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N
oble metals have been extensively
utilized as catalysts in organic syn-
thesis, fuel cells, and automobile

industry.1,2 Au and Ag nanocrystals are
particularly promising nanoentities able to
induce plasmon-induced chiroptical re-
sponse, surface-enhanced Raman scattering,
fluorescence, and electrochemiluminescence
enhancement.1,3,4 The properties of noble
metal nanocrystals significantly depend on
their structures (e.g., shapes and facets).
Nanocrystals with high-index facets have
been reported as highly effective catalysts
and thus received much attention.5�11

However, the preparation of high-index-
faceted nanocrystals is challenging because
the inherent thermodynamic instability of
high-index facets makes them disappear
during crystal growth.12 As a result, only a
few synthetic methods for concave hexo-
ctahedron (HOH) nanocrystals have been

reported,5,8,13,14 and no chemical reduction
method for the synthesis of convex HOH
noble metal nanocrystals has been reported
to date.
The shapes of colloidal noblemetal nano-

crystals depend on reaction rates, capping
agents, concentrations, temperatures, etc.1,6

The fast growth kinetics may induce the
heterogeneous growth of noble metal
nanocrystals and the formation of thermo-
dynamically unstable facets due to the
quick disappearance of thermodynamically
stable facets and/or the supersaturation of
metal atoms in the solution under fast re-
action rates.7,15,16 In this study, we develop
a facile chemical reduction method to
synthesize convex HOH nanocrystals with
{431} high-index facets by the combination
of fast growth kinetics and the use of cetyl-
pyridinium chloride (CPC) as capping agent.
As shown in Scheme 1, convex HOH Pd@Au
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ABSTRACT Convex hexoctahedral nanocrystals have been synthesized

through fast growth kinetics and the use of cetylpyridinium chloride as a capping

agent. Monodisperse convex hexoctahedral Pd@Au core�shell nanocrystals with

{431} high-index facets are obtained at high reaction rates by using high

concentrations of ascorbic acid in the presence of cetylpyridinium chloride.

In contrast, octahedral nanocrystals with {111} low-index facets and their

{100}-truncated counterparts are formed at low ascorbic acid concentrations.

The substitute of cetylpyridinium chloride with cetyltrimethylammonium chloride leads to the generation of concave trisoctahedral Pd@Au core�shell

nanocrystals with {331} high-index facets, indicating that cetylpyridinium plays an important role in the formation of convex hexoctahedral nanocrystals.

The as-prepared convex hexoctahedral Pd@Au core�shell nanocrystals exhibit remarkable catalytic performances toward electrochemiluminescence

compared with truncated octahedral and concave trisoctahedral Pd@Au core�shell nanocrystals.
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core�shell nanocrystals are obtained at a high con-
centration of ascorbic acid (AA) through fast growth
kinetics. In contrast, octahedral nanocrystals with
{111} low-index facets and their {100}-truncated
counterparts (corresponding to the thermodynamic
morphologies in Wulff construction) are obtained at
low AA concentrations.17 The convex HOH Pd@Au
core�shell nanocrystals exclusively enclosed by
{431} high-index facets exhibit remarkably improved
electrochemiluminescence (ECL) properties due to the
presence of atoms in kink and step sites on {431} high-
index facets.

RESULTS AND DISCUSSION

Synthesis of Convex HOH Pd@Au Core�Shell Nanocrystals.
In a typical synthesis of convex HOH Pd@Au core�
shell nanocrystals, 10 μL of 22 nm cubic Pd seeds
(Supporting Information Figure S1) solution and
144 μL of 0.1 M AA solution were added into a growth
solution containing 5 mM CPC and 0.6 mM HAuCl4.
Figure 1A,B depicts the scanning electron microscopy
(SEM) images of the convex HOH Pd@Au nanocrystals.
The as-prepared HOH nanocrystals possess excellent
shape and size monodispersity. Their sizes are around
156.9 ( 7.2 nm, and the yield is 95.2%. A convex HOH
can be seen as a tetrahexahedron with the center of
every square edge pulled outward, splitting each
{h0k00} facet into two {hkl} facets.1,2,18 To confirm the
facets of the HOH nanocrystals, SEM images, transmis-
sion electron microscopy (TEM) images, geometric
models, and selected area electron diffraction (SAED)
patterns of a single HOH nanocrystal projected along
the [011], [001], and [111] directions are shown in
Figure 1C�F, respectively. The relationships between
the projected angles of convex HOH along the [011]
direction (Figure 1E) and Miller indices (h,k,l) are sum-
marized as follows.

