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Abstract

Noble-metal nanocrystals with structural features such as high-index facets and twin defects on the surface are desirable
for various catalytic applications. Here we report an aqueous route to the facile synthesis of PdA-M (M =Pd, Pt, and Au)
decahedra covered with concave facets by controlling the deposition and diffusion of M atoms on Pd decahedral seeds. Our
mechanistic studies indicate that the preferential deposition of M atoms on the twin boundaries of Pd decahedral seeds under
limited surface diffusion is instrumental to their evolution into decahedra enclosed by concave facets. Due to the presence of
high-index facets and twin boundaries on the surface, the Pd concave decahedra show enhanced catalytic activity towards
formic acid oxidation. The present work not only offers a general route to the facile synthesis of decahedral nanocrystals with
concave facets but also provides an additional knob for enhancing the catalytic performance of noble-metal nanocrystals.
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1 Introduction

Noble-metal nanocrystals play an indispensable role as
catalysts in a myriad of industrially important reactions or
processes, including hydrogenation [1, 2], dehydrogenation
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[3, 4], C—C coupling [5], and electrochemical oxidation of
fuels based on small molecules such as hydrogen gas, for-
mic acid, ethanol, and methanol [6-8]. Previous studies have
established that the catalytic activity and/or selectivity of
such nanocrystals are highly dependent on their composi-
tion, size, and shape or crystallographic facets exposed on
the surface [9, 10]. Accordingly, engineering these param-
eters has become a central theme of research in the design
and rational production of noble-metal nanocrystals with
substantially enhanced catalytic performance.

Recently, nanocrystals with a concave surface have
attracted increasing interest owing to their enhanced cata-
lytic performance associated with the high-index facets
that typically contain high densities of active sites in
the form of atomic steps, kinks, and edges [11-13]. For
example, Pd concave nanocubes enclosed by high-index
facets have been reported with improved specific activ-
ity towards the electro-oxidation of formic acid, which
was almost twice that of the conventional nanocubes [5].
To date, great success has been achieved in preparing a
variety of noble-metal nanocrystals characterized by a
concave surface, with notable examples including con-
cave nanocubes [14—-16], tetrahedra [17, 18], and octahe-
dra [19-21]. All of these nanocrystals, however, have a
single-crystal structure. If one could synthesize multiply-
twinned nanocrystals encased by a concave surface, they
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are expected to exhibit more marvelous catalytic perfor-
mance owing to the presence of both high-index facets and
twin boundaries. So far, there are only a few reports on
the synthesis of this unique class of nanocrystals [22-24].
Specifically, Xu and co-workers demonstrated the synthe-
sis of Au/Pd bimetallic concave, branched nanostructures
via seed-mediated growth method using the rod-shaped
Au/Pd nanoparticles as seeds in an aqueous solution [22].
Through careful manipulation of the reduction kinetics
and thus the site of preferential overgrowth, Wang and co-
workers reported an aqueous-solution synthesis of a mix
of Pd concave nanorods (24%), concave right bipyramids
(42%), and concave nanocubes (34%) [23]. With Pd deca-
hedral nanocrystals serving as seeds, our group demon-
strated a polyol route to the synthesis of Pd—Pt core-shell
concave decahedra with substantially enhanced activity
towards the oxygen reduction reaction [24]. Despite the
progress, these approaches tend to suffer from problems
such as low purity and/or relatively high reaction tem-
peratures (above 200 °C). We still lack a facile and gen-
eral method for the synthesis of nanocrystals featuring a
multiply-twinned structure and a concave surface in an
aqueous system and at a relatively low temperature. In
this work, we report a general protocol for the facile syn-
thesis of Pd-M (M =Pd, Pt, and Au) concave decahedra
by controlling the overgrowth of Pd decahedral seeds. By
deliberately manipulating the reduction kinetics relative
to surface diffusion, the deposition of M atoms could be
largely confined to the twin boundaries on the surface of a
seed for the generation of concave facets. We also evalu-
ated the catalytic activity of the as-obtained Pd concave
decahedra by employing the electro-oxidation of formic
acid (FAO) as a model reaction. Owing to the presence of
both high-index facets and twin boundaries on the surface,
the Pd concave decahedra exhibited an enhanced specific
activity relative to those of Pd decahedra and octahedra.

