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ational shape-controlled synthesis

of metallic nanocrystals is of vital im-

portance to understanding their
growth mechanism and shape-dependent
properties. 3 Over the past decade, signifi-
cant progress has been made in the devel-
opment of new synthetic methods for metal
nanocrystals, and various nanostructures
have been synthesized. Among these nano-
structures, single-crystalline nanocrystals
have received much attention. In principle,
the shapes of single-crystalline face-
centered-cubic (fcc) metal nanocrystals en-
closed completely by equivalent {100},
{111}, and {110} facets are supposed to be
cube, octahedron, and rhombic dodecahe-
dron (RD), respectively.* Besides these three
typical shapes, polyhedral single-crystalline
fcc metal nanocrystals enclosed by two and
three of the {100}, {111}, and {110} facets
can also be predicted theoretically. The rep-
resentative shapes of these nanocrystals
are shown in Figure 1. Although thousands
of papers reported the preparations of
metal nanostructures with different shapes,
it is still challenging to synthesize multiple
shapes with only one method and correlate
the experimental results with synthetic
conditions.>*> Among different synthetic
methods of metal nanostructures, the seed-
mediated growth method has been proved
to provide better control over the size and
shape evolution of metal nanostructures.
In previous studies, we found that the adop-
tion of single-crystalline seeds with rela-
tively large sizes in seed-mediated growth
method can avoid the structure fluctuations
of the nanoparticles during the growth
stage, and consequently lead to the forma-
tion exclusively of single-crystalline
nanocrystals.>® This “large seeds” strategy
could enable us to study the detailed corre-
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ABSTRACT A versatile method for selectively synthesizing single-crystalline rhombic dodecahedral, cubic,

and octahedral palladium nanocrystals, as well as their derivatives with varying degrees of edge- and corner-

truncation, was reported for the first time. This is also the first report regarding the synthesis of rhombic

dodecahedral palladium nanocrystals. All the nanocrystals were readily synthesized by a seed-mediated method

with cetyltrimethylammonium bromide as surfactant, Kl as additive, and ascorbic acid as reductant. At the same

ascorbic acid concentration, a series of palladium nanocrystals with varying shapes were obtained through

manipulation of the concentration of Kl and the reaction temperature. The formation of different palladium

facets were correlated with their growth conditions. In the absence of K, the {100} palladium facets are favored.

In the presence of KI, the concentration of Kl and the reaction temperature play an important role on the formation

of different palladium facets. The {110} palladium facets are favored at relatively high temperatures and medium

KI concentrations. The {111} palladium facets are favored at relatively low temperatures and medium KI

concentrations. The {100} palladium facets are favored at either very low or relatively high KI concentrations.

These correlations were explained in terms of surface-energy and growth kinetics. These results provide a basis

for gaining mechanistic insights into the growth of well-faceted metal nanostructures.

KEYWORDS: crystal growth - palladium -
dodecahedron

lations between growth conditions and the
shapes of the single-crystalline metal nano-
crystals during the growth stage and subse-
quently gain more mechanistic insights
into the growth of metal nanocrystals.
Palladium plays important roles in hy-
drogen storage, gas-sensing, and
catalysis;”~° therefore, palladium nanostruc-
tures have received increasing attention in
recent years.%'°"2 |n this study, we synthe-
sized single-crystalline palladium nanocryst-
als with varying shapes by using the “large
seeds” strategy. Through systematically
studying the effect of experimental condi-
tions on the shape evolution of palladium
nanocrystals, single-crystalline rhombic
dodecahedral, cubic, and octahedral palla-
dium nanocrystals, as well as their deriva-
tives with varying degrees of edge- and
corner-truncation, were all obtained. We
correlated the formation of different shapes
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Figure 1. Geometrical models of several typical single-
crystalline palladium nanocrystals enclosed by the {100},
{111}, and {110} facets. The {100}, {111}, and {110} facets are
shown in green, blue, and purple, respectively.

L

of palladium nanocrystals with their corresponding
growth conditions. The formation mechanisms for
these nanocrystals were also discussed.

