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Abstract A colloidal synthesis method was developed to
produce face centered cubic (fcc) Cu nanoparticles in the
presence of surfactants in an organic solvent under an Ar
environment. Various synthetic conditions were explored to
control the size of the as-prepared nanoparticles by changing
the precursor, varying the amount of surfactants, and tuning
the reaction temperature. Transmission electron microscopy
(TEM), selected-area electron diffraction, and high-resolution
TEM were used as the main characterization tools. Upon
exposure to air, these nanoparticles are oxidized at different
levels depending on their sizes: (1) an inhomogeneous layer of
fcc Cu2O forms at the surface of Cu nanoparticles (about
30 nm); (2) Cu nanoparticles (about 5 nm) are immediately
oxidized into fcc Cu2O nanoparticles (about 6 nm). The
occurrence of these different levels of oxidization demon-
strates the reactive nature of Cu nanoparticles and the effect
of size on their reactivity. Furthermore, utilization of their
chemical reactivity and conversion of spherical Cu
nanoparticles into CuS nanoplates through the nanoscale
Kirkendall effect were demonstrated. The oxidization and
sulfidation of Cu nanoparticles were compared. Different
diffusion and growth behaviors were involved in these
two chemical transformations, resulting in the formation

of isotropic Cu2O nanoparticles during oxidization and
anisotropic CuS nanoplates during sulfidation.
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Introduction

Chemically synthesized nanoparticles with controllable size
and shape have recently been used as templates to create more
complex nanoparticles, which has greatly expanded the
applications of nanoparticles in the fields of electronics,
optics, energy, catalysis, and biology [1–3]. For example,
hollow nanoparticles have been produced through the nano-
scale Kirkendall effect by introducing a reactive reagent into
colloids containing presynthesized solid nanoparticles and
creating a nonequilibrium diffusion process between two
components [4–7]. Characterizing and understanding the
stability and chemical reactivity of the preengineered nano-
particles are critical for their further usage as templates to
produce new nanostructures. In addition, this knowledge will
help to address the increasing concerns associated with their
toxicity and environmental health and safety [8, 9].

The reactivity of nanoparticles can pose challenges for
their own synthesis and characterization. An example is
the case of Cu nanoparticles. Similar to Au and Ag
nanoparticles, Cu nanoparticles adopt a face centered
cubic (fcc) structure and exhibit surface plasmon reso-
nance in the visible region. However, owing to their high
reactivity with respect to oxidization in air, there is only
limited work on their synthesis and characterization, in
comparison with the extensive research on Au and Ag
nanoparticles [3]. Even among the limited work, there are
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some controversial results in the literature and it has been
suggested that more experiments are needed to verify
whether Cu nanoparticles or copper oxide nanoparticles
are actually prepared [3].

For the synthesis of Cu nanoparticles, since 1993,
Peileni’s group [10–13] has focused on using reverse
micelles through the reduction of copper(II) bis(2-ethyl-
hexyl)sulfosuccinate by hydrazine at room temperature.
With the advancement in the synthesis of monodisperse
and highly crystalline transition metal and transition metal
oxide nanoparticles using thermal decomposition or
thermal reduction in an organic solvent [1, 14], these
methods have been used to synthesize Cu nanoparticles.
Recently, it has been demonstrated that Cu nanoparticles
can be produced through the thermal decomposition of
copper(I) acetate [Cu(ac)] in the presence of surfactants at
543 K. However, these Cu nanoparticles can be easily
transformed into Cu2O [15]. The synthesis of Cu nano-
particles through the thermal reduction of copper(II)
acetylacetonate [Cu(acac)2] using 1,2-hexadecanediol
(HDD) in octyl ether has been reported and Cu nano-
particles ranging from 5 to 25 nm have been synthesized
by changing the reaction temperature [16].