R ¼ 2arctan

ffiffiffi
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The measured projected angles between the adja-
cent facets of the polyhedron along the [011] direction
(Figure 1D, top image) are 114.0, 135.0, 156.2, 135.1,
113.0, 137.0, 155.9, and 135.0�, respectively, matching
well with the theoretical values of {431}-faceted con-
vex HOH nanocrystals (Table S1). These results strongly
support the presence of {431} high-index facets on the
convex HOH Pd@Au core�shell nanocrystals. When a
convex HOH nanocrystal is projected along the [001]
direction, the nanocrystal outline approaches a quad-
rilateral shape with each edge protruding outward, as
shown in Figure 1D (middle image). A projection along
the [111] direction (Figure 1D, bottom image) shows a
circle-like feature in the nanocrystal outline due to the
abundance of facets, which differs from its concave
counterparts having star-like outlines.1,2

The sizes of convex HOH Pd@Au core�shell nano-
crystals are adjustable by varying the amount of Pd
seeds and can affect the extinction spectra of convex
HOH Pd@Au core�shell nanocrystals. Figure 2 shows
that the sizes of convex HOH Pd@Au core�shell nano-
crystals increase as the amount of Pd seeds decreases.
The convex HOH Pd@Au core�shell nanocrystals of 60
and 81 nm exhibit surface plasmon resonance (SPR)
peaks at 545 and 551 nm (Figure 2D), respectively.19,20

As the sizes of Pd@Au core�shell nanocrystals increase
further, the SPR peaks gradually shift red. Moreover, a
broad SPR band in the near-infrared region between
800 and 1000 nm appears when the size of convex
HOH Pd@Au core�shell nanocrystals is 157 nm.

Scheme 1. Growth routesof Pd@Au core�shell nanocrystals.

Figure 1. (A) Large-scale and (B) high-resolution SEM
images of convex HOH Pd@Au core�shell nanocrystals in
the typical synthesis. CPC, 5 mM, AA, 144 μL. (C) SEM
images, (D) TEM images, (E) geometric models, and (F)
corresponding SAED patterns of a single convex HOH
nanocrystal projected along the [011], [001], and [111]
directions, respectively. Scale bars, 20 nm.
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To confirm the core�shell nanostructure of these
convex HOH nanocrystals, the TEM characterization
(Figure 3) and X-ray photoelectron spectroscopy (XPS)
characterization (Figure S2) of convex HOH Pd@Au
nanocrystals of 60 nm have been performed. The
measured projection angles in Figure 3B indicate
that the convex HOH Pd@Au core�shell nanocrystal
of 60 nm is bounded by {431} high-index facets.
Figure 3C�E shows the high-angle annular dark-field
scanning transmission electron microscopy (HAADF-
STEM) and elemental mapping analysis of Au and Pd
elements. Au element is distributed around the outer
shell, while Pd element is distributed in the center of
nanocrystals, confirming the core�shell nanostructure
of these convex HOH nanocrystals. Moreover, no peak
corresponding to Pd is observed in the XPS spectra
(Figure S2).21,22 It indicates that there is no Pd element
on the surface of convex HOH Pd@Au core�shell
nanocrystals.

Growth Mechanism of Convex HOH Pd@Au Core�Shell
Nanocrystals. For noble metal nanocrystals with face-
centered cubic structure, the surface energy of differ-
ent facets follows the order γ{111} < γ{100} < γ{110} <
γ{hkl}.

23 The {110} and {hkl} facets are thermodynami-
cally unstable due to the abundance of unsaturated
coordinated atoms on their surfaces, consequently
denoted as high-energy facets. The high-energy facets
usually disappear as crystal growth proceeds. Fortu-
nately, crystal growth is tunable thermodynamically
and kinetically.24 The deposition of Au atoms prefer-
ably occurs on the surfaces with many unsaturated
coordinated atoms at low reaction rates, facilitating the

formation of thermodynamically stable facets such as
{111} and {100}. Interestingly, thermodynamically
unstable facets can be preserved when the reaction
is fast. As shown in Table S2, convex Pd@Au core�shell
HOH nanocrystals are only obtained at the high con-
centrations of reducing reagent in this study, suggest-
ing that fast reduction kinetics plays an important role
in the formation of convex HOH nanocrystals. The fast
reduction kinetics may also increase the supersatura-
tion of metal atoms in solution, and the excess energy
is converted into the surface energy of crystals, leading
to the formation of high-energy facets.7 Slowing down
reaction rates by decreasing the mole ratio of AA
to HAuCl4 to 1.6:1 results in the formation of {100}-
truncated octahedral nanocrystals (Figure 4A), which is
the equilibrium morphology with the lowest surface
energy predicted by the Wulff theory.17

