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T
he diffusion of noblemetals is of great
importance and interest in the fields
of electronics,1�8 catalysis,9 and

biotechnology.10 For instance, as a major
interconnect material, the diffusion of copper
(Cu) in conducting, dielectric, and diffusion
barrier thin films has a direct effect on the
performance of submicrometer integrated
circuits.2�8 It was not until recently11�13

that the noble metal diffusion in nanoma-
terials started to be explored and occasion-
ally applied to produce nanocrystals (NCs)
with novel morphologies that are otherwise
difficult to produce. In contrast to the
well-studied metal diffusion in bulk,14�16

on thin films,17,18 and on the surface of
substrates,19�22 the diffusion behavior
(kinetic, diffusion coefficient, etc.) of noble
metals in nanostructured materials remains
elusive, despite the impending need when
the metal NCs are integrated23�26 or as-
sembled into building blocks27�37 for future
devices. One of the major obstacles is the
lack of reliable protocols for such diffusion
measurements in nanoscale materials. In
the typical diffusion studies of bulk materi-
als, metal films are first deposited on a
substrate surface and heated to a high
temperature. The resulting metal concen-
tration profile on the substrate leads to
diffusion distances and diffusion coeffi-
cients. It remains a technical challenge to
apply this method directly to the study of
nanoscale materials.
Noble metal diffusion in nanomaterials

has been detected in several cases, includ-
ing Au diffusion in semiconductor NCs,11�13

the diffusion of Cu atoms into presynthe-
sized Au NCs to form Cu�Au alloy NCs,38

andmetal pair diffusion in nanoscale galvanic

replacement reactions (GRRs).39�48 The dif-
fusion and coalescence of Au�Pd and
Au�Cu bimetallic nanoparticles were also
reported by Sacher49 and Howe50 and their
co-workers, respectively. Recently, Alivisa-
tos, Dahmen, and co-workers observed real-
time diffusion of Au NCs in an aqueous thin
film using transmission electronmicroscopy
(TEM).51 The diffusion of Cu NCs was also
observed on the surface of amorphous
alumina19 and Pd(110).52 The self-diffusion
of Cu within polycrystalline nanomaterials
was investigated using radioisotope techni-
ques by Gleither and co-workers.53 Among
these observations, nanoscale GRRs provide
a powerful route to produce bimetallic NCs
with hollow interiors. By taking advantage
of the nanoscale “Kirkendall effect”,54 this
protocol demonstrates that the different
diffusion rates of two metal species across
the interface can cause the formation of
voids. For instance, Xia and co-workers re-
ported the production of hollow bimetallic
NCs with variousmorphologies such as nano-
cages,nanoboxes, nanorings, andnanoframes,
using Ag NCs as templates and starting
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ABSTRACT Metal diffusion in nanoscale materials is of great interest, yet the detailed kinetic

behavior of such diffusion remains elusive. We observe direction-controlled Cu diffusion during

unconventional galvanic replacement reactions between surface-limited Cu nanocrystals (NCs) and

HAuCl4. Using presynthesized Cu�Cu1.81S hetero-oligomer and Cu�Cu2S heterodimer NCs as

templates and reactants, the controlled addition of HAuCl4 leads to the preferential outward

diffusion of Cu, visualized by the formation of single-crystalline and straight, or polycrystalline and

kinked, CuAu nanowires, respectively. The time-dependent growth of these nanowires enables

determination of nanoscale diffusion coefficients of Cu during these processes, for the first time.

KEYWORDS: Cu diffusion . nanomaterials . unconventional galvanic replacement
reaction . surface-limited Cu nanocrystals . diffusion coefficient
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materials.48,55�59 During these conventional GRRs, the
rather fast reaction times (in a few seconds to minutes)
combined with the comparable diffusion rates of two
metal species usually leads to the formation of pro-
ducts with similar morphologies to the starting NCs.
The absence of distinctly directional nanostructures
makes it impossible to identify the metal diffusion
distance required for the calculation of diffusion coef-
ficients. Additionally, during Au diffusion in semicon-
ductor NCs,11�13 it has been shown that Au atoms first
diffuse in all directions, and then these atoms come
together to form a single Au NC within or on the
surface of each semiconductor NC due to Ostwald
ripening. Recently, Alivisatos and co-workers described
cadmium (Cd) diffusion during the NC sulfidation
process, where time-dependent metal core evolu-
tion leads to the measurement of Cd diffusion co-
efficients.60 Diffusion coefficients in nanocrystalline
materials can be orders of magnitude different from
their bulk counterparts.53,60 A simple protocol of mea-
suring diffusion coefficients in NCs is of great impor-
tance and is the goal of this work.
We recently reported a facile and efficient protocol