RESULTS AND DISCUSSION

Synthesis and Characterization of Single-Crystalline Palladium
Nanocrystals. The seed-mediated growth method we
used in this study is similar to the method in our previ-
ous report about the synthesis of palladium
nanocubes.’ Here we extended the versatility of this
method to synthesize other single-crystalline palladium
nanocrystals. First, small palladium nanocubes about
22 nm in size were synthesized through a one-step re-
duction and then employed as seeds for the seed-
mediated growth procedure. The TEM image of these
nanocubes is shown in Figure S1 in the Supporting In-
formation. The 22 nm palladium nanocubes were sub-
sequently grown into polyhedral nanocrystals in
growth solutions containing cetyltrimethylammonium
bromide (CTAB), dihydrogentetrachloropalladate(ll)
(H,PdCl,), potassium iodide (KI), and ascorbic acid (AA).
Through manipulation of the concentration of Kl and
the reaction temperature, several types of palladium
nanocrystals were synthesized. Figure 2 shows the pal-
ladium nanocrystals obtained with varying Kl concen-
trations and reaction temperatures. In columns A—E,
the reaction temperatures were 30, 40, 50, 60, and 80 °C,
respectively. In rows 1—5, 5 pL of 100 mM, 5 pL of 10
mM, 25 pL of T mM, 5 uL of 1 mM, and 5 pL of 0.1 mM
of Kl solution were added to the growth solutions, re-
spectively. In row 6, no Kl was added to the growth so-
lutions. In rows 1—5, the final KI concentrations in the
reaction solution are 9.6 X 1072,9.6 X 1073,4.8 X 1073,
9.6 X 1074, and 9.6 X 107> mM, respectively. Figure 2
shows that a number of different shapes of palladium
nanocrystals were observed besides the cubic palla-
dium nanocrystals. For clarity, the corresponding geo-
metrical models of these palladium nanocrystals in Fig-
ure 2 are presented in Figure 3. Cube, octahedron, and
RD are three typical shapes of palladium nanocrystals
enclosed completely by equivalent low-index palladium
facets. All of them were obtained through this seed-
mediated growth method in high yields (above 95%).
Their structures were characterized through scanning

electron microscope (SEM) and transmission electron
microscope (TEM).

The SEM and TEM images of RD palladium nano-
crystals (Sample E3 in Figure 2) are shown in Figure
4A,B. The geometrical shapes of these palladium
nanocrystals can be clearly identified as perfect RD
enclosed by 12 equivalent rhombic faces.?" All the
RD palladium nanocrystals have well-defined faces.
Figure 4C shows the TEM image of a single flatly ly-
ing RD palladium nanocrystal. It exhibits an elon-
gated hexagonal shape. Figure 4D shows a typical
SAED pattern of a flatly lying RD palladium nano-
crystals along the [011] zone axis obtained by direct-
ing the electron beam perpendicular to the upper
face of the nanocrystal. These obserations are consis-
tent with previous studies about RD gold nanocryst-
als,?? proving that the RD palladium nanocrystals
are enclosed by 12 well-defined {110} facets. Figure
4E and Supporting Information Figure S2B show the
HRTEM image and its enlarged version of a RD palla-
dium nanocrystal recorded along the [011] zone
axis, respectively. The HRTEM image was taken at
the RD nanocrystal in Supporting Information, Fig-
ure S2A. The continuous fringes and the fringe orien-
tation in the HRTEM image confirm the morphology
of single-crystalline RD palladium nanocrystals.?®

Figure 5 shows the SEM and TEM characterizations
of the cubic palladium nanocrystals (Sample D5 in Fig-
ure 2). These nanocubes have nearly perfect sharp
edges and corners and well-defined faces. Figure 5C,D
shows the TEM image and corresponding SAED pattern
of a single palladium nanocube. The characteristic
square spot array of the SAED pattern confirms that
the palladium nanocubes are enclosed by well-defined
{100} facets.>'® Figure 5E and S2D show the HRTEM im-
age and its enlarged version of a cubic palladium nano-
crystal recorded along the [001] zone axis, respectively.
The HRTEM results agree well with previous reports
about palladium nanocubes.'>?*

