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Growth of Cu polyhedral structures with well-deﬁned and controllable shapes faced tremendous synthetic challenges in colloid
nanocrystal synthesis in the past few decades. In this article, we report a facile approach for the synthesis of Cu nanocrystals
with systematic morphological evolution. Transitional truncated octahedral, edge- and corner-truncated octahedral, all-cornertruncated octahedral, and octahedral structures were obtained in a solution-based reduction reaction by precise tuning reaction
time. Four distinct morphologies of nanocrystals have been characterized by SEM technique. The optical properties of these
various morphologies of nanocrystals were also investigated, and it indicates that the SPR band shifts red while the shape of
nanoparticles evolves from transitional truncated octahedral to octahedral, whose resonant bands are transferred from 590 nm
to 620 nm.

1. Introduction
Nanomaterials have aroused signiﬁcant attention over the
past decades due to their unique physical and chemical
properties and technical applications. At nanoscale, the
physical and chemical properties of crystals are highly
related to their size and shape [1–4]. In addition, the
activity of nanoparticles also extremely depends on the
crystallographic planes which are exposed on the surface
of the particles and can be altered by controlling their
shapes. Consequently, rational shape-controlled synthesis
of metal nanoparticles is a crucial issue to understand
their shape-dependent properties and growth mechanism.
In previous reports, most eﬀorts have been devoted to the
synthesis of nanoparticles which are bounded by lowindex {111} and {100} facets. For example, tetrahedral
[5], octahedral [6, 7], decahedral [8, 9], and icosahedral
[9, 10] nanoparticles are enclosed by {111} facets, and
cubic [11, 12] nanoparticles are enclosed by {100} facets.
Besides, nanoplates [13, 14] and cuboctahedral [2, 15,
16] nanoparticles are enclosed by both {111} and {100}

facets. It is well known that the surface energies of nanoparticles with diﬀerent crystalline planes are in the order
of γf110g > γf100g > γf111g, and the evolution of these
nanocrystals can be explained by the consequence of
minimizing surface energy.
To date, nanoparticles bounded by {110} facets such as
rhombic dodecahedron or truncated octahedron have been
rarely found. Because the {110} facet has the highest surface
energy among low-index facets, it grows faster than {111}
and {100} facets, leading to their disappearance during the
crystal growth. The synthesis of metal nanoparticles enclosed
by high-energy facets is an important but also diﬃcult task
because these high-energy facets can exhibit higher activity,
thus improving their potential applications in catalysis. Jeong
et al. had concentrated their eﬀorts on the preparation of
polyhedral Au nanocrystals which are bounded by {110} surfaces [17]. Huang et al. also tried to control diﬀerent shapes
of Cu2O from cubes to rhombic dodecahedra by adjusting
the amount of NH2OH•HCl [18]. Xiong and Xia have synthesized various shapes of Pd nanocrystals by controlling
the crystalline seeds and the growth rates of diﬀerent
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crystalline facets [19]. Various morphologies of noble metal
nanoparticles with well-controllable shapes such as Au and
Pd have been proposed.
Cu is fully abundant and less costly compared to other
noble metals like Au, Ag, Pd, and Pt. It exhibits the second
highest electrical conductivity among the metals, ranking
only behind Ag. In addition to Au and Ag, Cu nanocrystals
are also known to exhibit localized surface plasmon resonance (LSPR) in the visible region [20]. Because of its unique
physical and chemical properties, Cu is one of the most
important metals in industry. Cu nanoparticles have widespread applications in catalysis including coupling reaction
[21], water-gas shift [22, 23], and gas detoxiﬁcation reaction
[24, 25]. The fundamental properties and applications mentioned above contribute to obtain well-deﬁned and controllable morphologies of Cu nanocrystals. However, due to the
tendency of the surface oxidation of Cu and the diﬃculty of
reducing cupric ion into zerovalent atoms during the synthesis, the system of synthesized Cu nanocrystals with welldeﬁned shapes is still a big challenge now. Tanori and Pileni
had synthesized Cu nanocrystals with diﬀerent shapes by
mixing reverse micelles with excess reducing agents and tried
to understand their growth mechanism [26]. PastorizaSantos et al. prepared single-crystalline Cu nanoplates by
using hydrazine as a reducing agent to reduce copper salt
with polyvinylpyrrolidone as a stabilizer [20]. Ko et al.
obtained Cu nanoparticles with pyramidal shapes on a gold
substrate [27]. Mott et al. also tried their best to control the
shape and size of Cu nanocrystals by controlling the reaction
temperature and using amine as a capping agent [28]. Guo
et al. have developed a facile synthesis of monodisperse Cu
nanoparticles and nanocubes in a hydrophobic solution
[29, 30]. Recently, our group had concentrated great eﬀorts
on Cu nanocubes and nanoctahedrons whose surfaces are
entirely enclosed by {100} and {111} facets, respectively.
Monodisperse Cu nanocubes with an average edge length of
75.7 nm were obtained by a hot-injection method with trioctylphosphine and octadecylamine as capping agents [12], and
Cu nanoctahedrons were also prepared with a similar
approach [31]. Recently, various shapes, including bipyramidal, pentatwinned, nanooctahedra, and faceted Cu particles,
were also reported [32–35].
Herein, a simple solution-phase approach has been
successfully developed for the synthesis of Cu nanoparticles
with a series of morphologies. This approach is based on
the reduction of CuCl with trioctylphosphine in an oleylamine system. Transitional truncated octahedron, edge- and
corner-truncated octahedron, all-corner-truncated octahedron, and octahedron can be obtained with diﬀerent reaction
times. These nanoparticles can be readily prepared without
the use of any seeds or extra metal ions, but with oleylamine
and trioctylphosphine as ligands only.