2 Experimental Section
2.1 Chemicals and Materials

Diethylene glycol (DEG, >99.0%), sodium
tetrachloropalladate(II) (Na,PdCl,, 99.998%), potassium
tetrachloroplatinate(Il) (K,PtCl,, 98.0%), chloroauric
acid trihydrate (HAuCl,-3H,0, >99.9%), sodium sulfate
(Na,SOy, >99.0%), citric acid (CA, >99.5%), poly(vinyl
pyrrolidone) (PVP, MW =~ 55,000), and L-ascorbic acid
(AA, >99.0%) were all obtained from Sigma-Aldrich. All
the chemicals were used as received. Deionized (DI) water
with a resistivity of 18.2 MQ cm was used throughout the
experiments.

2.2 Synthesis of Pd Decahedral Seeds

The Pd decahedra seeds were prepared using the method we
previously developed [25]. Briefly, 2.0 mL of DEG contain-
ing 80 mg of PVP and 40 mg of Na,SO, was heated at 105
°C under magnetic stirring for 20 min. Meanwhile, 15.5 mg
of Na,PdCl, was dissolved in 1.0 mL of DEG and added into
the above solution with a pipette. The reaction was allowed
to proceed for 2 h to obtain Pd decahedra with an average
size of 9.5 nm. After collection by centrifugation, the deca-
hedral seeds were washed once with acetone and then twice
with water before re-dispersion in water for further use.

2.3 Synthesis of Pd Concave Decahedra

In a standard synthesis, 8.0 mL of an aqueous mixture con-
taining Pd decahedral seeds (0.02 mg/mL), 105 mg of PVP,
and 60 mg of AA was heated at 95 °C for 15 min in a 25 mL
three-neck flask under magnetic stirring. Subsequently, 3.0
mL of aqueous Na,PdCl, (1.2 mg/mL) was titrated into the
above solution at a rate of 0.3 mL/h using a syringe pump.
The product was collected by centrifugation at 13,200 rpm
for 10 min and washed twice with water prior to further
characterization.

2.4 Synthesis of Pd-Pt Concave Decahedra

Similar to the synthesis of Pd concave decahedra, 3.0 mL of
an aqueous mixture containing Pd decahedral seeds (0.15
mg/mL), 35 mg of PVP, and 60 mg of CA was heated at 95
°C for 15 min. Then, 1.0 mL of aqueous K,PtCl, solution (3
mg/mL) was quickly injected into the solution with a pipette.
After the reaction had proceeded for 3 h, the solid product
was collected by centrifugation.

2.5 Synthesis of Pd-Au Concave Decahedra

The experimental protocol was the same as what was used
in the synthesis of Pd concave decahedra except that 6.0 mL
of aqueous HAuCl, (0.4 mM) was titrated into the reaction
system with a syringe pump at a rate of 3.0 mL/h while the
synthesis was kept in an ice-water bath (0 °C) to limit the
surface diffusion of Au atoms.

2.6 Characterization

The transmission electron microscopy (TEM) images were
obtained using a Hitachi HT7700 microscope operated at
120 kV. The high-resolution TEM (HRTEM) and high-angle
annular dark-field scanning TEM (HAADF-STEM) images
were acquired using a JEOL JEM 2200FS STEM/TEM
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Fig. 1 Electron microscopy characterizations of the Pd concave deca-
hedra prepared using the standard protocol. a TEM and b HAADF-
STEM images of the Pd concave decahedra. ¢ HAADF-STEM image
of an individual Pd concave decahedron. The dashed lines indicate
the dimensions of the Pd decahedral seed used for the synthesis of

microscope. The concentrations of metal ions were deter-
mined using inductively-coupled plasma mass spectrometry
(ICP-MS, Perkin Elmer, NexION 300Q).

