the Gibbs—Wulff construction rule.”™ To explore the
formation mechanism of this unique excavated structure, the
shape-evolution process of the Pt—Sn alloy NCs was studied,
as shown in Figure 3 and Figure S4. The initial products
collected after 45 min of reaction were cube-like NCs with
a size of less than 10 nm (Figure 3a). At this stage, the
concave feature was not obvious. When the reaction time was
prolonged to 1 h, the NCs became concave (Figure 3b), and
the average size increased to 16 nm. When the reaction time
was further increased to 2 h, NCs with near-perfect excavated
structures were obtained (Figure 3¢). These results indicate
that the formation of excavated cubic structures is not due to
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Figure 3. a—c) TEM images of the excavated cubic NCs formed after
different reaction times: 45 min, 1 h, and 2 h. d) Formation process of
excavated cubic Pt-Sn alloy NCs.

an etching mechanism, but is enabled by directional growth
over small polyhedral nuclei.

Under equilibrium conditions, a crystal tends to grow to
form a convex polyhedral structure, and its growth follows the
Gibbs—Waulff construction rule. Therefore, the formation of
excavated cubic Pt-Sn alloy NCs is enabled by kinetic control,
which hinders the growth of the crystal in the central part of
the cube nuclei. It has been suggested that the surfactant may
adsorb on specific planes and block the crystal growth along
its surface normal.” To elucidate the effect of the surfactant
PVP in the present case, a set of experiments were carried out
by tuning the amount of PVP while keeping the molar ratio of
the Sn/Pt precursors (1:4; Figure 4 and Figure S5). As shown
in Figure 4 a, in the absence of PVP, the products were heavily
aggregated cubic NCs with exposed {100} facets. When 10 mg

Figure 4. SEM images, TEM images (upper-right insets), and corre-
sponding models (lower-left insets) of the as-prepared Pt-Sn alloy
NCs synthesized with different amounts of PVP while keeping the
molar ratio of the Sn/Pt precursors (1:4): a) without PVP, b) 10 mg,
c) 20 mg, and d) 300 mg.
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of PVP were introduced, the products changed from cubic to
cubic NCs with an uneven surface (Figure 4b). High-mag-
nification TEM images (Figure 4b, inset and Figure S6)
revealed that they were actually hierarchical structures with
sheet-like structures on the concave surfaces of the NCs.
When the amount of PVP was increased to 20 mg, excavated
cubic structures of 30 =5 nm were formed, but they were not
perfect (Figure 4c). When the amount of PVP was further
increased to 300 mg, perfectly excavated cubic NCs con-
structed from nanoplates and exposed {110} facets were
formed (Figure 4d).

The results above imply that the presence of PVP
significantly changes the growth kinetics of Pt—Sn alloy NCs.
The N and O groups of the PVP molecules could serve as sites
for specific adsorption to the surface metal atoms, thereby
blocking the crystal growth on those sites.>?” PVP could
adsorb on small Pt-Sn alloy crystallites after the crystal
nucleation stage. However, some specific sites of the initial
crystallites, such as edges and vertexes, could still be
exposed.”! As such, the subsequently reduced atoms would
preferably be deposited on the edges and vertexes of the
initial crystallites, which results in the formation of the
excavated structure. However, insufficient amounts of PVP
would allow for many sites to be exposed on which atoms
could casually deposit, thereby leading to the formation of
hierarchical structures as shown in Figure 4b.

The formation of excavated NCs is also influenced by the
alloying process of Pt and Sn. In the absence of tin(II)
chloride dehydrate, small Pt NCs together with cubic Pt NCs
were the final products (Figure S7). The addition of tin(II)
ions changes the reaction kinetics during the alloying process,
resulting in the formation of the excavated structures. Our
experiments revealed that the perfect excavated cubic
morphology was only obtained when the content of Sn in
the Pt-Sn alloy NCs was in the range of 15-25% (Figure S8).
At present, the details of the growth kinetics are still
unknown. Some in situ techniques should be developed to
improve our understanding of these processes.