SEM and TEM images of the octahedral palla-
dium nanocrystals (Sample A3 in Figure 2) are pre-
sented in Figure 6. The SAED pattern of the octahe-
dral palladium nanocrystals in Figure 6C,D is similar
to that of previous reports about the single-
crystalline octahedral gold nanocrystal enclosed by
the {111} facets.>? Figure 6E and Supporting Infor-
mation, Figure S2F show the HRTEM image and its
enlarged version of an octahedral palladium nano-
crystal recorded along the [111] zone axis, respec-
tively. The well-resolved, continuous lattice fringes
with the same orientation confirm that the octahe-
dral palladium nanocrystal is single-crystalline. Com-
pared with the RD and cubic palladium nanocryst-
als with flat and smooth faces (Figures 4 and 5), the
octahedral palladium nanocrystals have rough faces.
In other samples of octahedral palladium nanocryst-
als (Sample A2, B3, and B4 in Figure 2), the faces
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Figure 2. SEM images of polyhedral palladium nanocrystal samples synthesized under different conditions (scale bar: 200 nm). In col-
umns A—E, the reaction temperatures are 30, 40, 50, 60, and 80 °C, respectively. In rows 1—5, 5 pL of 100 mM, 5 pL of 10 mM, 25 pL of
1 mM, 5 pL of 1 mM, and 5 pL of 0.1 mM Kl solutions were added to the growth solutions, respectively. In row 6, no Kl was added.

are even rougher. These rough faces suggest that The versatility of this method is not limited to the
the {111} facets are unstable under the synthetic synthesis of the RD, cubic, and octahedral palladium
conditions of these octahedral palladium nanocrystals. Figures 2 and 3 show that derivatives of
nanocrystal. the three typical shapes with varying degrees of
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Figure 3. Geometrical models of palladium nanocrystals presented
in Figure 2. The {100}, {111}, and {110} facets are shown in green,
blue, and purple, respectively.

edge- and corner-truncation can also be obtained.
These shapes can be easily identified on the basis of
the three typical shapes. Samples B4 and D3 in Figure
2 consist of {111} truncated RD nanocrystals, while
Sample E2 consists of {100} truncated RD nanocrystals.
Sample D2 consists of both {100} and {111} truncated
RD nanocrystals. Sample C3 consists of {110} truncated
octahedral nanocrystals, while Samples A4 and C2 con-
sist of both {110} and {110} truncated octahedral nano-
crystals. Samples A1 and A6 consist of {111} truncated
nanocubes. Samples A5 and B5 consist of cuboctahe-
dral nanocrystals enclosed by six {100} facets and eight
{111} facets. Sample B1 consists of both {110} and {111}
truncated nanocubes. Samples C1, D1, and E1 consist
of {110} truncated nanocubes. Sample E6 consists of
both palladium nanorods and nanocubes.

On the basis of Figures 2 and 3, we can summarize
the following correlations between the formation of
palladium crystal facets and different growth condi-
tions. In the absence of KI, the {100} palladium facets
are favored. In the presence of Ki, the concentration of
Kl and the reaction temperature play an important role
on the formation of different palladium facets. The {110}
palladium facets are favored at relatively high tempera-
tures and medium Kl concentrations. The {111} palla-
dium facets are favored at relatively low temperatures
and medium Kl concentrations. The {100} palladium fac-
ets are favored at either very low or relatively high Ki
concentrations.
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The X-ray diffraction (XRD) patterns recorded on
the cubic, RD, and octahedral palladium nanocrystals
are shown in Figure S3 in the Supporting Information.
All of the peaks can be indexed to the fcc palladium
metal (JCPDS Card no. 05-0681). The XRD pattern of pal-
ladium nanocubes shows an abnormally intense (200)
peak, suggesting a relatively large proportion of the pal-
ladium nanocubes are oriented with their {100} facets
parallel to the substrate. In contrast, the XRD patterns
of RD and octahedral palladium nanocrystals do not
show intense (220) or (111) diffraction. This is because
most of the RD and octahedral palladium nanocrystals
are randomly oriented (Figures 4A and 6A). Similar phe-
nomena have also been reported by others. For ex-
ample, the XRD patterns of palladium nanocubes and
nanorods primarily enclosed by {100} facets do not
show increased intensity for Pd(200) diffraction.?%2*
The XRD pattern of concave polyhedral Pd nanocryst-
als enclosed by both {111} and {110} facets does not
show intense (220) diffraction, either.?® These observa-
tions and our XRD results can all be attributed to the
random orientation of the palladium nanostructures.
The UV—vis extinction spectra of palladium nanocryst-
als are shown in Figure S4 in the Supporting Informa-
tion. All the palladium nanocrystals have a broad peak
located in the 400—500 nm wavelength region, sug-
gesting that the optical properties of these polyhedral
palladium nanocrystals are not strongly dependent on
their shapes.

