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Monodisperse Gold—Copper Bimetallic Nanocubes: Facile One-Step
Synthesis with Controllable Size and Composition™**

Yonglin Liu* and A. R. Hight Walker

Gold and gold-containing alloy nanocrystals (NCs) with cubic
morphologies have extraordinary crystalline structure and
plasmonic properties, which facilitate multiple applica-
tions.'*! For instance, cubic gold (or Au-Ag alloy) nanocages
are promising candidates for nanoreactors used in photo-
catalysis,'! and for many biomedical applications.”” In
general, monodisperse cubic NCs are of great interest as
building blocks for self-assembly, a significant step towards
the controlled design of novel nanostructured materials and
devices.®* ™ Gold nanocubes have been produced using a
variety of techniques, such as seed-mediated methods,"**!
electrochemical techniques,"! and polyol methods, ™% whilst
gold-containing alloy NCs with cubic morphologies have been
produced only by galvanic replacement reactions."” To make
greater progress with the above applications, a facile, reliable
synthetic procedure in terms of better productivity, mono-
dispersity, and cube shape and size control is still highly
desirable. Furthermore, whilst sub-10 nm NCs showed sig-
nificant improvements in activity and selectivity compared to
their larger counterparts,'?! there is no previous reported
synthesis of sub-10 nm gold or gold-containing NCs with cubic
morphologies in solution. This lack of success is partially due
to the fact that controlling the shape of the NCs is a kinetically
controlled process, not a thermodynamically controlled one;
thus, adjustment of any synthetic parameter to reduce the size
can also lead to a change in shape.'®l Moreover, recent studies
by Dovgolevsky and Haick!'"” suggested that it is unlikely that
gold nanocubes less than 25 nm in length can be produced in
solution owing to the large average surface self-diffusion
distance of gold (3 nm-12 nm).”? Herein, we report that such
barriers can be overcome by alloying gold with other metals,
such as copper.
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The physicochemical properties of NCs are often deter-
mined, and can therefore be tuned by, their size, shape, and
composition, among other parameters.>'**?* For instance,
cubic NCs have a significant advantage over spherical ones in
terms of self-assembly,>?! repeatable hot spots for surface-
enhanced Raman scattering (SERS),”” and other applica-
tions.”®! Also, bimetallic gold—copper alloy NCs with tunable
sizes and compositions provide wider control over their
plasmon properties than single metallic NCs.” The ability to
engineer size, morphology, and composition is also of great
interest to the Nano Environmental, Health, and Safety
(EHS) community, as isolation of these parameters prior to
toxicological testing is necessary to understand their true
impact.®”! Thus, the synthesis of gold—copper nanocubes of
controllable length (especially <10 nm) is a significant and
worthwhile task, both synthetically and practically. Never-
theless, the growth of bimetallic NCs, such as gold—copper
structures, appears to be much more difficult owing to
complications in the solution phase®!! and because of the
tendency of self-purification.’**! Gold-copper bimetallic
nanoparticles have been produced in several cases in the
absence of morphological control.®*" Most recently, rod-
shaped gold-copper NCs were produced using a seed-
mediated protocol.” Although computational studies
revealed the possible existence of gold—copper nano-
cubes,F13831 to the best of our knowledge, there has yet to
be a report on the solution preparation of gold—copper
bimetallic nanocubes. Herein, we report a facile, one-step
colloidal polyol method for the synthesis of uniform, single-
crystalline gold—copper nanocubes with controllable size and
composition.

The gold—copper nanocubes were synthesized by the
simultaneous reduction of copper(Il) acetylacetonate, [Cu-
(acac),], and gold chloride (HAuCl,) by 1,2-hexadecanediol
(HDD) in diphenyl ether (DPE) solvent, which also con-
tained 1-adamantanecarboxylic acid (ACA), 1-hexadecyl-
amine (HDA), and 1-dodecanethiol (DDT). A typical trans-
mission electron microscopy (TEM) image of the nanocubes
is shown in Figure 1a. The as-prepared particles are perfectly
cubic in shape and substantially uniform in size, averaging
(22.9+2.4) nm (Figure 1b). The nanocubes shown in Fig-
ure la were prepared using a high-speed centrifuge
(16 krpm), without the size-separation process used for
nanoparticles in some previous reports.'"¥! Thus, it is
convincing that monodisperse gold—copper nanocubes have
been produced from this polyol process. The TEM diffraction
pattern (Figure 1¢) shows a face-centered cubic (fcc) struc-
ture consistent with a single-phase gold—copper alloy. In the
energy-dispersive X-ray spectroscopy (EDX) line-scanning
analysis, the compositional line profiles of copper and gold
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Figure 1. a) TEM image of AuCu; nanocubes with an average edge
length of 22.9 nm; the reaction was conducted at 180°C with HAuCl,/
[Cu(acac),]/DDT in a molar ratio of 1:3:25. b) Histogram represents
the measurement of 200 nanocubes. c) TEM diffraction pattern of the
as-prepared nanocubes. d) STEM image and the corresponding EDX
spectra following a line-scanning profile of a single nanocube.

