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A
nisotropic metal nanostructures are
a class of materials with unique
shape-dependent properties and

functionalities.1�4 Their anisotropy in shape
offers features and functions that are diffi-
cult to obtain simply by size-tuning, and
thus promises their potential utilization in a
number of important applications ranging
from catalysis to imaging and sensing.5�7

However, as most metals have a highly
symmetric face-centered-cubic (fcc) crystal
structure, forcingmetal colloidal particles to
acquire an anisotropic shape remains a
great challenge. Recent studies indicate
that twinning plays a critical role in forming
anisotropic nanostructures.8�10 According
to Lofton and Sigmund, the formation of
twin planes in the seed particles helps
to break the crystalline symmetry and pro-
mote the anisotropic growth of metal nano-
particles.8 Therefore, it has been widely
agreed that a reliable strategy toward the
synthesis of anisotropic metal nanostruc-
tures is to control the formation of seeds

with the desired twin planes during the
nucleation stage. However, a practical diffi-
culty is that a typical synthesis often pro-
duces a mixture of single-crystalline, singly
twin, and multiply twin seeds. It has been
possible to obtain single-crystalline seeds
with high purity by selectively removing the
twin seeds by taking advantage of the
relatively lower stability of the twin seeds
against etchants such as the combination of
halogen ions and O2.

11 Many single-crystal-
line metal nanostructures with well-defined
shapes (e.g., octahedrons, cuboctahedrons,
and cubes) can be subsequently produced
from such seeds by simply controlling the
growth kinetics. On the other hand, obtain-
ing twin seeds in high quality still remains a
major challenge, making it difficult to pro-
duce anisotropic nanostructures at high
yield, especially those containing twins,
by following similar processes for growing
single-crystalline particles. Here we report
that lattice mismatch between two metals
can be utilized to effectively induce the
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ABSTRACT Synthesis of anisotropic nanostructures from materials with

isotropic crystal structures often requires the use of seeds containing twin planes

to break the crystalline symmetry and promote the preferential anisotropic

growth. Controlling twinning in seeds is therefore critically important for high-

yield synthesis of many anisotropic nanostructures. Here, we demonstrate a

unique strategy to induce twinning in metal nanostructures for anisotropic

growth by taking advantage of the large lattice mismatch between two metals.

By using Au�Cu as an example, we show, both theoretically and experimentally,

that deposition of Cu to the surface of single-crystalline Au seeds can build up

strain energy, which effectively induces the formation of twin planes. Subsequent

seeded growth allows the production of Cu nanorods with high shape anisotropy

that is unachievable without the use of Au seeds. This work provides an effective strategy for the preparation of anisotropic metal nanostructures.

KEYWORDS: gold . copper . lattice mismatch . epitaxial growth . core�shell . twinned structure

A
RTIC

LE



WANG ET AL . VOL. 9 ’ NO. 3 ’ 3307–3313 ’ 2015

www.acsnano.org

3308

formation of twin planes in seeds, thus enabling their
further growth into anisotropically shapedmetal nano-
structures at a significantly high yield.
We demonstrate the proposed strategy by using Cu

and Au as the model system because these twometals
are known to have a large latticemismatch (δ = 11.4%).
Scanning tunneling microscope (STM) studies have
already revealed that the deposition of Cu can give
rise to the formation of twin planes on a single-crystal-
line Au(100) substrate.12 It is therefore expected that
twinningmay also occur during the deposition of Cu to
colloidal single-crystalline Au seeds. In the formation of
heterogeneous core�shell nanoparticles, the layered
epitaxial growth mode is conventionally considered
to be hindered when δ is larger than 5%.13 Recently,
however, we have successfully generated Pd@Cu
core�shell nanocubes with δ = 7.1% via localized
epitaxial growthmode, slightly violating the aforemen-
tioned criterion.14 Different from the conventional
growth behavior, the localized epitaxial growth mode
allows Cu islands to initially nucleate at different sites
on Pd seeds and then further grow until the entire
surface of seeds is fully covered by Cu shells. When δ
is even larger, as in the case of Au@Cu core�shell
nanoparticles, crystalline defects such as twinning are
expected to form eventually, thus offering new oppor-
tunities for constructing twin nanostructures on single-
crystalline seeds and further promoting anisotropic
growth.