The surface energy of nanocrystals is dependent on
temperature, capping agents, solvents, adsorption en-
ergy, and so on.25,26 The capping agent CPC used in this
study also affects the surface energy of nanocrystals
and the equilibrium shape of Pd@Au core�shell nano-
crystals. Some octahedral nanocrystals (Figure 4B) are
formed when CPC concentrations increase to 100 mM
at a low molar ratio of AA to HAuCl4 (1.6:1). These find-
ings point to a CPC stabilization of the Au {111} facet
through selective adsorption on Au surfaces.20 Impor-
tantly, convex HOH nanocrystals (Figure S3) are still
obtained even if CPC concentrations increase up to
100 mM at a higher molar ratio of AA to HAuCl4 (4.8:1).
The replacement of CPC with cetyltrimethylammo-
nium chloride (CTAC) gave rise to the generation of
concave trisoctahedral Pd@Au core�shell nanocrystals
with {331} high-index facets (Figures 4C and S4). These
results indicate that the pyridinium group of CPC also
plays an important role in the formation of convexHOH

Figure 2. SEM images of convex HOH Pd@Au core�shell
nanocrystals with a size of (A) 121, (B) 81, and (C) 60 nm
synthesized by adding 50, 100, and 400 μL of Pd seeds into
the growth solutions, respectively. Scale bar, 200 nm. (D)
Extinction spectra of cubic Pd seeds of 22 nm (the concen-
tration of nanocrystals is 1.5 nM) as well as convex HOH
Pd@Au core�shell nanocrystals of 60, 81, 121, and 157 nm
(the concentration of nanocrystals is 0.13 nM) dispersed in
5 mM CPC solutions.

Figure 3. (A) TEM image of convex HOH Pd@Au core�shell
nanocrystals of 60 nm. (B) TEM image of a single HOH
Pd@Au core�shell nanocrystal oriented along the [011]
direction and the corresponding SAED pattern. (C)
HAADF-STEM and elemental mapping images for (D) Au
and (E) Pd elements.
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nanocrystals. If cubic Pd seeds are replaced with near-
spherical single-crystalline Au seeds and other condi-
tions are the same as that in the typical synthesis of
convex Pd@Au core�shell nanocrystals, the products
are still convex HOH nanocrystals with {431} high-
index facets, as shown in Figures 4D and S5. It suggests
that the formation of {431} facets is possible using
different seeds.27�29 As shown in Figure S6, convex
HOH Au nanocrystals can also be formed without
adding seeds. The structure and shape of noble metal
nanocrystals have some effects on their SPR properties.
Figure S7 shows that the extinction peak wavelengths
of convex HOH, truncated octahedral, and concave
trisoctahedral Pd@Au core�shell nanocrystals, as well
as convex HOH Au nanocrystals are 551, 542, 568, and
546 nm, respectively.

Catalytic Performance of Convex HOH Pd@Au Core�Shell
Nanocrystals toward ECL. Luminol-H2O2 is one of the most
important ECL systems with broad applications. The
ECL reactions of luminol and H2O2 on Au electrodes are
highly sensitive to surface properties.30,31 At the cath-
ode, H2O2 and O2 molecules accept one electron to
form HO• and O2

•� radicals on the nanocrystal surface.
HO• radicals then oxidize luminol anions to luminol
radicals. Luminol radicals and superoxide radicals O2

•�

form an unstable complex (endoperoxide species)
which evolves into excited 3-aminophthalate dianion
by releasing a N2 molecule. Excited dianions sub-
sequently return to their ground state by emitting
photons at 425 nm. Figure 5A demonstrates that
81 nm convex HOH Pd@Au core�shell nanocrystals
deposited on glassy carbon electrodes can catalyze the
ECL reactions of luminol and H2O2 with excelling
activities. The ECL signal of convex HOH nanocrystals
at 0.002 V was 50% stronger than that of concave
trisoctahedra and 11 times stronger than that of
truncated octahedra. The remarkably enhanced ECL
activity of convex HOHPd@Au core�shell nanocrystals
is attributed to the abundance of atoms at kink and

step sites on {431} high-index facets (Figure 5B).32

First, the atomic vacancies from the high-index facets
can provide active sites for the generation of oxy-
genated radicals (HO•, O2