to produce Cu�Cu1.81S hetero-oligomer and Cu�Cu2S
heterodimer NCs.61 The Cu portions among these
hetero-oligomers andheterodimers show limited open
surfaces due to the later growth of copper sulfide
portions.61 In the present study, we demonstrate that
Cu diffusion, during the nanoscale GRR with Au3þ, can
take place in both time- and direction-controlled
manners, when the reaction is constrained to within a
few tens of nanometers of the Cu NC surface. Using
presynthesized Cu�Cu1.81S hetero-oligomer and
Cu�Cu2S heterodimer NCs as templates and reactants,
the controlled addition of HAuCl4 leads to the prefer-
ential outward diffusion of Cu, as evidenced by the
formation of straight, single-crystalline or kinked, poly-
crystalline CuAu alloy nanowires, respectively. The
directional structures of the as-prepared CuAu nano-
wires elucidate the outward diffusion pathway of Cu,
visualized by alloying Cu with newly produced Au. The
time-dependent growth of these nanowires enables
determination of the diffusion coefficients of Cu during
these processes for the first time.

RESULTS AND DISCUSSION

Three different nanostructures, namely, Cu NCs,
Cu�Cu1.81S hetero-oligomers, and Cu�Cu2S heterodi-
mers, are produced from the wet chemical reactions
following our previous reported procedures.61 These
three nanostructures are used as starting NCs for
GRRs with HAuCl4. In particular, the Cu diffusion
products were obtained after the predetermined
amount of HAuCl4 solutions (in diethylene glycol) were
directly added into the presynthesized hetero-oligo-
mer or heterodimer solutions in the absence of any

purification process, and the temperature of the reac-
tion solution was maintained at 180 �C. The diffusion
behavior of Cu in these three systems is studied
through characterization of the resulting nanostruc-
tures following GRRs.

GRRs of Cu NCs. Although the surface-limited redox
replacement reactions between bulk Cu substrates62

or Cu films63 and metal ions were previously studied,
GRRs using CuNCs as sacrifice templates have yet to be
reported, possibly due to the difficulty of Cu NCs'
synthesis. The GRR of colloidal Cu NCs with HAuCl4
has thus been investigated. Cu NCs were produced
following our recently reported procedure,61 and the
as-prepared Cu NCs show a large size distribution with
an average of 33.0 ( 18.3 nm (Figure 1). High-resolu-
tion TEM (HR-TEM) image and the inserted image of
calculated fast Fourier transform (FFT) of the selected
areas indicate the polycrystalline nature of these NCs
(Figure 1). Following the GRR between Cu NCs and
HAuCl4 in diphenyl ether at 180 �C, the derived pro-
ducts are shown in Figure 2. Two types of nanostruc-
tures are observed. Larger NCs, with an average size of
39.4( 7.8 nm in diameter, have hollow interiors and, as
seen in the HR-TEM image in Figure 2b, are character-
ized by cage-type structures. HR-TEM images also show
multidirection lattice planes, confirming the polycrys-
tallinity of these resulting nanocages and providing a
wall thickness from 5 to 15 nm. On the other hand,
smaller NCs, averaging 15.1 ( 4.1 nm in diameter,
show homogeneous TEM contrast throughout each
nanoparticle, indicating solid NCs are produced. En-
ergy dispersive X-ray (EDX) taken from multiple nano-
particles demonstrates that both the larger nanocages
and the smaller, solid NCs were composed of an
Au�Cu alloy, with the approximate Au to Cu atomic
ratio of 1:1 (Figure S1 in the Supporting Information).
The size-dependence Kirkendall effect, as we observed
here, has been previously reported during the oxida-
tion of nickel NCs.64 It has been reported that the GRR
between Ag NCs and HAuCl4 results in Au or Au�Ag
alloy shells only when the starting Ag NCs have
dimensions larger than 20 nm.58,65 The GRR reaction
starting with smaller Ag NCs (<20 nm) leads to the
formation of solid Au�Ag alloy NCs.42 Likewise, our
above experimental observations show a similar size-
dependent reactivity of Cu NCs, and there appears to
be a critical size on the order of 20 nm for Cu NCs
during their GRRs with HAuCl4. When Cu NCs are
smaller than 20 nm, solid Au�Cu alloy NCs are formed
(Figure 2c). Above ∼20 nm, Au�Cu alloy nanocages
are produced (Figure 2b). This phenomenon can be
explained thermodynamically, since below the size of
20 nm, the nanoparticles are too small to make stable
hollow structures.66 Li and co-workers recently demon-
strated that monodisperse, intermetallic CuAu NCs
below 10 nm can be produced by diffusing newly
produced Cu atoms into presynthesized Au NCs.38
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We demonstrate here that the diffusion of Au atoms
into Cu NCs (<∼20 nm) can also produce alloy CuAu
bimetallic NCs.