Growth Mechanisms of the Polyhedral Palladium Nanocrystals.
The Seed-Mediated Growth Method for Palladium Nanostructures. A
typical seed-mediated growth process involves the
preparation of small metal nanoparticles and their sub-
sequent growth in growth solutions.! The seed-
mediated growth method has been used to synthesize
palladium nanostructures in a few reports.'*?° However,
the palladium nanostructures obtained in these re-
ports have relatively low yields. A key criterion for a suc-
cessful seed-mediated growth method is the nanostruc-
tures obtained should have the same crystal structure
and shape. To improve the yields of palladium
nanocubes, we adopted 22 nm Pd nanocubes as seeds.
Compared with smaller Pd nanoparticles of 3—4 nm,
single-crystalline Pd nanocubes with such sizes are
large enough to avoid twinning during the growth pro-
cedure, enabling us to correlate the shapes of the
single-crystalline palladium nanocrystals with their
growth conditions.b It has also been reported that non-
palladium seeds, such as single-crystalline gold nano-
rods, platinum nanocubes, and gold nano-octahedra
with relatively large sizes, can also avoid twinning dur-
ing the deposition of palladium shells.'>'427

Another key criterion for a successful seed-mediated
growth method is whether spontaneous nucleation oc-
curs during the growth procedure.! For the seed-
mediated growth method, spontaneous nucleation
means that the reduction of metal salts spontaneously
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occurs in homogeneous solution without the surface
catalysis of the added seeds. If the spontaneous nucle-
ation occurs, it will lead to the formation of smaller nu-
clei and the formation of nanostructures with different
sizes and structures. In our method, three factors play
important roles on spontaneous nucleation. The first
factor is the amount of seeds added to the growth so-
lution. If too few seeds are added to the growth solu-
tion, spontaneous nucleation will occur because there
are too few deposition spots.® The second factor is the
reaction temperature. The generation rate of palladium
atoms is accelerated at high temperatures. A certain
amount of seeds cannot provide enough deposition
spots for palladium atoms at a high generation rate, so
spontaneous nucleation will occur. Sample D6, C6, B6,
and A6 in Figure 2 show that spontaneous nucleation
was avoided below 60 °C. When the temperature was
raised to 80 °C, spontaneous nucleation occurred and
led to the formation of 5-fold-twinned palladium nano-
rods (Sample E6 in Figure 2). The 5-fold-twinned palla-
dium nanorods are primarily enclosed by {100} surfaces
and have been observed in other reports using CTAB
as surfactant.'"'® The third factor is KI. The addition of
KI can depress spontaneous nucleation. Sample E6 in
Figure 2 shows that spontaneous nucleation occurred
in the absence of Ki, in contrast, spontaneous nucle-
ation was not obvious when Kl solutions were added
(Sample E1—4 in Figure 2). These results demonstrate
that Kl can improve the preference of catalytic deposi-
tion of palladium atoms on the preformed seeds and
thus depress spontaneous nucleation.

In the growth stage of the seed-mediated growth
method, both thermodynamic and kinetic factors
should have been taken into consideration to under-
stand the formation mechanism of palladium
nanocrystals.! 3 If thermodynamic factors dominate,
the shapes of nanocrystals will form as a result of sur-
face energy minimization. If kinetics dominates, the
shapes of nanocrystals are determined by the rate at
which different crystal faces grow. In realistic solution
reactions, the final state of the nanocrystals depends on
these two factors working synergistically and dynami-
cally. So it is extremely difficult to strictly determine the
influence of each parameter on one specific shape of
nanocrystals. In the following part, we will discuss the
growth mechanism by comparing the surface energies
of different facets and the preferential reduction of pal-
ladium salts on different facets.