On the basis of our previous work on the synthesis of
Co [17–21] and Ni nanoparticles [22], we developed a
colloidal synthesis method to synthesize Cu nanoparticles
via thermal decomposition of Cu(ac) or thermal reduction
of Cu(ac) or Cu(acac)2 using HDD in benzyl ether (BE)
under an Ar environment. The synthetic conditions were
varied to better control the size and size distribution of the
as-prepared Cu nanoparticles. We also probed their
reactivity with respect to their oxidization in air. Cu
nanoparticles of different size, prepared under similar
synthetic conditions, were used to investigate the effect of
their size on this oxidization process. Finally, we demon-
strated the conversion of spherical Cu nanoparticles into
CuS nanoplates through the nanoscale Kirkendall effect.
Here, copper oxide and copper sulfide were chosen
because of their applications in solar energy conversion
and catalysis [15, 23–25]. Owing to the distinct crystalline
structures of Cu, Cu2O, and CuS, we focused on our
characterization of these as-prepared Cu nanoparticles and
their transformations to copper oxide and copper sulfide
mainly using transmission electron microscopy (TEM),
selected-area electron diffraction (SAED), and high-
resolution TEM (HRTEM) since these techniques are
powerful and direct in characterizing the morphology
and structural transformations of nanoscale materials [26,
27]. Considering the rich variety of the copper sulfide
family, such as Cu2S, Cu1.97 S, Cu1.8 S, and Cu1.4 S, and
each with its own structure and band gap [25], we also
expect this work will open an avenue for synthesizing a
variety of copper sulfides.

Experimental

Chemicals

Cu(acac)2 (97%), Cu(ac) (97%), S (99.98%), oleic acid
(OA; 99%), oleylamine (OAmine; 70%), HDD (90%), and
BE (99%) were purchased from Aldrich (Milwaukee, WI,
USA). All chemicals were used without further treatment.

Synthesis of Cu nanoparticles

Cu nanoparticles were synthesized under an Ar environment.
Table 1 lists the synthetic conditions for the five batches of
Cu nanoparticles reported here; they are labeled from A to E.
Cu(acac)2 or Cu(ac) was used as the precursor with BE as
the solvent. OA and OAmine were used as the surfactants.
Except for the synthesis of sample A, HDD was used as the
reducing agent.

For the synthesis of sample A, Cu(ac), OA, OAmine,
and BE were mixed in a flask and degassed in Ar for
20 min. The mixture was heated to 383 K and kept at this
temperature for 10 min. Then the reaction temperature was
raised to 523 K and the reaction was continued for 10 min.

For the synthesis of sample B, Cu(acac)2, OA, OAmine,
HDD, and BE were mixed in a flask and degassed in Ar for
20 min. The mixture was heated to 383 K and kept at this
temperature for 10 min. Then the reaction temperature was
raised to the reflux temperature of BE (about 570 K) and
the reaction was continued for 10 min.

For the synthesis of sample C, OA, OAmine, HDD, and
BE were mixed in a flask and degassed in Ar for 20 min.
The mixture was heated to the reflux temperature of BE
(about 570 K). Then the precursor solution [Cu(acac)2
dissolved in BE] was quickly injected into the mixture. The
reaction was continued for 5 min.

For the synthesis of samples D and E, Cu precursor, OA,
OAmine, HDD, and BEwere mixed in a flask and degassed in
Ar for 20 min. The mixture was heated to 383 K and kept at
this temperature for 10min. Then the reaction temperature was
raised to 473 K and the reaction was continued for 40 min.

At the end of the syntheses, the colloids were extracted
using an airtight syringe and stored in glass vials.

Synthesis of CuS nanoplates

After about 5 mL colloid of sample D had been removed from
the reaction flask at the end of the Cu nanoparticle synthesis
for the characterization, the remaining colloid was used to
synthesize CuS nanoplates. The solution of S (12 mg)
dissolved in BE (5 mL) was quickly injected into the colloid
left in the flask at 473 K under an Ar environment (the molar
ratio of S to Cu approximately was 1:1). The reaction was
continued for another 20 min before the mixture was cooled to
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room temperature. The as-prepared colloid was extracted
using an airtight syringe and stored in a glass vial. The same
procedure was also applied to convert the Cu nanoparticles in
sample E into CuS nanoplates.