GRRs of Cu�Cu1.81S Hetero-oligomers. The hetero-oligo-
mers of Cu�Cu1.81S were produced following our
previously reported protocol.61 As shown in Figure 3a

and c, the Cu and Cu1.81S domains can be easily
differentiated by the TEM contrast brightness. In each
oligomer, the single-crystalline Cu domain (the dark
center) is covered by multiple Cu1.81S nanoparticles
(the lighter branch area) with periodic open Cu surfaces
of a few nanometers.61 It has been previously reported

Figure 2. TEM images of Au�Cu NCs obtained after the addition of HAuCl4 into the solution of Cu NCs. Insets (a, b, and c)
showing histograms of as-prepared NCs, HR-TEM images of one typical nanocage, and three solid NCs, respectively.

Figure 1. TEM images of as-prepared CuNCs. (a) Histogramof the CuNCsby counting 200 nanoparticles. (b) HR-TEM imageof
one typical Cu NC and the calculated FFT of the selected area showing the polycrystalline nature of the NCs.
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that the GRR of metal NCs a few nanometers in size
results in nanostructures different from their larger
counterparts.42,67 Thus, the GRR of Cu domains in
hetero-oligomers with HAuCl4 under such limited re-
active surfaces is expected to show different reactivity
from that of unmodified Cu NCs as described above.
After the dropwise addition of a HAuCl4 solution (95
mg in 3 mL of diethylene glycol (DEG)) into the
oligomer solutions, the as-prepared NCs are shown in
Figure 4. At 7 min, it appears that nanowires start to
form on the open surfaces of Cu domains (Figure 4a).
These nanowires continue to grow at 15 min
(Figure 4b) and 30 min (Figure 4c), until approximately
60 min, when they reach their maximum length
(Figure 4d and e). EDX analysis, elemental mapping
analysis, and scanning transmission electron micro-
scopy (STEM), in conjunction with EDX line scan profil-
ing along the diameter of a typical nanowire, reveal
that these nanowires are a homogeneous alloy of Cu
and Au with an approximate atomic ratio of 1.3:1
(Figure S2 in the Supporting Information). This obser-
vation represents a significant difference from conven-
tional nanoscale GRRs, where hollow NCs with similar
morphologies to those of sacrificed metal NCs were
usually produced.43�48 HR-TEM image of one typical
nanowire (Figure 4f) shows that each nanowire is
composed of periodic arrowhead-shaped single-crys-
talline units. These single-crystal units have an average
side length of 12 nmand are epitaxially attached to one
another mainly in the direction of [111] lattice fringe,
leading to the formation of a single-crystal nanowire
(Figure 4f). Some of these arrowhead-shaped units can

also grow in the direction of [200] lattice fringe, form-
ing branchednanowires (Figure 4b, c, and d,marked by
stars and arrows). This phenomenon can likely be
explained thermodynamically, since for noble metal
crystals such as Au and Cu the surface energy relation-
ship of three low-index crystallographic planes is γ
[111] < γ [200] < γ [110].68 Even though the detailed
formation mechanism remains elusive and a complete
study is under way, the production of single-crystalline
nanowires composed of periodic arrowhead-shaped
units is likely due to a heteroepitaxial growth mechan-
ism. The measured d spacing analysis on the basis of
theHR-TEM image shown in Figure 4f indicates that the
CuAu alloy nanowire epitaxially attaches to the [111]
plane of the Cu core through its [111] plane. The lattice
mismatch along this direction can be calculated as
[(0.207 � 0.200)/0.207 � 100%] = 3.4%. Such a small
mismatch leads to a smooth epitaxial growth of face-
centered cubic (fcc) CuAu alloy on fcc Cu without any
obvious dislocation. As shown in Figure 4f, these
single-crystalline and arrowhead-shaped units have
an average side length of 12 nm and are epitaxially
attached to one anothermainly in the direction of [111]
lattice fringe, leading to the formation of a single-
crystal nanowire. These observations suggest that the
epitaxial growth mechanism can be applied to explain
the formation of the fcc crystalline structures of CuAu
nanowires. It appears that the growth process is under
thermodynamic control, where the resulting nano-
wires adapt to the most energentic stable structures.
To approximate themost stable product, the formation
of single-crystalline nanowires can be considered in