RESULTS AND DISCUSSION

To explore the effects of δ between shell and
seed metals during seeded growth, we systematically
studied the deposition of Cu on Au seeds by first-
principles (FP) simulations. Previous theoretical studies
have well explained twinning in binary alloys due
to the nucleation of Shockley partial dislocations on
several adjacent {111} planes. However, unlike this study,
crystals are required before the twin formation.15�19 In
addition, considering the small sizes of Cu�Au when
twinning is first observed, it is hard to believe that
multiple partial dislocations cannucleate. Therefore, from
a new theoretical perspective, we propose the conju-
gated orientation model.
A single-crystalline Au seed is typically enclosed

by three facets, i.e., {111}, {100}, and {110}, with
{110} being the most energetic facet. Consistently, it
has been found that {220} facets are also the most
active sites during the initial deposition of Cu on the Au
surface.20 We therefore build the growth model by
stacking Cu atoms on an Au {220} plane. There are two
possible growing orientations of the deposited Cu
multilayers (MLs). One is [110]Au//[110]Cu, referred to
as collinear orientation (CL, shown in Figure 1A and
Figure S1). In this orientation, Cu MLs simply follow the
stacking sequence of the Au substrate and lead to
conformal single-crystal coatings only. The other is

noncollinear orientation (NCL, shown in Figure 1A
and Figure S2), in which two conjugate alignments
are possible: [110]Au//[112]Cu and [110]Au//[112]Cu, as
shown by the two dashed red arrows in Figure 1B.
When the two parts with different NCL alignments
meet on the substrate, a twin boundary forms along
[110]Au, as indicated by the green line. We treat the
Au@Cu system as grand canonical ensembles; thus CL
and NCL orientations are allowed to contain different
numbers of Cu atoms. Note that in our supercell
there are 24 and 18 Cu atoms per layer in NCL and CL
orientations, respectively. In order to compare the
relative stability of these two orientations, we define
the relative stable energy ΔE as

ΔE ¼ E(NCL) � E(CL) � (NNCL � NCL)μCu

where NNCL and NCL are the numbers of Cu atoms in
two orientations, and μCu = �3.677 eV is the chemical
potential of Cu since the Au@Cu system is assumed to
be in equilibriumwith bulk Cu. In this case, negativeΔE
indicates a more stable NCL orientation.
Figure 1C presents ΔE as a function of Cu shell

thickness (for side view of each configuration see
Figure S3). ΔE decreases as the Cu MLs deposit onto

Figure 1. (A) Collinear (CL) and noncollinear (NCL) growth
model of Cu atoms on Au. Cu atoms are in orange, and Au
atoms are in yellow. (B) Scheme of Cu twin on Au(110). Twin
crystals are indicated by the two dashed red arrows. Au
atoms in the top layer and sublayer are big and small yellow
circles, respectively. Cu atoms are presented at atop sites
(dark blue dots), 4-fold sites (orange dots), and bridge sites
(magenta dots). Black broken lines define (2 � 1) Cu cells.
Periods of Cu and Au along key directions are given as well.
(C) Relative stable energy of CL versus NCL growth of Cu.

A
RTIC

LE



WANG ET AL . VOL. 9 ’ NO. 3 ’ 3307–3313 ’ 2015

www.acsnano.org

3309

the Au substrate. For the first two MLs, the CL orienta-
tion is more stable. After depositing five Cu MLs, ΔE
becomes negative, indicating that the NCL orientation
becomes energetically more favorable. Therefore, the
deposition of the initial four layers of Cu shell follows
the CL orientation and subsequently switches to NCL
once more than five layers of Cu atoms are grown on
the surface of Au seeds. Due to the energetic degen-
eracy, deposited Cu MLs along the two conjugate NCL
directions can coexist in the form of islands on the Au
substrate. A twin boundary can therefore form if the
two islands expand and eventually meet each other.
We need to further understand the behavior of ΔE.