TEM characterization

TEM andHRTEM images and SAED patterns for colloidal Cu
nanoparticles and their transformation to Cu2O nanoparticles
or CuS nanoplates were obtained using a JEOL 2100 LaB6

transmission electron microscope (200 kV). TEM samples
were prepared by dropping the colloids onto carbon-coated
TEM grids (Formvar/carbon Cu grids, Ted Pella, Redding,
CA, USA) and allowing the liquid carrier to evaporate in air.

Results

Cu nanoparticles in samples A, B, and C

In our previous work, we successfully synthesized mono-
disperse and highly crystalline Co and Ni nanoparticles in
an organic solvent by thermal decomposition of dicobalt
octacarbonyl [17–21] and bis(1,5-cyclooctadiene)nickel
[22], respectively. To extend this method to Cu nano-
particles, Cu(ac), with a decomposition temperature of
523 K, was selected as the precursor owing to its
commercial availability. BE has a high boiling point (about
570 K) and provides a large temperature window for the
reaction. As the mixture of Cu(ac), OA, OAmine, and BE
was heated to 383 K from room temperature in the
synthesis of sample A, the color of the solution changed
from green to dark blue. As the reaction temperature rose to
523 K, the solution went through a series of color changes
from dark blue, green, yellow, dark brown to burgundy.
After 10 min at 523 K, a dark-red colloid was collected.
Figure 1a shows a typical TEM image of the as-prepared
Cu nanoparticles in sample A. Most of the as-prepared

nanoparticles are spherical. The average diameter of these
spherical Cu nanoparticles was determined to be 54 nm with a
standard deviation of 9 nm. A few Cu nanorods ranging from
100 to 400 nm in length were also obtained. Most of the
nanoparticles show inhomogeneous contrast regions within
one nanoparticle, indicating their polycrystalline structure.
Figure 1b shows the SAED pattern of the as-prepared Cu
nanoparticles in sample A. Four distinct diffraction rings are
observed and their corresponding interplanar spacing values
were calculated to be 0.2, 0.18, 0.13, and 0.11 nm. These
values are in agreement with the ones for fcc Cu (JCPDF no.
71-4610, Fm-3m, a=0.3617 nm, d111=0.20883 nm, d200=
0.18085 nm, d220=0.12788 nm, and d311=0.10906 nm).
Therefore, the rings in Fig. 1b are indexed as their
corresponding fcc Cu crystalline planes.

Our previous work demonstrated that utilizing the high
boiling point of an organic solvent and performing thermal
decomposition at its boiling point are critical for the growth
of Ni nanoparticles [22]. Since thermal reduction is also an
effective way to prepare monodisperse and highly crystal-
line metallic nanoparticles, in the synthesis of sample B,
thermal reduction of Cu(acac)2 using HDD as the reducing
agent was performed at the boiling point of BE. After
10 min at 570 K, a dark-red colloid was collected.
Figure 1c shows a typical TEM image of the as-prepared
Cu nanoparticles in sample B. The average diameter was
determined to be 76 nm with a standard deviation of 20 nm.
The SAED pattern of the as-prepared Cu nanoparticles in
sample B shown in Fig. 1d exhibits four diffraction rings
similar to those shown in Fig. 1b and these rings are
indexed as their corresponding fcc Cu crystalline planes.

A rapid thermal reduction of Cu(acac)2 was performed in
the synthesis of sample C. When the Cu precursor solution
[Cu(acac)2 dissolved in BE] was quickly injected into the
mixture of OA, OAmine, HDD, and BE at the reflux
temperature of BE (about 570 K), the solution turned red
immediately. After 5 min, a dark-red colloid was collected.
Figure 1e shows a typical TEM image of the as-prepared

Table 1 Sample information for the five batches of Cu nanoparticles synthesized in this work

Sample Copper precursor Surfactants/solvent/reducing agent Reaction
conditions

Diameter (nm)

A 0.06 g Cu(ac) 0.2 mL OA + 0.2 mL OAmine/20 mL BE/no HDD 383 K/10 min 54±9
523 K/10 min