Figure 3. TEM images of (a) Cu�Cu1.81S hetero-oligomers and (b) Cu�Cu2S heterodimers. HR-TEM images of one single
(c) Cu�Cu1.81S hetero-oligomer and (d) Cu�Cu2S heterodimer, showing limited open surfaces of metal Cu domains.
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the context of Wulffs theorem,69 which attempts to
minimize the total interfacial free energy of the nano-
system. Since for noble metal crystals such as Au and
Cu the surface energy relationship of three low-index
crystallographic planes is γ [111] < γ [200] < γ [110], the
resulting nanowires are composed of periodic arrow-
head-shaped units, enclosed mostly by [111] facets.
Thermodynamically, the formation of nanowires con-
sisting of arrowhead-shaped units maximizes the ex-
pression of [111] facets andminimizes the total surface
energy. Additional studies are underway to understand
the factors determing the size of the arrowhead-
shaped units, which likely include metal surface self-
diffusion distance. For instance, gold (Au) has a much

larger average surface self-diffusiondistance (3�12nm)70

than copper (Cu), whichmight explain the average size
of 12 nm of the arrowhead-shaped units.

It appears that the diffusion process of Cu atoms
initiates at the open surfaces of Cu domains of hetero-
oligomers, and it further occurs through the newly
formed CuAu alloy nanowires (Figure 4). When Cu
metal domains are subjected to GRR, Au3þ cations
are reduced to Au atoms, which further form a CuAu
alloy with Cu atoms (eq 1) on the limited, open Cu
surfaces of the oligomers. Cu atoms from within the
Cu domains then diffuse through the newly formed
CuAu alloy interface of the nanowires to react with
Au3þ to producemore CuAu alloy. The process repeats,

Figure 4. Outward diffusion of Cu is visualized as it is alloying with Au, shown as CuAu alloy nanowires sticking to the open
surface of Cu domain in hetero-oligomers. TEM images of as-prepared nanowires observed at (a) 7min, (b) 15min, (c) 30min,
and (d) 60 min after the controlled addition of HAuCl4 into the Cu�Cu1.81S hetero-oligomer solutions. (e) Plot of length of
nanowires versus time showing the time-dependent growth of nanowires. (f) HR-TEM image of a selected area of one hetero-
oligomer (marked as a red square in d). FFT images of selected areas showing single-crystalline structure across the whole
nanowire. Stars mark branched nanowires, where NCs grow in the direction of [200] lattice fringe. Arrows mark isolated
branched nanowires. All unlabeled scale bars represent 50 nm.
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resulting in the formation of CuAu nanowires on the
open Cu surface. At the CuAu alloy interface of the
nanowires, the diffusion rate of atomic Cu appears to
bemuch faster than that of Au3þ, which results in a net
directional flow of matter outward. The alloying of Cu
andAu takes place on amuch faster time scale than the
diffusion;71 thus the growth of CuAu nanowires eluci-
dates the outward diffusion of Cu. The instantaneous
alloying of Cu atoms after diffusion with the newly
formed Au makes it a unique way to visualize Cu
diffusion. Each single-crystalline nanowire shows the
directional pathway of Cu diffusion, representing a
significant difference from the previously reported
nanoscale metal diffusions.11�13

CuþAu3þ f Cu2þ þAu(alloy) (1)

The outward diffusion of Cu can also be elucidated
by the formation of voids within the Cu domains. For
those oligomers with small sizes (tens of nanometers),
the outward diffusion of Cu is comparable with its self-
diffusion within the Cu domain, which results in single
voids, indicated by homogenously light TEM contrast
across the remaining Cu cores (Figure 4a). But for
larger oligomers (greater than 100 nm), the forma-
tion of multiple voids (Figure S3a in the Supporting
Information) or unevenly distributed metals in Cu
domains (Figure S3b, c, and d in the Supporting
Information) is likely due to the fact that self-diffusion
is not fast enough to cause the voids to combine into a
single void.

Ostwald ripening, a phenomenon of the growth of
larger crystals from smaller ones due to the surface
energy difference, has been previously observed dur-
ing metal diffusion in semiconductor NCs.11�13 The
Ostwald ripening observed during those processes
showed multiple-directional diffusion of metals in
semiconductor NCs. Consequently, they usually lead
to the formation of polycrystalline metal NCs. We
propose that Ostwald ripening is not involved in the
diffusion process described here for the hetero-oligo-
mers, as each nanowire of CuAu alloy is a single crystal
(Figure 4f).