•�), thus promoting elec-
tron transfer between hydroxyl radicals and luminol
anions.32,33 Second, unsaturated atoms at kink and
step sites may stabilize intermediates including endo-
peroxide species, which facilitates the oxidation of
luminol radicals by superoxide radicals.30,34,35 Third,
the coordination number of kink atoms on {431} high-
index facets is lower than that of step atoms (Figure S8),
resulting in the higher catalytic activity of {431} high-
index facets over {331} high-index facets with only
step atoms.21 The ECL catalytic properties of convex
HOH Pd@Au core�shell nanocrystals depend on the
sizes and improve as the sizes decrease (Figure S9). The
convex HOH Au nanocrystals of 81 nm exhibit similar
catalytic activities to Pd@Au core�shell counterparts,
indicating that the catalytic activity depends on the
surface structures of Au shells.36 The convex HOH
Pd@Au core�shell nanocrystals can preserve their
original morphologies (Figure S10) and catalytic activ-
ities after 3 months (Figure S11). The outstanding
stability and superior ECL catalytic properties of
convex HOH Pd@Au core�shell nanocrystals make
thempromising candidates for ultrasensitive detection
systems.37�40

CONCLUSIONS

Convex HOH Pd@Au core�shell nanocrystals with
{431} high-index facets have been synthesized using a
facile chemical reduction method through fast growth

Figure 5. (A) ECL�potential curves of luminol/H2O2 system
on (a) convex HOH, (b) concave trisoctahedral, and (c)
truncated octahedral Pd@Au core�shell nanocrystal-
modified glassy carbon electrodes, and (d) bare glassy
carbon electrode. Inset: Corresponding enlarged curves in
the 0�0.125 V range. Reaction conditions: luminol, 100 μM;
H2O2, 100 μM; phosphate buffer solution, pH 7.4, 100 mM.
(B) ECL reaction mechanism catalyzed by the {431} high-
index facets of Au. The arrows point to the directions of
electron transfers. Au atoms of different colors represent
different atomic layers.

Figure 4. SEM images of (A) truncated octahedral (5 mM
CPC þ 48 μL AA), (B) truncated octahedral/octahedral
(100 mM CPC þ 48 μL AA), (C) concave trisoctahedral
(5 mM CTAC þ 144 μL AA) Pd@Au core�shell nanocrystals,
and (D) convex HOH Au nanocrystals synthesized using
39 nm near-spherical Au seeds. Other conditions were the
same as those in the typical synthesis. Scale bar, 200 nm.
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kinetics and the use of CPC as capping agent. The
convex HOH Pd@Au core�shell nanocrystals exhibit
remarkably improved activities in the ECL reactions of
luminol and H2O2 as a consequence of the abundant
atoms in kink and step sites on {431} high-index facets.

The proposed system is envisaged to provide an
alternative strategy for the shape-controlled synthesis
of nanocrystals with high-index facets and for future
sensitivity-enhanced ECL processes and bioanalytical
detection methods.

METHODS

Materials. PdCl2, HAuCl4 3 4H2O, and CPC were obtained
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
CTAC (98.0%), cetyltrimethylammonium bromide (CTAB), and
3-aminophthalhydrazide (luminol,g98%)were purchased from
Tianjin Guangfu Fine Chemical Research Institute (China), Fluka
(Switzerland), and Aldrich, respectively. AA and hydrogen
peroxide (30%) was obtained from Beijing Chemical Reagent
Company. All the chemicals were of analytical grade and used
without further purification. Doubly distilled water was used
throughout the experiments. A 10 mM H2PdCl4 solution was
prepared by dissolving 0.1773 g of PdCl2 in 10 mL of 0.2 M HCl
solution and further diluting to 100 mL with doubly distilled
water.

Synthesis of 22 nm Cubic Pd Seeds. Cubic Pd seeds (22 nm) were
synthesized with the previous method.19 Briefly, a 500 μL
aliquot of 10 mM H2PdCl4 solution was added to 9.42 mL of
12.5 mM CTAB aqueous solution heated at 95 �C under stirring.
After 5 min, 80 μL of freshly prepared 100 mM AA aqueous
solution was added, and the reaction was allowed to proceed
for 20min. Then, the 22 nm Pd nanocubes were washed for one
time with 5 mM CPC aqueous solution and collected into 10 mL
of 5mMCPC aqueous solution and stored at 30 �C for future use.