Structural analysis shows that there are three kinds
of adsorption sites over the Au(110) substrate: 4-fold,
atop, and bridge (Figure S3). FP results demonstrate
that Cu atoms at atop and bridge sites are less stable
compared with those at 4-fold sites. In the CL orienta-
tion, all Cu atoms locate at 4-fold sites, while in the NCL
orientation, 25% of Cu atoms are at atop sites, 50% are
at bridge sites, and only 25% locate at 4-fold sites. On
the other hand, δ between Au and Cu (11.4%) will
induce strain energy in Cu MLs. The Cu MLs depositing
in CL orientation will experience 11.4% biaxial strain
and thus accumulate higher strain energy with the
increase of the Cu thickness. As shown in Figure 1, Cu
MLs in NCL orientation fit much better on the Au
substrate: the biaxial mismatch is only ∼2.1%. Conse-
quently, there are two competing factors determining
the stability of Cu MLs in different orientations: (1) the
strain energy induced by δ and (2) the binding energy
of Cu atoms at different sites. When the Cu shell is thin,
CL orientation is more stable because of the stronger
adsorption of Cu atoms at 4-fold sites than atop or
bridge sites. With increasing Cu shell thickness, the CL
orientation is less favorable due to the strain energy
accumulation. When the strain energy is high enough
to compensate the adsorption energy, the stable con-
figuration of the Cu shell transits to the NCL orienta-
tion. The critical thickness is five Cu MLs according
to our calculations. Note that if we take a different
reference state of Cu (μCu is different from �3.677 eV),
the critical number of shells might be different, but the
above discussions are still valid. In their study on the
deposition behavior of Cu on a Au(100) substrate using
STM technique, Kolb et al. have shown that only exactly
10 layers of Cu can be grown on a Au(100) substrate
along the CL orientation. With the 11th layer, a struc-
tural transition suddenly takes place, which causes
buckling of the Cu surface. In their study, the emerging
new surface structures exhibit small domains rotated
by 90� from each other due to the symmetry of Au-
(100), resulting in singly twin structure of Cu.12 It is
reasonable to expect that the deposition of Cu on
colloidal Au seeds would prefer NCL orientation de-
position,making it possible to form twin structures that
are desired for anisotropic growth.

When δ is relatively small, as in the case of Pd shells
on Cu seeds, the system may still follow the conven-
tional epitaxial growth mode. The δ between Cu MLs
and the Pd substrate in CL andNCL orientations is 7.1%
and 6.9%, respectively. Since the mismatches in two
orientations are similar, adsorption energy becomes
dominant. Cu MLs are always more stable in CL orien-
tation and will not nucleate into twin structure. As
evidence, the structural relaxation using the FP meth-
ods failed if the Cu shell is thicker than 2 MLs in NCL
orientation on the Pd(110) substrate, suggesting that
NCL orientation is not favored on Pd seeds. Thus, the
overgrowth of Cu shells on Pd nanocubes at the same
condition will result in the formation of Pd@Cu core�
shell nanocubes, with Cu shells being epitaxially de-
posited onto Pd seeds along the same orientation,
which is consistent with our reported work on Pd@Cu
nanocubes.14 Based on FP calculations and above
discussions, we confirm that it is the appropriate δ
between shell and seed metals that causes the twin-
ning. More importantly, our results suggest a practi-
cally effectivemethod for creating and controlling twin
structures.
The simulation results indicate that it might be

possible to achieve Cu twin planes on Au single-crys-
talline substrates/seeds resulting from their large δ. To
verify these theoretical predictions, single-crystalline
Au nanospheres were first synthesized by following a
previously reported two-step method and then used
for seeded growth of Cu shells.21 According to the
literature; the spheres prepared through this method
were in fact cuboctahedrons. Figure 2 shows the
transmission electron microscopy (TEM) images of
the as-prepared Au nanocrystals, as well as their corre-
sponding ultraviolet�visible (UV�vis) spectrum. From

Figure 2. (A) TEM image, (B, C) HRTEM images, and (D)
UV�vis spectrum of Au nanoparticles serving as seeds. The
insets in (B) and (C) show the corresponding Fourier trans-
form pattern.
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TEM image in Figure 2A, it is clear that pseudospherical
Au nanoparticles (cuboctahedrons) are the dominant
(>80%) products, with a small fraction in the tetrahe-
dral shape. The final nanoparticles contained ∼94% of
single-crystalline seeds, together with∼6% of twinned
seeds (Figure S4). All nanoparticles have a uniform size
of ca. 11 nm. High-resolution TEM (HRTEM) and Fourier
transform (FT) patterns confirm that these Au nano-
particles are single-crystalline regardless of shapes, as
shown in Figure 2B and C. A localized surface plasmon
resonance (LSPR) peak is located at 528 nm (Figure 2D),
consistent with previous reports on Au nanoparticles
with similar sizes.22,23