This preferential outward diffusion of Cu over the
inward diffusion of Au3þ depends critically on the
manner of the addition of HAuCl4. Slow and controlled
addition of 95 mg of HAuCl4 results in diffusion-
controlled products (Figure 4). However, the instanta-
neous addition of 95 mg of HAuCl4 into the hetero-
oligomer solution leads to the formation of solid-core
hybrid NCs (Figure S4 in the Supporting Information).
Under this condition, the concentration of Au3þ around
each hetero-oligomer immediately increases. As a result,
the preferential inward diffusion of Au3þ over the
outward one of Cu gives rise to solid-core CuAu
(alloy)-copper sulfide hybrid NCs. Similar phenomena
of the favored inward diffusion of Au were also
observed during the GRRs of Au3þ with ultrathin Pd

nanowires,67 small Ag spherical NCs (<11 nm),42,72 or
small Cu NCs (<20 nm) (Figure 2 and Figure S1 in the
Supporting Information).

The visualization of the Cu diffusion pathway
through the formation of CuAu nanowires and their
time-dependent growth allows us to investigate the
kinetic behavior of this metal diffusion process. An
estimate for the typical diffusion distance (X) with time
(t) and diffusion coefficient (D) is given by eq 2.

X2 ¼ 4Dt (2)

As shown in Figure 4e, at any given time, the
diffusion distance was determined by measuring and
averaging the lengths of ∼200 CuAu nanowires from
∼50 different nanostructures. The average diffusion
coefficient of Cu was then calculated using three
different times. The average diffusion coefficient of
Cu within the hetero-oligomers is calculated as (5.88(
0.37) � 10�19 m2/s (Table 1). This work represents the
first determination of Cu diffusion coefficient in single-
crystalline CuAu alloy NCs. This measurement is in
good agreement with the previously reported diffu-
sion coefficient of Cu in small Au nanoparticles
(3 nm)73,74 at 1.1 � 10�19 m2/s, and the interdiffusion
coefficient of Ag and Au estimated as 1.0� 10 �19 m2/s
during the GRR between Ag nanoparticles and
HAuCl4.

75 However, this rate is approximately 1�2
orders of magnitude slower than the self-diffusion of
Cu in polycrystalline nanomaterials as determined by
the radioisotope method53 and about 1 order of
magnitude faster than that observed in amorphous
alumina19 (Table 1). Our result is reasonably consistent
with these previous reports, since bulk phase Cu diffu-
sion in polycrystallinematerials can be up to 3 orders of
magnitude faster than that in single crystals.53

GRRs of Cu�Cu2S Heterodimers. Quite different from
the hetero-oligomers, Cu�Cu2S heterodimers have
larger open surfaces (up to 20 nm) of Cu domains
(Figure 3b and d). The Cu domains of these hetero-
dimers likely undergo conventional GRRs to form
hollow interior NCs. For instance, after the dropwise
addition of 13mg of HAuCl4 into the dimer solutions, the
TEM images of as-prepared NCs are shown in Figure S5
of the Supporting Information. The TEM images of NCs

TABLE 1. Diffusion Coefficients of Cu in Single-Crystalline

CuAu and Polycrystalline CuAu NCs Determined in the

Present Work,a Compared with Previously Reported Data

in Polycrystalline Cub, and in Amorphous Aluminac

diffusion coefficient of Cu (D, m2/s)

in single-crystalline CuAua (5.88 ( 0.37) � 10�19

in polycrystalline CuAua (7.01 ( 0.42) � 10�19 to (1.26 ( 0.02) � 10�16

in polycrystalline Cub 2.11 � 10�16

in amorphous aluminac 5 � 10�20

a At 180 �C. b At 180 �C and determined by extrapolation to low temperature of
diffusion data in previous studies.53 c At 200 �C.19
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obtained after the instantaneous addition of 100mg of
HAuCl4 into the dimer solutions are also shown in
Figure S6 of the Supporting Information. It is unambig-
uous that for both cases hybrid NCs including hollow
interiors of metal domains are formed. Notice that
small amounts of NCs showing a solid core in the Cu
domains are also observed after the instantaneous
addition of 100 mg of HAuCl4 into the dimer solutions,
likely due to the mechanism similar to that of hetero-
oligomers (Figure S4 in the Supporting Information).
The resulting NCs with hollow interiors of Cu domains
are due to the competitive rate between outward
diffusion of Cu and inward diffusion of Au, leading to
the formation of CuAu alloy nanocages of metal