The Formation of Cubic Palladium Nanocrystals in the Absence of KI
or in the Presence of Low Concentrations of KI. As shown in Figure
3, the {100} palladium facets are favored in the absence
of Kl or in the presence of low concentrations of Kl
(with only 5 L of 0.1 mM KI solutions added). Palla-
dium nanostructures enclosed by {100} facets were
commonly observed in previous reports that used CTAB
as surfatants.®'3-1%1° Bromide anions from the CTAB
are believed to adsorb to the surface of palladium nano-
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Figure 4. (A) SEM and (B) TEM images of RD palladium nanocry:
(scale bars, 200 nm); (C) TEM image and (D) corresponding SAED pat-
tern of a single RD palladium nanocrystal recorded along the [011]
zone axis (scale bar, 50 nm); (E) HRTEM image of a RD palladium

nanocrystal (scale bar, 5 nm).

particles and promote to the formation of the {100} fac-
ets. CTAB plays a similar role herein. On the other hand,
two reports show that palladium nanocrystals bearing
{111} facets can also be obtained in the presence of
CTAB.%™3 The truncated cubic nanocrystals in Sample
A6 of Figure 2 also have eight small {111} facets, sug-
gesting CTAB can also stabilize the {111} facets of palla-
dium. In the presence of CTAB, the {111} palladium fac-
ets were not commonly observed, suggesting it is not
as stable as the palladium {100} facets. As the {110} fac-
ets are not observed in the presence of CTAB, the palla-
dium {110} facets should be the most unstable low-
index facet in the presence of CTAB. Therefore, CTAB
can alter the surface energies of palladium facets in the
order ypoor < Y113 < Yaiop in our synthetic conditions.
The surface energies of palladium facets and the
final growth results cannot be significantly changed
when Kl was present in the growth solutions at very
low concentrations. Samples A5 and B5 in Figure 2
were synthesized with the addition of only 5 pL of
0.1 mM KI solution, while Samples A6 and B6 were
synthesized in the absence of KI. By comparison, we
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Figure 5. (A) SEM and (B) TEM images of cubic palladium nanocryst-
als (scale bars, 200 nm); (C) TEM image and (D) corresponding SAED
pattern of a single cubic palladium nanocrystal recorded along the
[001] zone axis (scale bar, 50 nm); (E) HRTEM image of a cubic palla-
dium nanocrystal (scale bar, 5 nm).

found that the {111} facets became a little bit larger
and the {100} facets became a little bit smaller when
Kl was introduced. These results suggest that KI can
change the ratio between the growth rates along
(100) and (111) directions. Generally, two possible
explanations have been used to explain the change
of the ratio between the growth rates along different
directions: the selective accelerated growth or passi-
vation of a special facet. In the present growth con-
dition, the addition of 5 p.L of 0.1 mM KI solution re-
sults in a quicker color change of the reaction
solution and faster precipitation of the resulting
nanocrystals, suggesting the overall reaction rate
was accelerated. The accelerated growth of a spe-
cial facet should be the reason for the change of
growth rates of different facets. Consequently, we
propose that Kl can accelerate the deposition of pal-
ladium atoms on the {100} facets and thus reduce
the areas of the {100} facets and enlarge the areas
of the {111} facets.

In a realistic reaction, changes in the growth kinet-
ics can lead to the formation of thermodynamically less-

A@J\T\W() VOL. 4 = NO.4 = NIU ET AL
R =4

4 N

favored crystal facets.> Control experiments in Figure
7A,B show that cuboctahedral palladium nanocrystals
enclosed by both the {100} and {111} palladium facets
were produced at relatively low AA concentrations,
while cubic nanocrystals enclosed completely by the
{100} facets were produced at relatively high AA con-
centrations. These results suggest that the reduction of
palladium salts to palladium atoms prefers to occur on
the {111} facets under the present growth condition.
Therefore, the growth of palladium nanocubes is attrib-
uted to the preferential reduction of palladium salts

on the {111} facets, leading to the disappearance of the
{111} facets and the formation of the {100} facets. When
the preferential reduction on the {111} facets was
slowed down by decreasing the concentration of AA,
the {111} facets can also appear and thus truncated
nanocubes were formed (Figure 7A).