These single-crystalline Au nanoparticles were then
used as the seeds to induce the localized epitaxial
growth of Cu shells upon the reduction of CuCl2 by
glucose in the presence of hexadecylamine (HDA).14,24

As shown in the representative scanning electron

microscopy (SEM) and TEM images in Figure 3, the
products resulting from the seeded growth are Au@Cu
nanorods with high shape uniformity and high yield.
Apparently, the large δ (11.4%) has a significant impact
on the epitaxial growth of heterostructures in solu-
tion,25 and it is responsible for the evolution from the
pseudospherical seeds to the rod-shaped products.
This result is remarkably consistent with our theoretical
predictions. Careful observation of the SEM image
further reveals some small holes with sizes around
30 nm on some nanorods. As an air-sensitive metal,
Cu would be easily oxidized when exposed to the air
without sufficient protection from surfactants. As a
result, high-energy sites of the as-prepared Au@Cu
core�shell nanorods, especially the interfaces of Au
seeds and Cu shells, could be quickly oxidized after
the surfactant is partially removed during washing,
producing holes on the nanorods (marked by arrows
in Figure 3A). We further applied energy-dispersive
X-ray (EDX) line-scan analysis to determine the distri-
bution of Au and Cu in the nanorods, as shown in
Figure 3C. The Au signal was found at the core area
with a size in good agreement with that of the original
Au seeds. More direct evidence was obtained by EDX
elemental mapping (Figure 3D), which clearly shows a
distinct spherical Au core in a Cu nanorod, supporting
the conclusion that Cu has been successfully deposited
on Au seeds despite the large δ between these metals.
In order to reveal the important role of twin planes in

the anisotropic growth, the Au@Cu nanorods were
further analyzed by bright- and dark-field TEM imag-
ing as well as selected area electron diffraction (SAED).
Figure 4 shows the results for Au@Cu core�shell nano-
rodswith two typical orientations. Clearly, Au seeds can
be identified inside the Cu nanorods (Figure 4A and E).
The dark-field images in Figure 4B and F were taken
from spots (220) selected by the objective lens aper-
ture: light contrast along the long axis direction can be
observed all over the nanorod in Figure 4B, while only

Figure 3. (A) SEM, (B) TEM, and (C, D) EDX line-scan and
mapping of Au@Cu nanorods prepared under standard
conditions.

Figure 4. Characterizations of two individual Au@Cu nanorods. (A, E) TEM, (B, F) dark-field images, and (C, G) SAED patterns.
(D, H) Cross-sectional models of the Au@Cu nanorods showing arrangements of twins T1 to T5. The red circle in (G) shows the
diffraction corresponds to the (220) facet of the Au seeds.
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half of the nanorod exhibits light contrast in Figure 4F
due to the different orientations. These results indicate
that the nanorods contain twins, which were further
characterized by SAED analyses. As shown in Figure 4C
and G, both diffraction patterns with different orienta-
tions indicate that Cu nanorods are crystallized in the
fcc structure, but neither of them could be assigned
to a single-crystalline structure. Most of the diffraction
spots in Figure 4C can be indexed as the diffractions of
the [112] and [001] zone axis (Figure 4D), while those
in Figure 4G can be assigned to the [110] and [111]
zone axis (Figure 4H), suggesting that the Cu nanorods
should possess a multiply twin structure. In fact, these
observations are consistent with the previous results
obtained for pentatwin nanorods of Au, Cu, Ag, and
Pd.26�29 We can therefore confirm a pentatwin fcc
structure model with five {111} twin boundaries for
the Cu nanorods grown on the single-crystalline seeds,
with their longitudinal direction along Æ110æ.
Although our simulation was not able to clearly