domains, similar to most of the conventional nano-
scale GRRs.39�48

Nevertheless, the products showing preferential Cu
outward diffusion were obtained after a 10 min reac-
tion when 95 mg of HAuCl4 in 3 mL of DEG was added
slowly and dropwise into the heterodimer solution. As
shown in Figure 5a, the as-prepared NCs are featured
with kinked nanowires (∼60% of the products) along
with hybrid hollow NCs (∼40% of the products). Most
of the nanowires show bending angles of 90�130�
(Figure 5b), comparable to the angle (109.5�) between
two sets of [111] planes of fcc metals.76 The elemental
mapping analysis of a typical nanowire (Figure S7a, b,
and c in the Supporting Information) and the EDX

Figure 5. (a) TEM images and the histogram of as-prepared kinked nanowires along with NCs with other morphologies
obtained 10 min after the controlled addition of HAuCl4 into the Cu�Cu2S heterodimer solutions. (b) TEM images of typical
nanowires showingdifferent angles. TEMandHR-TEM images of nanowires showing large (c) angle grain boundary or (d) twin
boundary. (e) Plot of the number of defects versus the length of nanowires. (f) HR-TEM image of a selected area of one
nanowire (marked as a red square in the inset image). All unlabeled scale bars represent 20 nm.
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investigation of multiple points along the nanowires
demonstrate that each nanowire is composed of a
homogeneous alloy of Cu and Au with an approximate
atomic ratio of 1:1 (Figure S7d in the Supporting
Information). The Cu2S domains in the starting hetero-
dimers remain intact during this diffusion process,
shown in TEM as gray-colored, lower contrast sections
connecting with one end of each nanowire (Figure 5b
and Figure S7 in the Supporting Information). The
HR-TEM image of the intersection between the metal
nanowire and the Cu2S nanoparticle further con-
firms that the Cu2S domains remain single crystals
(Figure 5f).

Our observations show that the diffusion process of
Cu atoms initiates at the open surfaces of the Cu
domains within the heterodimers, and it continues
through the newly formed CuAu alloy nanowires
(Figure 5). Interestingly, on the basis of the struc-
tural comparison between the starting heterodimers
(Figure 3b and d) and the resulting nanowires
(Figure 5b), the Cu atoms appear to diffuse in the
opposite direction of Cu2S domains. This phenomenon
is likely due to the spatial steric hindrance effect. In the
previous report of metal diffusion in semiconductor
NCs,11,12 a substitution-interstitial mechanismwas pro-
posed, where metal atoms substitute the interstitial
sites of semiconductors and diffuse through the semi-
conductor layers. It was found that the migration of
metal atoms usually distorts the atomic lattice of
semiconductors, resulting in different crystallinity or
amorphous structures. On the basis of our observa-
tions, the substitution-interstitial mechanism is unli-
kely taking place in the present process. The resulting
nanowire structures and intact single-crystalline Cu2S
domains unambiguously elucidate the direct diffusion
mechanism of Cu through these kinked nanowires in
the absence of the involvement of Cu2S. Similar to the
case of hetero-oligomers, a heteroepitaxial growth
mechanism can be proposed for the formation of
polycrystalline and kinked nanowires for heterodimers,
even though, at present, we are unable to observe the
growth interfaces among the nanowires due to the
complexity of the polycrystal of the Cu portions.

HR-TEM images (Figure 5) reveal that multiple kinds
of defects exist along these kinked nanowires, in
contrast to the single-crystalline diffusion products
from hetero-oligomers (Figure 4). Figure 5c shows a
typical nanowire with one large angle grain boundary,
while the inset image of FFT on other locations of the
wire shows single-crystallinity otherwise. In Figure 5d,
TEM and HR-TEM images of one nanowire display
several twin boundaries, where the different lattice
orientation between two successive segments leads to
the formation of a pattern of alternating contrast
stripes. Additional crystal defects such as multiple twin
boundaries and stacking faults are also found (Figure
S8 in the Supporting Information). It is noted that the

crystal defects in these nanowires can occur during the
beginning (Figure S8a in the Supporting Information),
themiddle (Figure 5c and Figure S8b in the Supporting
Information), or the end of the formation (Figure 5d).
This observation is significantly different from kinked
Au nanowires produced by mechanical disturbance,
where the defects occur only after the kinked
location.76 It further confirms that these nanowires
are produced by a diffusion-controlled mechanism,
not by mechanical stirring.