2.7 Electrochemical Measurements

Pd decahedra and octahedra were synthesized by following
the protocols we previously reported and used as references
for benchmarking the catalytic activity of the Pd concave
decahedra [7, 25]. All electrochemical characterizations
were carried out in a three-compartment cell connected to an
electrochemical workstation (CHI 600E, CH Instruments).

@ Springer

the Pd concave decahedra. The inset shows a model of the concave
decahedron. d Atomic-resolution HAADF-STEM image of the area
marked by the red box in ¢, showing two sets of {111} planes sepa-
rated by a twin plane as indicated by the red dashed line

An Ag/AgCl electrode and a Pt mesh served as the reference
and counter electrodes, respectively. The applied potentials
in the measurements were presented with reference to the
reversible hydrogen electrode (RHE). Prior to the measure-
ments, the catalyst ink was prepared by dispersing the as-
prepared Pd concave decahedra, decahedra, or octahedra in
1.0 mL of water at a concentration of 0.2 mg/mL. 10 uL of
the suspension was then drop-cast on a pre-cleaned, glassy
carbon electrode (Bioanalytical Systems) and dried in an
oven at 50 ‘C for 10 min. Afterwards, 5 uL of Nafion aque-
ous solution (0.05%) was deposited onto the electrode and
allowed to dry in the same oven for another 10 min. Plasma
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Fig.2 TEM images of Pd concave decahedra obtained by adding different volumes of aqueous Na,PdCl, into the synthesis: a 0.5, b 1.0, ¢ 1.5,
and d 2.0 mL. The insets show TEM images of individual nanocrystals at a higher magnification. The scale bars in a apply to all other panels

etching (PE-50, Plasma Etch) was then applied for 30 min
to clean the surface of the catalyst. The FAO measurement
was conducted by cycling the potential between 0.08 and
1.1 V for three cycles in a N,-saturated aqueous solution
containing 0.5 M HCIO, and 0.5 M HCOOH at a scan rate of
50 mV/s. The electrochemically active surface area (ECSA)
of the catalyst was derived by recording the cyclic voltam-
mogram (CV) of Cu underpotential deposition (Cuypp) in
an aqueous solution of 0.05 M H,SO, and 0.05 M CuSO, in
the potential range of 0.4 to 0.7 V at a scan rate of 5 mV/s.

3 Results and Discussion

The Pd decahedral seeds with an average edge length of
9.5 nm (Fig. S1) were prepared by following a previously
reported protocol [25]. In a typical synthesis of Pd concave
decahedra, aqueous Na,PdCl, (a precursor) was slowly
titrated into a mixture containing PVP, AA, and the decahe-
dral seeds. Since this Pd(II) precursor can be quickly reduced
by AA at 95 °C, it is critical to have it slowly introduced into
the reaction system dropwise in order to avoid homogene-
ous nucleation. The structural details of the as-obtained Pd
nanocrystals were characterized by both TEM and HRTEM.
As shown in Fig. 1a, Pd concave decahedra with an average
edge length of about 16.3 nm could be produced with purity
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Fig.3 a Low-magnification, and b high-magnification TEM images of the Pd—Pt concave decahedra