The cuboctahedral and truncated cubic palladium
nanocrystals were both obtained at relatively low tem-
peratures such as 30 and 40 °C (Samples A5, A6, and B5
in Figure 2). When the temperature was raised to 50,
60, or 80 °C, the {111} facets disappeared and the {100}
facets became dominant. These results suggest that
relatively high temperatures promote the preferential
reduction of palladium salts on the {111} facets, there-
fore the {111} facets vanished at relatively high
temperatures.

Formation of RD and Octahedral Palladium Nanocrystals at
Medium KI Concentrations. The Role of KI on the Growth of Palladium
Nanocrystals. The adsorption of halide anions onto noble
metal surfaces has a dramatic impact on the shape evo-
lution of metal nanocrystals.>?® lodide anions can
greatly affect the shapes of gold nanocrystals.2~3 Re-
cently iodide anions have also been used to control the
shapes of palladium nanostructures. Xiong and co-
workers have studied the chemisorption of iodide on
the palladium nanocrystal surface in growth solutions
containing poly(vinylpyrrolidone) (PVP), water, and eth-
ylene glycol.3' They have found that the chemisorp-
tion of iodide on the nanocrystal surface is too strong
for palladium nanoparticles to grow into larger sizes
with a well-defined shape. Huang and co-workers have
reported the preparation of palladium nanorods by the
reduction of palladium(ll) chloride with PVP in the pres-
ence of Nal under hydrothermal condition.” They have
also reported the preparation of palladium nanocubes
by the reduction of palladium acetylacetonate in the
presence of PVP and Nal in mixed water/DMF solvent
under hydrothermal condition.'® In these studies, iodide
anions have different effects on the growth results,
due to different reaction media, precursors, and growth
kinetics.

Surface energies associated with different face-
centered cubic metal facets usually increase in the or-
der ya1y < Yooo < Y1012 For synthesis in solution
phase, adsorbates such as surfactants and halide can in-
teract selectively with different metal crystal facets and
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alter their surface energies.? In this study, the addition
of adequate Kl can also alter the surface energies of dif-
ferent palladium facets by adsorbing to their surfaces.
Previous reports show that the strength of chemisorp-
tion of halide on different palladium facets decreases in
the order of iodide > bromide > chloride, and when a
heavier halide is introduced into the solution, it will dis-
place the lighter one initially present on the palladium
surface.3>3 Therefore, when Kl was introduced in the
growth solution, the iodide anions could replace some
of the bromide anions on the surface of palladium
nanocrystals and the selective interaction of iodide
and different palladium facets alters the surface ener-
gies of palladium. As shown in Figures 4 and 5, both the
{110} and {100} palladium facets are well-defined in
the presence of CTAB and K. In contrast, the {111} fac-
ets on the octahedral palladium nanocrystals are ill-
defined in the presence of CTAB and Kl (Figure 6).
Therefore, we suppose that the {111} palladium facet is
the most unstable facet of the three low-index facets
in the presence of CTAB and a medium concentration
of KI. The {110} palladium facets are only observed
when Kl was added in the CTAB solutions, suggesting
the stability of the {110} palladium facets are greatly im-
proved with the introduction of KI. Besides, the {110}
palladium facets are more commonly observed than
the {100} palladium facets at medium Kl concentrations,
therefore, the {110} facets are supposed to be more
stable than the {100} facets. On the bais of these obser-
vations, it is reasonable to assume that the surface en-
ergy orders of the palladium low-index facets in the
presence of CTAB and Kl are yu10 < Y00 < Yoi113-
Formation of RD and Octahedral Palladium Nanocrystals. Octahe-
dral palladium nanocrystals were produced at relatively
low temperatures and medium Kl concentrations
(Sample A3 in Figure 2). We believe that this is a kineti-
cally controlled process, since the palladium {111} facets
have the highest surface energy in the presence of
CTAB and KI. Therefore, the octahedral palladium nano-
crystals enclosed by {111} facets are not considered as
thermodynamically favored shapes. We have con-
ducted control experiments to understand the forma-
tion mechanism of the octahedral palladium nanocryst-
als through examining the effect of concentration of
AA. Figure 7 panels C and D show the SEM images of
palladium nanocrystals synthesized at two different AA
concentrations while other conditions were the same as
those in the synthesis of the octahedral palladium
nanocrystals in Sample A3 in Figure 2. When the vol-
ume of 100 mM AA solution was decreased from 25 to
15 uL, the products changed from octahedral nano-
crystals to polyhedral nanocrystals enclosed by {111},
{100}, and {110} facets. These observations suggest that
the preferential growth of palladium atoms on the
{110} and {100} facets are favored at relatively high AA
concentrations (with 25 or 50 pL of 100 mM AA solution
added), and thus lead to the disappearance of the {110}
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Figure 6. (A) SEM and (B) TEM images of octahedral palladium
nanocrystals (scale bars, 200 nm); (C) TEM image and (D) correspond-
ing SAED pattern of a single octahedral palladium nanocrystal re-
corded along the [111] zone axis (scale bar, 50 nm). (E) HRTEM im-
age of an octahedral palladium nanocrystal (scale bar, 5 nm).