e) HRTEM image and f) SAED pattern of a single nanocube. The scale
bars represent 20 nm.

indicate that the nanocubes are a homogeneous gold—copper
alloy without any segregation, showing an approximate
atomic ratio of 3:1 (Cu/Au;
Figure 1d). The high-resolu-
tion TEM (HR-TEM) anal-
ysis (Figure 1e) and the
selected-area electron dif-
fraction (SAED) pattern
(Figure 1f) of a typical

S5hours, and 24 hours, respectively. At 1hour, the gold-
copper nanocubes were observed along with cuboctahedral
and polyhedral NCs; the nanocubes, averaging (8.7 +2.3) nm
in edge length, were slightly truncated. The average diameter
of the cuboctahedral shape is (6.7 +1.7) nm, whilst that of
polyhedral NCs was as small as 4-5 nm. Both cuboctahedral
and polyhedral NCs are intermediate stages in the formation
of nanocubes.">***1 At 1.5 hours and 5 hours, only nanocubes
were detected, averaging (15.7 +£2.4) nm and (22.9 +2.4) nm,
respectively (Figure 2b and 2c¢). The nanocubes observed at
Shours had a narrower size distribution than those at
1.5 hours. At this stage, smaller nanocubes grow into large
ones with edge-sharpening and size-focusing, presumably by
Ostwald ripening.">*?! After 24 hours (Figure 2d), the size of
the nanocubes remained similar to that observed after
5 hours, thus indicating that the cube formation was complete
at approximately 5 hours.

The role of each component in our synthetic procedure
was then investigated. The co-existence of DDT, [Cu(acac),],
and HAuCl, in the starting solution was a prerequisite for the
formation of gold-copper alloy nanocubes. DDT acted as a
co-reducing agent by accelerating the reduction rate of
copper(II) and decreasing that of gold(III), consistent with
previous reports.*¥! Support for this postulation can be seen in
the different decomposition behaviors of copper and gold
precursors. In the absence of DDT, [Cu(acac),] decomposes
into copper NCs after being heated at 180°C for 12 h,*! whilst
HAuCl, decomposes into gold NCs at 80°C. In comparison,
gold—copper nanocubes start to form within one hour at
180°C in the presence of DDT. DDT also plays a critical role
in the morphology control of nanocubes. In the absence of
DDT, for instance, we observed multiple twinned NCs along
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nanocube  support the
single-crystalline nature of
the as-prepared nanocubes.
The visible lattice fringes
corresponded to a spacing
of 0.185 nm, which matched
well with the expected d-
spacing (0.187 nm) of the
(200) plane of the AuCu,
alloy.
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Figure 2. TEM images of nanoparticles collected at different reaction times during the synthesis of 22.9 nm
AuCu; nanocubes: a) 1 h, b) 1.5 h, ¢) 5 h, and 24 h. Insets: the corresponding histograms showing the
measurements of 200 nanocrystals. The scale bars represent 20 nm.
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with small numbers of truncated nanocubes (ca. 5%; see the
Supporting Information, Figure S2).

The control experiment in the absence of [Cu(acac),] led
to the formation of gold NCs with irregular shapes (see the
Supporting Information, Figure S3). The reaction of a 1:10
molar ratio of [Cu(acac),]//HAuCl, starts to produce nano-
cubes with a size of 5-50 nm, along with large branched
nanostructures (see the Supporting Information, Figure S4).
These branched nanostructures are presumably generated
from the aggregation of small NCs with insufficient surface
protection. Performing the reaction with a 12:1 molar ratio of
[Cu(acac),]/HAuCl, exclusively afforded nanocubes with a
size of 2-20 nm (see the Supporting Information, Figure S5).
These observations indicate that [Cu(acac),] is not only one of
the reactants, but also an important surface protecting agent
for nanocubes. Note that the reaction using CuCl, instead of
[Cu(acac),] also produced nanocubes (see the Supporting
Information, Figure S6), thus indicating that the acetylacet-
onate group does not play an effective role in the reaction.
This observation is consistent with the previous report of Cu®"
ions acting as an effective agent for controlling gold nano-
structures.™ In addition, our previous studies showed that
hexagonal Cu,S nanoplates are produced under similar
conditions in the absence of HAuCl,,*! thus indicating that
HAuClI, is necessary for nanocube formation.