2. Experimental Section
2.1. Chemical. All chemicals were used as received without
extra puriﬁcation. Copper(I) chloride (99.99%) and trioctylphosphine (TOP, 90%) were purchased from Alfa Aesar.
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Oleylamine (OLA, 70%) and anhydrous toluene were purchased from Sigma-Aldrich.
2.2. Synthesis of Cu Nanocrystals. In a typical synthesis of Cu
nanoparticles, 0.2 mmol CuCl and 2 ml TOP were added into
a vial and preheated at 200°C for 2 hours in a glove box. 18 ml
oleylamine (OLA) was added into a three-necked ﬂask and
kept under a ﬂow of high-purity argon gas for 30~60 minutes
with strong magnetic stirring. The synthesis has to be executed under the protection of inert gas to avoid the oxidation
of the Cu nanoparticles by O2 in the air. After the purge process is ﬁnished, OLA is then heated from room temperature
to 335°C before the injection of a precursor solution. In order
to realize the morphology change of the Cu nanoparticles
during the reaction, the reactions were quenched by a water
bath at 5 minutes, 10 minutes, 15 minutes, and 20 minutes
after injecting the precursor solution. During the reaction,
the colour of the solution changed from bright yellow to
red-brown, showing the formation of the Cu0 species. The
resultant products were puriﬁed by centrifugation and washing with toluene to remove excess reagents.
2.3. Characterization. Transmission electron microscopy
(TEM) was obtained by a Hitachi H-7100 electron microscope with an accelerating voltage of 75 kV. Highresolution TEM (HRTEM) and selected area electron diﬀraction (SAED) images were obtained by a JEOL JEM 2100F
electron microscope with an accelerating voltage of 200 kV.
Scanning electron microscopy (SEM) images were taken by
Hitachi SU4800 ﬁeld-emission SEM operating at an accelerating voltage of 10 kV. X-ray diﬀraction (XRD) measurement
was measured by a Rigaku Ultima IV X-ray diﬀractometer
using Cu Kα radiation. UV-visible spectrum was measured
by a Hitachi U-4100 spectrophotometer at an ambient
environment.

3. Result and Discussion
The transitional truncated octahedral, edge- and cornertruncated octahedral, all-corner-truncated octahedral, and
octahedral Cu nanoparticles were synthesized by a facile colloid hot solvent synthesis as described in the Experimental
Section and in the supporting information. A reaction carried
out at 335°C can produce relatively large sizes of nanoparticle
forms, and associated with TOP and OLA’s interaction with
particle surfaces, Cu particles with well-deﬁned surface can
be obtained. Figures 1 and 2 show SEM images of the shape
evolution of Cu nanoparticles. When the reaction is stopped
after reacting for 5 minutes, the product is bounded by a mix
of {111}, {110}, and {100} facets with an edge length of about
120 nm, named transitional truncated octahedron. Each particle is enclosed by eight {111} faces, twelve {110} faces, and
six {100} faces (as shown in Figure 1). When the reaction
time increases to 10 minutes, the shape of the product
becomes a similar octahedral form, but the edges and corners
of nanoparticles are all truncated. The products are called
an edge- and corner-truncated octahedron whose faces are
mainly dominated by {111} facets (as shown in
Figure 2(a)). When the reaction time further goes to 15
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Figure 1: SEM images of a transitional truncated octahedron with a reaction time of 5 minutes.
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Figure 2: SEM images of the shape evolution of Cu nanoparticles with diﬀerent reaction times: (a) 10 minutes, (b) 15 minutes, and (c) 20
minutes.