and {100} facets and the formation of octahedral nano-
crystals. The rough nature of the octahedral palladium
nanocrystals (Figure 6) should be attributed to the low
stability and high surface energy of the {111} facets in
the presence of CTAB and Kl, and thus the {111} facets
became rough as a result of surface reconstruction.
Compared with octahedral palladium nanocrystals,
RD palladium nanocrystals were produced at relatively
high temperatures (Sample E3 in Figure 2). Three as-
pects were taken into consideration to understand the
formation mechanism of the RD palladium nanocryst-
als. (i) The addition of KI to CTAB solutions can signifi-
cantly increase the stability of the palladium {110} fac-
ets. (i) A relatively high temperature promotes the
preferential reduction of palladium salts on the {111}
facets. Consequently, the {111} palladium facets have a
tendency to disappear at relatively high temperatures.
(iii) A suitable AA concentration is also essential for the
formation of RD palladium nanocrystals. Figure 7 panels
E and F show the SEM images of palladium nanocryst-
als synthesized at different AA concentrations, all the
other conditions are the same as those for Sample E3
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Figure 7. SEM images of palladium nanocrystals synthesized at dif-
ferent temperatures with the addition of different amounts of Kl and
AA (scale bar, 200 nm): (A) 30 °C, 5 pL of 0.1 mM Kl solution, and 25
L of 100 mM AA solution; (B) 30 °C, 5 pL of 0.1 mM KI solution, and
100 pL of 100 mM AA solution; (C) 30 °C, 25 pL of 1 mM Kl solution,
and 15 pL of 100 mM AA solution; (D) 30 °C, 25 pL of 1 mM Kl solu-
tion, and 25 pL of 100 mM AA solution; (E) 80 °C, 25 p.L of 1 mM Kl so-
lution, and 25 pL of 100 mM AA solution; (F) 80 °C, 25 pL of 1 mM
Kl solution, and 100 L of 100 mM AA solution.

in Figure 2. Figure 7E shows that {100} truncated RD
nanocrystals were obtained when 25 pL of 100 mM AA
was added to the growth solutions. Figure 7F shows
that perfect RD nanocrystals were obtained when 100
L of 100 mM AA was added. The formation of {100}
facets at low AA concentrations suggests that the re-
duction of palladium salts to palladium atoms prefers
to occur on the {100} facets, and thus the {100} facets
will disappear if the preferential reduction on the {100}
facets is promoted by adding more AA (50 or 100 p.L). In

METHODS

Materials. Palladium(ll) chloride (PdCl,) and potassium iodide
(KI) were obtained from Sinopharm Chemical Reagent Co., Ltd.
CTAB was obtained from Fluka. L-Ascorbic acid and hydrochlo-
ric acid were obtained from Beijing Chemical Reagent Company.
All the chemicals were of analytical grade and used without fur-
ther purification. Doubly distilled water was used throughout the
experiments. A 10 mM H,PdCl, solution was prepared by dissolv-
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summary, the formation of RD palladium nanocrystals
should be attributed to the high stability of the {110}
facets and the disappearance of both the {111} and
{100} facets at the growth conditions of RD palladium
nanocrystals.