The edge length of gold—copper nanocubes can be ration-
ally controlled by varying the amounts of DDT, [Cu(acac),],
and HAuCl, in the starting solution. For example, by keeping
the amounts of DDT (0.5 mL) and HAuCl, (26 mg) constant
but increasing the amount of [Cu(acac),] to 98 mg, gold—
copper nanocubes with a size of 45nm were produced
(Figure 3a and 3b). These perfect nanocubes are monodis-
persed, averaging (44.9 +£4.7) nm. Both the HRTEM image
(Figure 3d) and an SAED pattern (Figure 3¢) of one typical
cube revealed that they are single-crystalline, with the inter-
fringe distance measured to be 0.188 nm, close to the (200)
planes at 0.187 nm in the face-centered cubic AuCu; alloy
crystal. Addition of 130 mg of [Cu(acac),] whilst keeping the
other experimental parameters the same led to the formation
gold-copper nanocubes with a size of 85nm (see the
Supporting Information, Figure S7).

The most significant challenge is to produce monodisperse
nanocubes with lengths below 10 nm. We found that this can
be easily achieved by decreasing the amount of [Cu(acac),]
and DDT in the starting solution. For instance, using 26 mg of
HAuCl,, 8 mg of [Cu(acac),], and 0.1 mL of DDT, gold-
copper nanocubes below 10 nm in length were produced. The
as-prepared NCs are exclusively perfectly cubic, with a
uniform edge length of 5 nm ((5.0 £ 0.7) nm; Figure 4a, also
see the Supporting Information, Figure S8). To the best of our
knowledge, this success represents the first synthesis of
monodisperse gold—copper nanocubes with a size of 5 nm.
Further characterization using TEM diffraction (Figure 4b),
HRTEM of one individual nanocube (Figure 4c¢, inset), and
fast Fourier transform (FFT; Figure 4c, inset), showed that
each nanocube is composed of an fcc alloy of AuCu; and
appeared to be single-crystalline bound by (200) facets. The
composition of gold—copper alloy nanocubes was further
confirmed by STEM of one nanocube in conjunction with
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Figure 3. a) TEM image of 44.9 nm AuCu; nanocubes. The reaction
was conducted at 180°C. The molar ratio of HAuCl,/[Cu(acac),]/DDT
was 1:5:25. b) SEM and c) histogram showing 200 measurements of
the as-prepared nanocubes. d) HRTEM image and e) SAED pattern of
a single nanocube.

EDX line profiling analysis (Figure 4d), which showed a
homogeneous distribution of copper and gold across the
entire nanocube. Notice that the formation reaction of 5 nm
nanocubes happened much faster (ca. 20 min) than that of the
23 nm nanocubes (ca. 5 h). This observation indicates that it is
a kinetically controlled process. Furthermore, the amount of
HAuCI, plays a critical role in the production of monodis-
perse 5 nm nanocubes. The control reaction, by reducing the
amount of HAuCl, to 4 mg, led to the formation of NCs with
various morphologies and size distribution (see the Support-
ing Information, Figure S9). Therefore, we believe that the
excess HAuCl, (or AuCl) plays at least two important roles
during the formation of 5 nm nanocubes: First, it acts as a
surface-protecting agent for the 5 nm nanocubes. Second, the
excess amount of HAuCl, in the starting solution also restricts
the formation of noncubic NCs. An attempt to produce
monodisperse nanocubes by further decreasing the amount of
[Cu(acac),] failed. As mentioned above, the reaction with a
significant excess of HAuCl, (50 mg) to [Cu(acac),] (5 mg) led
to branched nanostructures larger than 500 nm along with
small amounts of nanocubes (see the Supporting Information,
Figure S4). These branched nanostructures are presumably
formed by the aggregation of small NCs in the absence of
enough surface stabilization by Cu®" ions.

In addition to DDT, [Cu(acac),], and HAuCl, the
formation of monodisperse nanocubes also depends on
HDD. As a mild reducing agent, diols containing long
carbon chains (such as HDD) can assist the nucleation
process.*! In the absence of HDD, we did not observe any
nanocrystal formation after 5-10 hours, though previous
reports***’l have stated that HDA or DDT alone can reduce
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Figure 4. a) TEM image of 4.97 nm AuCu; nanocubes. The molar ratio of HAuCl,/[Cu(acac),]/DDT was
1:0.4:5. Inset: the histogram showing 200 measurements of the as-prepared nanocubes. b) TEM diffraction
pattern and c¢) HRTEM of as-prepared nanocubes. Inset: the HRTEM image of a single nanocube (bottom)
and its corresponding FFT pattern (top). d) STEM image and the corresponding EDX spectra following a line-
scanning profile of a single nanocube. The unmarked scale bars represent 5 nm.