As the most important catalysts in both the anode and
cathode of proton exchange membrane fuel cells (PEMFCs),
Pt and Pt-based alloy NCs with various morphologies and
surface structures have been extensively explored.”®=? As for
Pt-Sn alloys, there are many reports on their high electro-
catalytic activity, whereas shape and surface evolution has
only been realized on few occasions.***) The successful
tuning of the Pt-Sn alloy NCs surface from {100} facets to
{110} facets offers an opportunity to study the effect of the
surface structure on electrocatalytic reactions in PEMFCs.
Methanol electrooxidation was evaluated as a model reaction
to study the performance of the as-prepared Pt-Sn alloy NCs,
including Pt-Sn alloy NCs with excavated cubic, cubic, and
hierarchical shapes. Commercial Pt black was also investi-
gated as a reference catalyst (Figure S9). Figure 5a shows the
cyclic voltammetry (CV) curves of the different catalysts in
a mixture of 0.50m H,SO, and 0.50M methanol at a scan rate
of 50 mVs ! The excavated Pt-Sn alloy NCs exhibited the
highest electrocatalytic activity among the four catalysts. The
peak values for direct methanol oxidation in the forward scan
correspond to current densities of 1.08, 0.99, 2.04, and
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Figure 5. CV curves measured with the Pt-Sn alloy NCs and commer-
cial Pt black: a) Methanol oxidation in solution containing 0.50 m
H,SO, and 0.50 M methanol (scan rate: 50 mVs™'). b) Comparison of
the specific area activities of different catalysts towards methanol
oxidation.

230 mAcm 2 for Pt black, cubic Pt-Sn, hierarchical Pt-Sn,
and excavated cubic Pt-Sn NCs, respectively, as shown in
Figure 5b and Table S2. The results indicate that the electro-
catalytic ability of the excavated cubic Pt-Sn alloy NCs with
exposed {110} facets towards methanol oxidation is superior
to that of cubes with {100} facets. The enhanced electro-
catalytic activity of the excavated cubic NCs could be
attributed to the high-energy {110} surface. Furthermore,
the change in the d band center of Pt by alloying with Sn
would change the intermediate adsorption strength on the Pt—
Sn NCs, and the oxygenated species generated by the tin
component of the Pt-Sn alloy enable the oxidation of
intermediates at lower potentials (bifunctional mecha-
nism);**! both changes lead to better catalytic activity. It
should be noted that the specific surface area (calculated by
ECSA from the CVs in Figure S10 together with the mass of
the catalysts) of the excavated cubic NCs is the largest among
the three Pt-Sn catalysts (8.4, 11.8, and 17.1 m*g~'p,, respec-
tively, for cubic, hierarchical, and excavated cubic Pt-Sn alloy
NCs). Considering the contribution from the surface area, the
mass current density reaches 346.3 mAmg ', for the exca-
vated Pt-Sn alloy NCs, which is nearly twice as high as that of
commercial Pt black (178.8 mAmg '}).

In conclusion, excavated cubic Pt-Sn alloy NCs that
consist of ultrathin nanosheets with high-energy {110} facets
have been fabricated. The presence of PVP and the Pt-Sn
alloying process were shown to be vital for the formation of
the excavated cubic Pt-Sn alloy NCs. Because of the unique
excavated structure, the surface area of the as-prepared Pt-Sn
NCs was comparable to that of commercial Pt black although
the apparent particle size was over 20 nm. Owing to the high-
energy facets, the large surface area, and synergistic effects,
the Pt-Sn alloy NCs exhibited very high electrocatalytic
activity in terms of both the specific area current density and
the mass current density towards methanol electrooxidation.
We believe that the present work will improve our under-
standing of the formation mechanism of NCs with this
fascinating excavated structure and stimulate the exploration
of their advantages in various applications.
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