greater than 90%. The concave surface of the nanocrystals
could be identified by the obvious contrast in thickness under
TEM imaging as dark strips were clearly observed along the
twin boundaries of each nanocrystal. Such a feature could
be ascribed to the increase in thicknesses at the twin bound-
aries due to the preferential deposition of atoms at these
sites. The inset of Fig. 1a shows a nanocrystal at a higher
magnification, further confirming the concave, decahedral
structure with protuberant twin boundaries. As shown by the
HAADF-STEM image in Fig. 1b, five twin boundaries could
be easily resolved on the particles because of their increased
thickness and thus enhanced contrast, further attesting the
concave surface. Figure 1c shows a HAADF-STEM image
of a Pd concave decahedron and its corresponding 3D model
in the inset. The pentagon marked by dashed lines indicates
the dimension of the decahedral seed used for the synthesis.
Based on the atomic-resolution HAADF-STEM image in
Fig. 1d, it can be concluded that the twin defect of the deca-
hedral seed, as marked by the red dashed line, was well pre-
served despite the overgrowth on the twin boundaries. The
lattice fringes with a d spacing of 0.23 nm could be indexed
to the {111} planes of Pd. These observations explicitly
validated that penta-twinned Pd concave decahedra were
successfully synthesized by controlling the overgrowth of
Pd decahedral seeds.

To gain insight into the formation mechanism of the
multiply-twinned concave structure, we monitored the mor-
phological evolution of the Pd decahedral seeds by charac-
terizing the samples obtained with the addition of different
amounts of Na,PdCl, into the same reaction mixture. As
shown in Fig. 2a, when a small volume of Na,PdCl, solu-
tion (0.5 mL, 1.2 mg/mL) was introduced into the reaction

@ Springer

mixture, the shape and size of the resultant Pd nanocrystals
seemed to be almost identical to the initial decahedral seeds.
However, a closer examination by TEM at a higher mag-
nification (shown in the inset) clearly reveals the slightly
protuberant corners and twin boundaries of the nanocrys-
tal. These images also confirmed that the deposition of the
newly formed Pd atoms onto the decahedral seed preferen-
tially started from the corners and twin boundaries on the
seed due to their greater surface free energy compared with
the side faces. When 1.0 mL of the Na,PdCl, solution was
added, more obviously protuberant twin boundaries were
observed for the Pd decahedral seeds (Fig. 2b). With the
addition of more Na,PdCl, (Fig. 2c, d), the Pd decahedral
seeds gradually grew into larger nanocrystals with thicker
twin boundaries. These results clearly demonstrated the
preferential deposition of Pd atoms onto twin boundaries
of the decahedral seeds was responsible for the generation
of a concave surface on the nanocrystals. As schematically
shown in Fig. S2, owing to the greater surface free energy
of the twin boundaries on a decahedral seed, the Pd atoms
derived from the reduction of Na,PdCl, would preferentially
nucleate from these sites. Of course, the as-deposited Pd
atoms could migrate to other sites, such as the twin-free
edges and {111} facets through surface diffusion. In this
case, the ratio of atom deposition rate to adatom diffusion
rate would determine the shape evolution of the growing
nanocrystals [26]. Specifically, when the deposition rate was
fast while the diffusion of adatoms across the surface was
hindered, concave decahedra with protuberant twin bounda-
ries would be achieved, as observed in Fig. 1.

The synthetic approach could also be adapted for bime-
tallic systems. In general, bimetallic nanocrystals not only
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Fig.4 TEM images of the Pd—Au concave decahedra obtained by adding a 0.2, b 1.0, ¢ 3.0, and d 6.0 mL of aqueous HAuCl, into the reaction
mixture. The insets show magnified images of individual nanocrystals. The scale bars in a apply to all other panels

exhibit a combination of the properties associated with
the two metals but also can offer great enhancement due
to electronic coupling between the different types of metal
atoms [27]. In the first attempt, we extended the aqueous
protocol to the synthesis of Pd—Pt bimetallic concave deca-
hedra. Since the bonding energies increase in the order of
Epy_pq (136 kI/mol) < Ep,_pgq (191 kJ/mol) < Ep,_p, (307 kKJ/
mol), it is more difficult for Pt adatoms to diffuse across the
surface of a preformed Pd decahedral seed. When a strong
reducing agent such as AA is involved, the fast deposition
of Pt atoms onto the seed would result in the formation of
dendritic structures via the Volmer-Weber (or island) growth
mode [28, 29]. Hence, to obtain Pd—Pt concave decahedra,
we switched the reducing agent from AA to citric acid to