B 0.13 g Cu(acac)2 0.16 mL OA + 0.17 mL OAmine/20 mL BE/0.4 g HDD 383 K/10 min 76±20
570 K/10 min

C 0.13 g Cu(acac)2/2 mL BE 0.16 mL OA + 0.17 mL OAmine/10 mL BE/0.4 g HDD Quick injection 70±24
570 K/5 min

D 0.06 g Cu(ac) 0.16 mL OA + 0.17 mL OAmine/20 mL BE/0.4 g HDD 383 K/10 min 29±9
473 K/40 min

E 0.06 g Cu(ac) 1 mL OA + 2 mL OAmine/20 mL BE/0.4 g HDD 383 K/10 min 5.0±0.7
473 K/40 min

Cu(ac) copper(I) acetate, Cu(acac)2 copper(II) acetylacetonate, OA oleic acid, OAmine oleylamine, BE benzyl ether, HDD 1,2-hexadecanediol
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Cu nanoparticles in sample C. The average diameter was
determined to be 70 nm with a standard deviation of 24 nm.
Their SAED pattern is similar to the patterns for samples A
and B (data not shown), indicating that the Cu nanoparticles
in sample C adopt an fcc structure. Figure 1e shows a
HRTEM image of part of a 70-nm Cu nanoparticle in
sample C. The spacing of the lattice fringes in one direction
is 0.20 nm, close to the d value of the Cu(111) plane.

Cu nanoparticles in sample D and their surface oxidization

The results show that large (more than 50 nm) fcc Cu
nanoparticles can be obtained through thermal decomposition
of Cu(ac) or thermal reduction of Cu(acac)2. However, these

nanoparticles have a wide size distribution. To reduce both the
size and the size distribution of as-prepared Cu nanoparticles,
we used Cu(ac) as the precursor and HDD as the reducing
agent and decreased the reaction temperature in the synthesis
of sample D. The reaction was performed at 473 K, much
lower than the decomposition temperature of Cu(ac). With the
help of the reducing agent, the solution went through a similar
color change during the increase of the reaction temperature as
described for the synthesis of sample A: green, dark blue,
green, yellow, dark brown, and burgundy. After 40 min at
473 K, a dark-red colloid was collected. Figure 2a shows a
bright-field TEM image of the as-prepared Cu nanoparticles in
sample D. It clearly shows that these Cu nanoparticles in
sample D are much smaller than those in samples A, B, and

Fig. 1 Characterization of the Cu
nanoparticles in samples A, B,
and C: a transmission electron
microscopy (TEM) image and b
selected-area electron diffraction
(SAED) pattern for the Cu
nanoparticles in sample A; c
TEM image and d SAED pattern
for the Cu nanoparticles in
sample B; e TEM image and f
high-resolution TEM (HRTEM)
image of the Cu nanoparticles in
sample C
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C. Figure 2b shows the histogram of the size distribution
obtained by measuring the diameters of 200 nanoparticles.
The average diameter was determined to be 29 nm with a
standard deviation of 9 nm. The smaller nanoparticles in
Fig. 2a appear to have a homogeneous contrast within one
nanoparticle. The larger nanoparticles clearly show the
inhomogeneous contrast regions within one nanoparticle,
indicating their polycrystalline structure. Figure 2c shows the
SAED pattern of these nanoparticles, and four distinct
diffraction rings are indexed as their corresponding fcc Cu
crystalline planes. When TEM was performed in dark-field
mode using a portion of the diffracted (111) beam, the same
area as in Fig. 2a was examined and Fig. 2d shows its dark-
field image. The bright spots in the dark-field image show the
portions of the nanoparticles that have the (111) plane
orientation. As can be seen, a few nanoparticles appear
uniformly bright or dark for the whole area, indicating their
single-crystalline structure. However, most of the bright spots
in Fig. 1d are only part of the nanoparticles seen in Fig. 1a, in
agreement with the polycrystalline structure of these nano-
particles. Therefore, the Cu nanoparticles in sample D are a
mixture of single-crystalline and polycrystalline nanoparticles.