Similar to the case of hetero-oligomers, each kinked
nanowire shows the direct diffusion path of Cu; thus Cu
diffusion coefficients can be estimated by using eq 2
for each single nanowire. The large range of nanowire
lengths (41�550 nm) leads to a large distribution of Cu
diffusion coefficients ((7.01( 0.42)� 10 �19 to (1.26(
0.02) � 10 �16 m2/s) (Table 1). Notice that all of these
diffusion coefficients are faster than that determined
from the hetero-oligomers ((5.88 ( 0.37) � 10�19 m2/s).
The observed Cu diffusion coefficient in polycrystal-
line nanowires ((1.26( 0.02)� 10�16 m2/s) is in better
agreement with the previously reported data of poly-
crystalline Cu (Table 1),53 indicating similar Cu diffusion
behavior in polycrystalline nanomaterials. The different
diffusion behavior of Cu through the resulting nano-
wires for these heterodimers from that for hetero-
oligomers is likely due to themultiple-defect crystalline
nature of the Cu domains of heterodimers.61 It can be
further confirmed by the defective crystal of the ob-
served kinked nanowires. The crystal defects such as
grain boundaries or dislocations can introduce fast
diffusion pathways for metal atoms.15�17,53,77

We further examined the crystal structures of a few
as-prepared kinked nanowires using HR-TEM and FFT.
The resulting dependence of the number of defects on
the length of the nanowires is shown in Figure 5e. The
length of the nanowires is approximately proportional
to the number of defects. Moreover, the dependence
of diffusion coefficients on the number of defects is
shown in Figure S9 of the Supporting Information. The
data do not fit a simple linear equation, indicating that
the diffusion behavior of Cu in these heterodimers is
dependent not only on the crystalline defects but also
on other factors.21

Optical Properties. Cu�Au bimetallic NCs have been
previously produced in mostly symmetrical morphol-
ogies such as spheres,78�81 nanorods,82 and nano-
cubes.83 Noble metal NCs with less symmetrical
shapes, e.g., branched and kinked nanowires, however,
are of great importance in terms of improving localized
surface plasmon resonance (LSPR) for surface-en-
hanced Raman scattering.84,85 It is well known that
noble metals with a fcc crystal lattice tend to crystallize
into symmetrical NCs,86,87 while it remains a challenge
to produce branched nanostructures or kinked nano-
wires for a fcc metal. The outward diffusion of Cu in
hetero-oligomers and heterodimers can obviously be
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used to produce complex CuAu bimetallic NCs, includ-
ing nanocage-nanowires and kinked nanowires, res-
pectively. These nanostructures might not be obtainable
through direct synthesis. These nanostructures display
interesting optical and physical properties. For instance,
the hybrid NCs (Figure 4 and Figure 5) produced from
hetero-oligomers and heterodimers show a broad LSPR
feature from 550 to 1100 nm and 500 to 900 nm, res-
pectively (Figure S10 in the Supporting Information).
The NCs with LSPR in the NIR range are appealing for
biological applications.88�91

CONCLUSION

In conclusion, we demonstrate that preferential Cu
outward diffusion during an unconventional galvanic

replacement reaction between HAuCl4 and Cu domains
within Cu�Cu1.81S hetero-oligomers and Cu�Cu2S
heterodimers leads to the formation of straight and
kinked Cu�Au nanowires, respectively. The time-
dependent growth of the resulting nanowires provides
a method to investigate the kinetic behavior of this
metal diffusion process. This study reveals that the
nanoscale Cu diffusion behavior can be rationally
controlled through the size, the available surface area,
and the crystallinity of the starting Cu nanoparticle and
the manner of the addition of Au3þ. By visualizing the
metal diffusion pathway, this method offers a direct
measurement of metal interface diffusion in nanoma-
terial systems. Our current efforts are to extend this
protocol to other systems including Ag, Pd, and others.

METHODS
Materials. Copper acetylacetonate (Cu(acac)2, 99.99%), cop-

per chloride (CuCl2, 99.9%), gold chloride trihydrite (HAuCl4 3
3H2O, 99.9%), 1-dodecanethiol (DDT, 99%), 1-adamantanecar-
boxylic acid (ACA, 99%), 1,2-hexadecanediol (HDD, 90%), 1-hex-
adecylamine (HDA, 90%), diphenyl ether (DPE, 99%), and
diethylene glycol (DEG, 99%) were purchased from Aldrich. All
chemicals and reagents were used as received.