indicate the stepwise evolution to pentatwin struc-
tures, we were able to verify the pentatwin structure of
thenanorods experimentally byHRTEMstudies. Figure 5
shows the TEM and HRTEM images taken from the core
portion of two different Au@Cu nanorods, respectively.
The insets schematically illustrate the orientations of
the nanorods relative to the incident electron beam
(Figure 5A and C). The Au seeds are clearly identified at
the core area of the nanorods. When the axis of the
e-beam was parallel to one of the side faces of the
pentagonal nanorod (Figure 5B), three sets of fringes
with lattice spacings of 2.1, 1.8, and 1.3 Åwere observed,
corresponding to the {111}, {200}, and {220} planes of
Cu, respectively. Figure 5D shows the HRTEM image
taken from an Au@Cu nanorod oriented with the bot-
tom side face perpendicular to the e-beam. The fringes
with lattice spacings of 2.1 and 1.3 Å could also be

assigned to the {111} and {220} planes of Cu, respec-
tively. This result indicates that the Au@Cu nanorods
were grown along the Æ110æ direction. As well, the data
further demonstrated the successful synthesis of the
pentatwin structure of Cu shells on single-crystalline
cores. Considering the pentatwin structured shells and
the relatively thinner Cu layer at the core area (Figure
S5), it is possible to observe the atomic arrangement of
the initial deposited Cu layer on the Au seeds through
HRTEM characterization. Since the Au core is positioned
at the center of the nanorod, half of the Au core area in
Figure 5B was covered by Cu lattice fringes. Interest-
ingly, the distances of lattice fringes at the core area are
slightly deviated from the theoretical Cu lattice con-
stants. As marked in Figure 5B, the constants were
measured to be 0.14 nm at the core area, which are
larger than that of theoretical values (0.128nm) of fcc Cu
along the same direction. This enlargement is probably
due to the influence of the Au core. Although Cu atoms
are successfully deposited on Au cores with the same
Æ220æ direction, the growth still needs to bear additional
stress to fit the lattice of Au, subsequently resulting in an
increase in the lattice parameter of Cu. The same orienta-
tion of Au and Cu along Æ220æ can be verified through
SAED and moiré patterns. In addition to the associated
double-diffraction reflections of pentatwin Cu shells in
the SAEDpattern, a second smaller set of diffraction spots
from the Au core (Figure 4G, indicated by red cycles) can
be assigned to the Au(220) epitaxially oriented with the
Æ110æ growth direction of Cu shells. Analysis of the moiré
patterns [fringes covered the core area of some nano-
rods due to the superposition of two misfit crystalline
lattices (Au and Cu lattices)] also confirms this orientation
relationship (Figure S6). The lattice spacing shown in
Figure S5 is 1.124 nm, corresponding to the calculated
data (1.152 nm) of the crystal lattices of Au and Cu {220}
planes. These results confirm that theCupentatwin shells
have successfully grown onto Au single-crystalline seeds
in an epitaxial manner by sharing common {220} planes.
To further understand the growth process of the

pentatwin Cu shells, we took TEM images from a set
of products at different reaction time so as to better

Figure 5. (A, C) TEM and (B, D) HRTEM images of two
individual nanorods along different orientations.

Figure 6. (A) Proposed growth model and (B�D) TEM
images of Cu shells on an Au single-crystalline seed
obtained at 14, 22, and 36 h, respectively.
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complement the simulation results (Figure 6). Initially,
Cu atoms nucleate on one side of an Au particle and
then grow into a large blob through localized epitaxial
growth. The deposited Cu blob prefers to form a pen-
tatwin structure to minimize the strain energy due to
the large δ between Au and Cu (Figures 6B and S7).
HRTEM imaging, however, could not clearly identify
the pentatwin structure for Au�Cu bimetallic particles
at the early stage. As the reaction proceeds, the pen-
tatwin Cu blob slowly evolves into rod-shaped shells, as
shown in Figure 6C. Eventually, the entire Au seed is
encased, leading to Au@Cu core�shell nanorods
(Figure 6D). The critical role of large lattice mismatch
in the formation of twin nanostructures on single-
crystalline seeds is also confirmed by two control ex-
periments. First, without Au seeds, Cu nanocubes were
obtained, consistent with the fcc crystalline nature of
themetal (Figure S8). Second, whenPdnanocubeswere

introduced as seeds, Pd@Cunanocubeswere generated
due to the relatively small lattice mismatch compared
with the Au�Cu system (Figure S9), which is in agree-
ment with our previous results.14