Formation of Cubic Palladium Nanocrystals at Relatively High KI
Concentrations. When 5 pL of 100 mM Kl solution was
added in the growth solutions, truncated palladium
nanocubes were produced (Samples A1, B1, C1, D1, and
E1 in Figure 2). The palladium {100} facets are predomi-
nant on these truncated nanocubes. After the addition
of 5 pL of 100 mM Kl solution, we did not observe the
characteristic UV —vis adsorption peaks of the [PdBr,.
nl,]*~ complex (Supporting Information, Figure S5).3*
The adsorption peaks are ascribed to PdBrs2," sug-
gesting PdBr,2~ is still the major precursor for palla-
dium nanocrystals at relatively high KI concentrations
(5 L of 100 mM Kl solution added). On the other hand,
we observed that the color change of the above reac-
tion solution is much slower, and the overall reaction
speed was greatly slowed down, suggesting the exces-
sive adsorption of iodide anions can passivate the palla-
dium surfaces and slow down the deposition of palla-
dium atoms. The excessive adsorption of iodide anions
over all the three types of facets greatly weakened the
preferential formation of a certain palladium facet, and
thus the selectivity of iodide anions on the formation of
palladium nanocrystals with special shapes was coun-
teracted.®' In this situation, the role of CTAB on the for-
mation of palladium nanocrystals primarily enclosed
by {100} facets became dominant and led to the forma-
tion of truncated palladium nanocubes.

CONCLUSION

We developed a versatile seed-mediated method
to selectively synthesize single-crystalline rhombic
dodecahedral, cubic, and octahedral palladium nano-
crystals, as well as their derivatives with varying degrees
of edge- and corner-truncation. This is the first report
regarding the synthesis of rhombic dodecahedral palla-
dium nanocrystals. All the nanocrystals were synthe-
sized simply by varying the concentration of Kl and re-
action temperature. The formation of different
palladium facets were correlated with the growth con-
ditions. The correlations were explained in terms of
surface-energy and growth kinetics. These results are
helpful for gaining mechanistic insights into the growth
of well-faceted metal nanostructures.

ing 0.1773 g of PdCl, in 10 mL of 0.2 M HCl solution and further
diluting to 100 mL with doubly distilled water.

Synthesis of Small Palladium Nanocubes as Seeds. In a typical synthe-
sis, a 1 mL aliquot of 10 mM H,PdCl, solution was added to 20 mL
of 12.5 mM CTAB solution heated at 95 °C under stirring. After 5
min, 160 p.L of freshly prepared 100 mM ascorbic acid solution was
added, and the reaction was allowed to proceed for 20 min. The
nanocube solution was stored at 30 °C for future use as seeds.
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Seed-Mediated Growth of Polyhedral Palladium Nanocrystals. In a typi-
cal synthesis, a given amount of Kl solutions were added to 5
mL of 100 mM CTAB solution kept at a given temperature. A 125
wL portion of 10 mM H,PdCl, solution and 40 pL of the as-
synthesized seed palladium nanocubes solution were then
added. Finally, 50 p.L of freshly prepared 100 mM ascorbic acid
solution was added, and the solution was mixed thoroughly. The
resulting solution was placed in a water bath at designated tem-
peratures. Reactions at the same temperature were set up in par-
allel. The reaction time for reactions at 30, 40, 50, 60, and 80 °C
were approximately 40, 15, 6, 2, and 1 h, respectively. The reac-
tions were stopped by centrifugation (6000 rpm, 10 min). The
precipitates were redispersed in doubly distilled water for
UV —vis extinction spectra characterization. Two more centrifu-
gations (6000 rpm, 10 min) were applied to the samples for scan-
ning electron microscopy (SEM), transmission electron micro-
scope (TEM), and XRD characterization.

Instrumentation. SEM images were taken using an FEI XL30
ESEM FEG scanning electron microscope operated at 25 kV.
TEM and selected area electron diffraction (SAED) studies were
performed on a FEI Tecnai G2 20 S-TWIN TEM operated at 200 KV.
UV —vis extinction spectra were taken at room temperature on
a CARY 500 Scan UV—vis-near IR spectrophotometer using a
quartz cuvette with an optical path of 1 cm. XRD samples were
prepared by evaporating a drop of nanocrystal solution onto a
glass substrate. XRD data were collected using Bruker D8 AD-
VANCE X-ray diffractometer (Cu Ka radiation) operated at 40 kV
and 40 mA over a range of 30—90° by step scanning with a step
size of 0.048° at room temperature.
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