attain a weaker reducing power. As a result, the deposi-
tion rate of Pt atoms could be substantially slowed down to
achieve the Frank-van der Merwe (or layer-by-layer) growth
mode on the twin boundaries, preserving the twin defects on
the seed while generating concave facets. In fact, the reduc-
ing power of citric acid was so low that the Pt(II) precursor
could be added into the reaction system in one shot, rather
than dropwise, without causing homogeneous nucleation.
Figure 3 shows low- and high-magnification TEM images of
the as-obtained Pd—Pt concave decahedra, where protuberant
twin boundaries could be clearly observed. The ratio of Pt to
Pd atoms was determined to be 0.13:1 by ICP-MS. As dem-
onstrated in a related study [24], such a unique structure with
Pt atoms situated on high-index facets and twin defects is
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Fig.5 Structural and composition characterizations of the Pd—Au nanocrystals obtained with the addition of 0.2 mL HAuCl, (0.4 mM). a, b
HAADF-STEM images at different magnifications; ¢, d EDX line-scan spectrum recorded along the lines shown in b

well-suited for the development of low-Pt catalysts towards
the oxygen reduction reaction [30].

The synthetic procedure for Pd—Au concave decahedra
was similar to the synthesis of Pd concave decahedra, except
that the synthesis had to be conducted at a low temperature
of 0 °C to slow down the diffusion rate of Au adatoms on
the Pd decahedral seeds. The shape evolution of the Pd—Au
nanocrystals was investigated by imaging the nanocrystals
obtained when different amounts of HAuCl, was introduced
into the reaction mixture. As shown in Fig. 4a, when 0.2
mL of HAuCl, solution was added, some of the corners and
twin boundaries on the decahedral seeds exhibited slight
protuberance, which is consistent with what was observed
during the synthesis of Pd concave decahedra. With more
HAuCl, introduced into the reaction, the degree of protu-
berance on the twin boundaries of Pd—Au nanocrystals was
intensified and the nanocrystals eventually evolved into a
starfish shape when 6.0 mL of HAuCl, solution was injected

@ Springer

(Fig. 4b—d). To further confirm the preferential deposi-
tion of Au atoms onto twin boundaries of the decahedral
seeds, the sample shown in Fig. 4a was further character-
ized by HAADF-STEM combined with energy dispersive
X-ray (EDX) spectrometry, as shown in Fig. 5. The EDX
line-scan plots (Fig. 5c, d) acquired along the two arrows
crossing the nanocrystal give a clear picture about the spa-
tial distributions of Au atoms on the Pd decahedral seed.
When moving from one of the corners of the decahedron
along the twin boundary toward one of the twin-free edges,
the line-scan plots confirm higher counts of Au at the sites
close to the starting point. In other words, more Au atoms
were deposited on the corners and twin boundaries of the
concave decahedron than other regions close to the twin-
free edges. The EDX analysis thus further supports the pro-
posed mechanism, in which the preferential deposition of Au
atoms on twin boundaries of Pd decahedral seeds contrib-
uted to the formation of the concave structure. It should be
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Fig.6 Cyclic voltammetry curves of Pd concave decahedra (red),
decahedra (blue), and octahedra (black) catalysts recorded at room
temperature in a Nj-saturated aqueous solution containing 0.5 M
HCIO, and 0.5 M HCOOH at a scan rate of 50 mV/s. The current
densities were normalized to the corresponding ECSA of the catalysts