Synthesis of 39 nm Near-Spherical Au Seeds. Near-spherical Au
nanocrystals (39 nm) were synthesized with the previous
method.20,41,42 First, ∼1.5 nm Au seeds were prepared by
adding a 0.3 mL aliquot of 10 mM ice-cold NaBH4 solution into
5 mL of 100 mM CTAB solution containing 0.25 mM HAuCl4,
followed by rapid inversionmixing for 2min and stored at 30 �C
for future use. Second, Au nanorods were prepared by adding
24 μL aliquot of the∼1.5 nm Au seed solution into 20 mL CTAB
solution containing 5 μMHAuCl4, 0.6 μMAgNO3, and 8 μMAA at
30 �C. The solution was left undisturbed and aged for 2 h. The
nanorods obtained were separated and washed with water
once by centrifugation (12 000 rpm, 10 min) and redispersed in
20 mL of 10 mM CTAB solution at 40 �C containing 0.5 mM
HAuCl4 and 1.6 mM AA for second overgrowth. The mixture
was allowed to react at 40 �C for 1 h. Third, the overgrown
Au nanorods were separated by centrifugation (10 000 rpm,
10 min) and redispersed in 20 mL of 10 mM CTAB solution
containing 0.2 mM HAuCl4 at 40 �C to produce 39 nm near-
spherical Au nanocrystals. Themixture was left undisturbed and
aged for 12 h. Finally, the 39 nm near-spherical Au seed solution
was washed twice with 5 mM CPC solution by centrifugation
(10 000 rpm, 10 min) and dispersed in 20 mL of 5 mM CPC
solution and stored at 30 �C for further use.

Synthesis of Convex HOH Pd@Au Core�Shell Nanocrystals. In a
typical synthesis, 5 mL of 5 mM CPC aqueous solution was kept
at 30 �C for 10min. Then, a 10 μL aliquot of 22 nm cubic Pd seed
aqueous solution, 144 μL aliquot of 100 mM freshly prepared
AA, and 300 μL aliquot of 10 mM HAuCl4 were added succes-
sively into CPC solution. The reaction solution became yellow
and then colorless instantly. The colorless solution gradually
became dark pink in 1 min and finally orange pink in 9 min. The
resultant nanocrystal solutions were centrifuged at 6000 rpm
for 3 min. The precipitate was washed with warm water for
further characterization.

ECL Catalysis of Pd@Au Core�Shell Nanocrystals. The {431}-
faceted convex HOH, {331}-faceted, and truncated octahedral
Pd@Au core�shell nanocrystals of 81 nm were used to catalyze
the ECL reaction of luminol and H2O2. Eight microliters of col-
loidal nanocrystal solution (nanoparticles with 81 nm, 4.72 μg)
was dropped onto fresh glassy carbon electrodes (diameter,
3 mm) and dried at room temperature to make working

electrodes. Then the nanocrystal-modified working electrodes
were cleanedwith air plasma for 1min to remove the remaining
surfactants adsorbed on the nanocrystal surfaces.43 As shown in
Figure S12, the nanocrystal morphologies are maintained after
plasma cleaning. Cyclic voltammetry (CV) experiments and
ECL measurements were carried out in a conventional three-
electrode cell with an MPI-A capillary electrophoresis ECL
detector (Xi'an Remex Electronics Co. Ltd., Xi'an, China) at room
temperature (photomultiplier tube, �600 V). The auxiliary
electrode and the reference electrode are a thin gold grid and
a Ag/AgCl electrode (saturated KCl), respectively. Before the ECL
catalysis experiments, the nanocrystal-modified working elec-
trodes were electrochemically cleaned in 0.5 M H2SO4 solutions
with CV techniques between �0.4 and 1.6 V (vs Ag/AgCl) for
10 cycles.

Instruments. SEM images were taken using an FEI XL30 ESEM
FEG scanning electron microscope operated at 25 kV. TEM
images were obtained using a FEI Tecnai G2 F20 microscope
operated at 200 kV. HAADF-STEM images and elemental map-
ping images were obtained using a FEI Tecnai G2 F20 S-TWIN
microscope operated at 200 kV. X-ray photoelectron spectros-
copy spectra were taken on Thermo ESCALAB 250. UV�vis
extinction spectra were obtained using WFZ UV-2802PC spec-
trometer. Harrick plasma cleaner PDC-32Gwas used to clean the
nanocrystal surfaceswith the power of 720 V/10mADCusing air
as the pumping gas.
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