CONCLUSION

In summary, we demonstrate a unique strategy to
induce twinning in metal nanostructures for anisotro-
pic growth by taking advantage of the large δ between
two metals. By using Au�Cu as a model system, we
show both theoretically and experimentally that the
strain energy due to large δ can effectively induce the
formation of twin planes on single-crystalline seeds
and subsequently promote the anisotropic growth into
nanorods. We believe this work provides a novel and
highly effective strategy for the rational design and
synthesis of anisotropic nanostructures from materials
with intrinsic isotropic crystal structures.

METHODS

Experimental Section. Chemicals and Materials. Gold chloride
trihydrate (HAuCl4 3 3H2O), sodium borohydride (NaBH4), cetyl-
trimethylammonium bromide (CTAB), L-ascorbic acid (AA), cop-
per chloride dehydrate (CuCl2 3 2H2O), hexadecylamine (HDA),
and glucose (C6H12O6) were all obtained from Sigma-Aldrich.

Synthesis of Au Seeds. The Au nanoparticle seeds were pre-
pared using a two-step procedure. We first synthesized 3 nm
Au nanoparticles by adding 0.6 mL of ice-cold NaBH4 solution
(10 mM) into a 10 mL aqueous solution containing HAuCl4
(0.25 mM) and CTAB (0.1 M), generating a brownish solution.
The seed solution was kept undisturbed for 3 h at 27 �C to
ensure complete decomposition of NaBH4 remaining in the
solution. After that, 6 mL of HAuCl4 (0.5 mM), 6 mL of CTAB
(0.2 M), and 4.5 mL of AA (0.1 M) aqueous solution were mixed,
followed by the addition of 0.3 mL of the as-prepared 3 nm Au
nanoparticles. The final mixture turned from colorless to red
within 1min, indicating the formation of large Au nanoparticles.
After 1 h, a UV�vis spectrum was recorded from the Au
nanoparticle suspension.

Synthesis of Au@Cu Nanorods. The Au�Cu nanorods were
prepared using a seed-mediated method. In a typical synthesis,
21mg of CuCl2 3 2H2O and 90mg of HDAweremixedwith 10mL
of water in a glass vial. This mixed solution was magnetically
stirred at room temperature, and then 50 mg of glucose was
added into the solution and stirred for 4 h, followed by the
addition of 1 mL of the single-crystalline Au seeds. The vial was
then transferred into an oil bath and heated at 80 �C for 36 h
under magnetic stirring.

Computational Methods. The VASP code30,31 with generalized
gradient approximation for the exchange�correlation func-
tionals (Perdew�Burke�Ernzerhof)32 was used for all calcula-
tions. The geometric relaxation threshold was set to 0.02 eV/Å,
and the electronic structure convergence was 10�4 eV. The
energy cutoff of plane waves was 274 eV. The Methfessel�
Paxton smearing method with a width of 0.05 eV was used.
A 3 � 3 � 1 Monkhorst�Pack k-point mesh was chosen.33 As
shown in Figure S1, a 3 � 3 Au(110) supercell with three layers
was adopted as substrate. The bottom two layers were fixed
throughout all calculations to mimic the bulk environment.
Note that the 3 � 3 supercell is the smallest one that is
compatible with periodicity of both CL and NCL orientations
of the Cu shell. Cu atoms were added onto the Au substrate
layer by layer. The thickness of the calculating boxwas 20.2 Å, so
that even with the thickest Cu multilayers considered in the
present work the vacuum was still 11.1 Å to separate the
periodic slabs. The lattice constants of Au, Pd, and Cu were

set to be the experimental value: 4.078, 3.891, and 3.615 Å,
respectively.

Characterizations. Transmission electron microscopy, high-
resolution TEM, selected-area electron diffraction, and dark-
field and energy-dispersive X-ray analyses were performed
using a JEOL 2100F microscope operated at 200 kV (Tokyo,
Japan). UV�vis spectra were recorded with an Ocean Optics
HR2000þES UV�vis�NIR spectrophotometer with a DH-2000-
BAL light source.
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