Synthesis. The synthesis of Cu�Cu1.81S hetero-oligomer and
Cu�Cu2S heterodimer hybrid NCs follows our previous re-
ported procedures.61 The obtained NCs were used for the
further diffusion reaction without purification.

Hetero-oligomers and Cu Diffusion. In a typical synthesis of
hetero-oligomers, Cu(acac)2 (65 mg, 0.246 mmol), ACA (270 mg,
0.964 mmol), HDD (1.6 g, 6.191 mmol), and HDA (2.0 g, 8.283
mmol) were placed in a 25 mL three-neck flask combined with
DPE (10 mL) as a solvent with a condenser in a fume hood. An
argon purge system was used during the entire reaction. The
solution under vigorous stirring was heated and kept at 100 �C
for approximately 1 h. The reaction mixture temperature was
then rapidly raised at a rate of 8 �Cmin�1 and kept at 180 �C for
about 10�12 h. The resulting solution turned dark purple,
indicating the formation of Cu NCs. Then, DDT (0.5 mL, 2.087
mmol) was slowly injected into the remaining solution at 180 �C.
The color of the solution slowly turned to blue after 1 h,
indicating the formation of Cu�Cu1.81S hetero-oligomers. To
obtain the Cu diffusion products, a HAuCl4 solution (95 mg in
3 mL of diethylene glycol) was slowly and dropwise added into
the resulting oligomer solution. The color of the solution quickly
turned to black after a few minutes. The resulting solution was
centrifuged at 14 000 rpm for 5 min, and the supernatant was
discarded. The precipitate was redispersed into chloroform and
centrifuged again at 14000 rpm to remove the excess reagent. The
manner of the addition of theHAuCl4 solution has a dramatic effect
on the resulting NC morphology. The quick and instantaneous
addition of the above HAuCl4 solution into the oligomer solution
leads to the formation of non-diffusion-controlled products.

Heterodimers and Cu Diffusion. In a typical synthesis of hetero-
dimers, Cu(acac)2 (65 mg, 0.246 mmol), ACA (270 mg, 0.964
mmol), HDD (1.6 g, 6.191 mmol), and HDA (2.0 g, 8.283 mmol)
were put in a 25mL three-neck flask combinedwith DPE (10mL)
as a solvent with a condenser in a fume hood. A H2/argon (H2,
7%) purge system was used during the entire reaction. The
solution under vigorous stirring was heated and kept at 100 �C
for 2�3 h. The reaction mixture temperature was then rapidly
raised at a rate of 8 �C min�1 and kept at 180 �C for 2�3 h.
During this period, the color of the resulting solution changed
from blue to colorless and subsequently to dark purple after
3�4 h. DDT (0.5 mL, 2.087 mmol) was then slowly injected into
the remaining solution at 180 �C, and the color of the solution

slowly turned to green after 1 h. This observation indicates the
formation of Cu�Cu2S heterodimers. To obtain the Cu diffusion
products, a HAuCl4 solution (95mg in 3mL of diethylene glycol)
was slowly and dropwise added into the resulting dimer solu-
tion. The color of the solution quickly turned to black after a few
minutes. The resulting solution was centrifuged at 14 000 rpm
for 5 min, and the supernatant was discarded. The precipitate
was redispersed into chloroform and centrifuged again at
14 000 rpm to remove the excess reagent. Both the addition
of 13 mg of HAuCl4 and the quick addition of 95 mg of HAuCl4
into the dimer solution led to the formation of a cage-like
morphology for the Cu domain, non-diffusion-controlled
products.

Characterization. Samples for transmission electron micro-
scopy characterization were prepared by adding several drops
of nanocrystal solutions in chloroform onto 300-mesh copper or
nickel grids with carbon support film (no. 01753 or no. 01800,
Ted Pella). Samples for scanning electron microscopy (SEM)
were prepared by adding a couple drops of nanocrystal solu-
tions in chloroform onto silica wafers. All high-resolution TEM
images were taken from JEOL 2100F field-emission and 2100
LaB6 TEMs at 200 kV, while SEM images were taken on a Hitachi
SU-70 Schottky field emission gun scanning electron micro-
scope. Scanning TEM images, energy-dispersive X-ray spectros-
copy spectra, and elemental mapping were acquired on a JEOL
2100F field-emission TEM operated at 200 kV. UV�vis absorption
spectra were recorded at room temperature with a Shimadzu
(BioSpec-1601) UV�vis spectrometer.
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