metal ions into NCs. Furthermore, we found that the length of
carbon chain of the diol also played an important role during
the formation of nanocubes. For instance, the reaction using
hexanediol did not lead to the formation of nanoparticles,
whilst using 1,2-dodecanediol (DDD) instead of HDD led to
the formation of branched NCs with only 5% nanocubes (see
the Supporting Information, Figure S10). This observation
suggests that HDD, which has the same length carbon chain as
HDA, also acted as a surface-protecting agent during the
formation of monodisperse nanocubes. It has been previously
reported that under relatively low concentrations of HDD,
bimetallic nanorods or octapod nanostructures were pro-
duced.” The concentration of HDD was decreased five times
to study its effect on the shape of the gold—copper NCs.
Surprisingly, instead of nanorods and octapods, nanocubes
with even smaller sizes were obtained (see the Supporting
Information, Figure S11a). The monodisperse single-crystal-
line nanocubes, averaging (3.4+0.6) nm, were further
assigned to a AuCu; fcc alloy on the basis of the HRTEM
analysis (see the Supporting Information, Figure S11b) and
the TEM diffraction pattern (see the Supporting Information,
Figure S11c¢). One-step production of perfect gold—copper
nanocubes of sub-10 nm length is the most significant feature
of this synthesis; nanocubes of 3.4 nm represent an even more
remarkable achievement and may hold great potential in
various fields.

Our investigation on the functions of the two remaining
components showed that ACA played a critical role in
forming the sharp edges of the nanocubes (see the Supporting
Information, Figure S12a), whilst HDA is an important factor
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in maintaining the uniform-
ity of the nanocubes (see the
Supporting Information,
Figure S12b). Furthermore,
purging the reaction mixture
with argon was not neces-
sary for the formation of
nanocubes (see the Support-
ing Information, Fig-
ure S13), and polar solvents
favored nanocube forma-
tion, likely owing to charged
surfaces of Cu*" as we pro-
posed earlier(see the Sup-
porting Information, Fig-
ure S14b).

This procedure for syn-
thesizing nanocubes of con-
trollable size combined with
the nature of the gold-
copper alloy enabled us to
further adjust the nanostruc-
ture  composition  while
maintaining the cubic mor-
phology. For instance, using
100 mg of HAuCl,, 65 mg of
[Cu(acac),], and 0.5 mL of
DDT afforded gold—copper
nanocubes of 5 nm (see the
Supporting Information, Figure S15 and Figure S16). How-
ever, the composition of these nanocubes was determined to
be fcc single-crystalline Au;Cu alloys on the basis of TEM
(see the Supporting Information, Figure S15b), HRTEM
(Figure S15c¢), FFT of a single cube (Figure S15b, inset), and
EDX analysis (Figure S15d). Moreover, as with AuCu; nano-
cubes, the sizes of the Au;Cu structures could be adjusted. For
instance, by decreasing the amount of HAuCl, to 85 mg whilst
maintaining the amount of DDT (0.5 mL) and [Cu(acac),]
(65 mg), Au;Cu nanocubes of 12 nm in length were observed
(see the Supporting Information, Figure S17).

Surface plasmon resonance (SPR) wavelength strongly
depends on the nanocrystal composition, morphology, and
size.*! To the best of our knowledge, optical absorption
spectra of gold—copper nanocubes have not been reported. As
shown in the Supporting Information, Figure S18, the UV/
Vis/NIR spectra of the colloidal suspensions of each of the
five different-sized nanocubes exhibited one broad SPR band.
This single SPR band for all of these nanocubes indicated the
formation of a single metallic nanocrystalline phase, thus
confirming our TEM observations. A similar observation was
previous reported for spherical gold—copper NCs.**! Further-
more, the SPR bands of as-prepared gold—copper nanocubes
are highly dependent upon the size of the nanocubes. The 3.4,
5,23, 45, and 85 nm diameter nanocubes displayed SPR bands
of 529, 553, 599, 625, and 659 nm, respectively, showing a red
shift with increasing size of the nanocubes. This observation
can also be seen in the notable color changes of the
corresponding solutions from pink, to purple, blue, dark
brown, and dark blue, respectively (see the Supporting
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Information, Figure S18, inset). On the basis of previous
studies, AuCu; NCs showed a SPR band closer to that of
copper NCs with similar morphologies.?* Our data appear to
be consistent with this observation. For instance, 100 nm
nanocubes of gold and copper show SPR bands at 593 nm'*”!
and 610 nmP", respectively, compared with our observation
of 659 nm for 85 nm nanocubes.

In summary, a one-pot polyol strategy for the synthesis of
gold—copper nanocubes has been developed. This represents
the first production of gold—copper bimetallic nanocubes, as
confirmed by multiple physicochemical characterization
methods. By carefully adjusting the reaction parameters, not
only the edge length of the resulting nanocubes was con-
trolled to form 3.4 nm, 5nm, 23 nm, 45 nm, and 85 nm
nanocubes, but also the composition could be varied from
AuCu; to Au;Cu.
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