minutes, the typical shape of the product transforms into
an all-corner-truncated octahedron with the complete
growth in the direction of {110}. It has a total of 14 faces,
which include 8 {111} facets and 6 {100} facets (as shown
in Figure 2(b)). As the reaction reaches 20 minutes, the
product becomes an octahedron which is exclusively
enclosed by {111} facets (as shown in Figure 2(c)). It is
the ﬁrst time for discovering the shape evolution of Cu
nanoparticles enclosed by low-index facets. Although there
are few nanoparticles which are a little overacted at each
stage in the SEM images, most of them are nearly the same
structures. The detailed crystal structures of these Cu nanocrystals were analyzed by high-resolution transmission electron microscopy (HRTEM) and XRD characterization.
Figure 3 displays the high-magniﬁcation TEM images, the
corresponding SAED patterns, and the representative SEM
images of individual Cu nanoparticles of various morphologies. The SAED patterns of the transitional truncated octahedral (as shown in Figure 3(a) 2), all-corner-truncated
octahedral (as shown in Figure 3(c) 2), and octahedral (as
shown in Figure 3(d) 2) Cu nanoparticles are all viewed
along the ð022Þ direction, except for the edge- and
corner-truncated octahedral Cu nanoparticles (as shown
in Figure 3(b) 2) with zone axis of [112]. These results indicate that the as-prepared Cu nanoparticles are all single-

crystalline and bound by low-index facets. Figure 4 shows
the XRD patterns of diﬀerent morphologies of Cu nanocrystals. The pattern shows the expected refractive peaks
of (111), (100), and (110) and conﬁrms that these nanocrystals are face-centered cubic structures. Although these
patterns look similar because of the random orientations
of nanocrystals on substrates, it shows that the ratio of
the intensity of the (111) peak to (200) peak increases from
transitional truncated-octahedral to octahedral as nanocrystals with more {111} faces are formed. This trend is
expected to consider the growing fractions of {111} faces.
Metal nanoparticles with well-controllable shapes show
diﬀerent optical properties due to the surface plasmon resonance (SPR). The resonance frequency of the oscillation has
a strong relationship with a particle’s shape [36]. When the
shape of a nanocrystal changes, it gives rise to a change in
the electric ﬁeld density at the particle’s surface and generates
diﬀerent optical properties. Hence, we study the shapedependent optical properties of Cu nanoparticles here. In
order to investigate the change in optical properties of the
shape evolution of Cu nanoparticles, we recorded the spectra
by UV-visible spectroscopy. Figure 5 displays a comparison
of the absorption spectra with various morphologies of Cu
nanoparticles. The spectra of the transitional truncated octahedron and edge- and corner-truncated octahedron show
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Figure 3: SEM images of the shape evolution of Cu nanoparticles with diﬀerent reaction times: (a) 10 minutes, (b) 15 minutes, and (c)
20 minutes.
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According to the surface structure, a transitional truncated
octahedron has a mix of {111}, {110}, and {100} facets
exposed to the surfaces, and the {111} surface fraction
increases continuously until the morphology evolves to
octahedral whose surfaces are covered by {111} facets
completely with increased reaction time. It reveals a fact
that the formation of these Cu nanoparticles can be
explained by the consequence of minimizing surface
energy, which surface energies of diﬀerent crystalline planes
are in the sequence of γð110Þ > γð100Þ > γð111Þ.
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Figure 4: Powder X-ray diﬀraction patterns of diﬀerent
morphologies of Cu nanocrystals. A standard diﬀraction pattern
of Cu is also given.
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4. Conclusion
In conclusion, various single-crystalline Cu nanoparticles
have been synthesized by tuning reaction time through a
solution-based reduction reaction using TOP as a capping
agent. The surface morphologies and projected images of
nanoparticles have been characterized by SEM and TEM
techniques. Four distinct morphologies have been observed.
The UV-visible absorption spectra of these nanoparticles
were also measured. The shape evolution of nanoparticles
in the present synthetic system should be worthy of understanding the growth mechanism of Cu polyhedral structures,
which can be a classic model for the fabrication of more various morphologies of Cu nanomaterials.
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Figure 5: UV-visible spectra of Cu nanoparticles with the shape
evolution from (a) a transitional truncated octahedron, (b) an
edge- and corner-truncated octahedron, (c) an all-cornertruncated octahedron, and (d) an octahedron, which are located at
590 nm, 595 nm, 597 nm, and 620 nm, respectively.

relatively narrow peaks at 590 nm and 595 nm, respectively.
Nevertheless, the all-corner-truncated octahedron and octahedron show broad bands at the location of 597 nm and
620 nm, respectively. This result indicates that the SPR band
shifts red while the shape of nanoparticles evolves from a
transitional truncated octahedral to octahedral, whose resonant bands are transferred from 590 nm to 620 nm.
The diﬀerent reaction time greatly inﬂuences the morphology of the nanoparticles. The shape of nanoparticles
changes from transitional truncated octahedra to edge- and
corner-truncated octahedra, all-corner-truncated octahedra,
and octahedra by increasing the reaction time in each batch.
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