mentioned that the surface exposed at the protuberant twin
boundaries is supposed to be covered by high-index facets
because of the high densities of atom steps and kinks at
these sites. However, the Miller indices of these high-index
facets should differ from one to another because they arose
from preferential deposition combined with limited diffu-
sion instead of isotropic growth, no matter what composition
the nanocrystal takes. Moreover, it is worth noting that the
degree of concavity of the Pd—Au concave decahedra was
much higher than that of Pd concave decahedra. The forma-
tion of starfish-like Pd—Au nanocrystals with five protuber-
ant arms could be attributed to the fast reduction of HAuCl,
precursor to Au atoms by AA, together with the slow diffu-
sion rate of Au adatoms due to the low reaction temperature
of 0 °C. Interestingly, different from the synthesis of Pd and
Pd—Pt concave decahedra, it was found that the color of the
reaction solution changed from pale yellow to purple during
the formation of Pd—Au nanocrystals. As shown in Fig. S3,
an absorption band located around 510-560 nm, originating
from the localized surface plasmon resonance of Au [31],
could be observed with increased intensity as more HAuCl,
was added into the reaction mixture, suggesting the over-
growth of Au onto Pd decahedral seeds.

Owing to the presence of high-index facets and a multi-
ply-twinned structure, the concave decahedra are expected to
exhibit enhancement in catalytic activity. We evaluated the
catalytic activity of the 16.3 nm-Pd concave decahedra by
employing FAO as a model reaction. We benchmarked their
activity against 9.5 nm-Pd decahedra (Fig. S1), and 20-nm
Pd octahedra (Fig. S4) under the same experimental condi-
tions. Since all of these nanocrystals were synthesized in the
presence of PVP as a colloidal stabilizer, it is reasonable to

rule out the effect of surface capping on the catalytic activity
for the establishment of an authentic correlation between the
performance and surface atomic structure. Electrochemical
CVs were used to measure the activities of these catalysts.
Fig. S5 shows the CV curves for the Cuypp measured in
a N,-saturated aqueous solution containing 0.05 M H,SO,
and 0.05 M CuSO, at a scan rate of 5 mV/s. The character-
istic Cuypp current peaks for Pd decahedra and octahedra
enclosed by the same {111} facets were observed at 0.52 and
0.53 V, respectively, with the peak of the octahedra being
sharper than that of the decahedra. The difference could be
ascribed to the presence of twin defects and slight trunca-
tion on the surface of Pd decahedra [32]. For the concave
decahedra, an even broader peak was observed due to the
presence of a number of unknown facets on the concave sur-
faces, in addition to the twin defects. Table S1 summarizes
the ECSAs of these catalysts determined by integrating the
stripping charges and assuming 460, 490, and 490 uC/cm?
for a monolayer of Cu on the concave decahedra, decahedra,
and octahedra, respectively [32]. Figure 6 shows the CVs
normalized to the ECSAs of these catalysts. The Pd concave
decahedra exhibited a specific catalytic activity with 26%
and 100% enhancement relative to those of decahedra and
octahedra, respectively (see Table S1 for detailed data). This
data demonstrated that the high-index facets and multiply
twinned structure could be combined to improve the cata-
lytic activity of Pd nanocrystals towards FAO.

4 Conclusions

In summary, we have demonstrated an aqueous route to the
facile synthesis of Pd concave decahedra using a kinetically
controlled protocol in the presence of Pd decahedra as seeds.
By investigating the shape evolution of the Pd decahedral
seeds during a synthesis, it was proposed that the preferen-
tial deposition of Pd atoms onto the twin boundaries with
a greater surface energy and the limited surface diffusion
were responsible for the formation of Pd decahedra cov-
ered by concave facets. Based on the mechanistic under-
standing of Pd concave decahedra, we further extended
this seeded growth strategy to the synthesis of Pd—Pt and
Pd—Au concave decahedra, demonstrating the generality of
this approach. Due to the presence of multiple twin defects
and high-index facets, the as-obtained Pd concave decahedra
showed enhanced catalytic performance towards FAO, with
specific activity 1.3 and 2.0 times greater than those of Pd
decahedra and octahedra, respectively. The present work not
only provides a general approach to the facile synthesis of
metal nanocrystals with a multiply-twinned structure and
concave facets but also offers a new avenue for optimizing
their catalytic performance.
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