The HRTEM image of a 30-nm Cu nanoparticle in
sample D in Fig. 3 reveals that only part of this nanoparticle

shows the lattice fringes. The spacing of these lattice
fringes in this region is 0.20 nm, close to the d value of the
Cu(111) plane. Also as indicated in the image, different
lattice fringes can clearly be seen at the edge of the

Fig. 2 Characterization of the Cu
nanoparticles in sample D: a
bright-field TEM image; b
histogram of the particle size
distribution; c SAED pattern; d
dark-field TEM image for the
same area as in a

Fig. 3 HRTEM image of a Cu nanoparticle in sample D
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nanoparticle. The spacing of these lattice fringes is
0.24 nm, close to the d value of the fcc Cu2O (111) plane
(cuprite, JCPDF no. 77-0199, Pn-3m, a=0.4258 nm, d111=
0.24584 nm, d200=0.21290 nm, d220=0.15054 nm, and
d311=0.12838 nm). None of the monoclinic CuO planes
(tenorite, C2/c, JCPDF no. 65-2309) have this d value,
indicating the surface of the as-prepared Cu nanoparticles is
oxidized into fcc Cu2O upon exposure to air. The thickness
of this region is approximately 1 nm. However, the
nanoparticle is not fully covered by a homogeneous Cu2O
layer, signifying a nonuniform surface oxidation.

Cu nanoparticles in sample E and their full oxidization

In comparison with the synthesis of sample D, we increased
the amount of OA and OAmine in the synthesis of sample E,
but the other synthetic conditions remained the same. The
solution went through a similar color change during
the increase of the reaction temperature as described for the
synthesis of sample D. After 40 min at 473 K, a dark-red
colloid was collected. However, unlike the colloids of samples
A, B, C, and D, which remain dark red upon exposure to air,
the extracted colloid of sample E immediately turned green
upon exposure to air and remained green. Figure 4a shows a
bright-field TEM image of the as-prepared Cu nanoparticles
in sample E after their exposure to air. Compared with the
Cu nanoparticles in Fig. 2a, these nanoparticles are smaller
and monodisperse. Figure 4b shows the histogram of the size
distribution obtained by measuring the diameters of 200
nanoparticles. The average diameter was determined to be
5.8 nm with a standard deviation of 0.8 nm. The
corresponding values of the interplanar spacing for three
distinct rings in the SAED pattern in Fig. 4c were calculated
to be 0.25, 0.21, and 0.15 nm, which are different from the
ones in Fig. 2c. These values match well with the ones for
fcc Cu2O. Therefore, the rings in Fig. 4c are indexed as their
corresponding fcc Cu2O crystalline planes. The HRTEM
image for a 6-nm nanoparticle in Fig. 4d clearly shows that
this nanoparticle is a single crystal. The spacing of the
lattice fringes is 0.15 nm, close to the d value of the fcc
Cu2O (220) plane. In combination with the color change,
we believe that these nanoparticles are fully oxidized upon
exposure to air. Assuming that these Cu2O nanoparticles
are directly converted from Cu nanoparticles, after the
density change from fcc Cu (8.02 g/cm3) [28] to fcc Cu2O
(6.0 g/cm3) [28] is taken into consideration, the size of
pristine Cu nanoparticles is estimated to be 5.0 nm with a
standard deviation of 0.7 nm.

CuS nanoplates from Cu nanoparticles in sample D

We have shown the reactivity of the Cu nanoparticles in
samples D and E with respect to their oxidization upon

exposure to air. We have also utilized their reactivity and
used these Cu nanoparticles as templates to synthesize
more complex CuS nanostructures via the nanoscale
Kirkendall effect. CuS adopts a unique hexagonal
crystalline structure (covellite, JCPDF no. 78-0877,
P63/mmc, a=b=0.37938 nm, c=1.6341 nm, α=β=90,
γ=120) with an axis ratio (a/c) of 1:4.3. Therefore,
nanostructures different from spherical Cu nanoparticles
are expected to be produced.

When the solution of S dissolved in BE was quickly
injected into the colloid of sample D at 473 K under Ar, the
dark-red colloid turned black immediately. After 20 min, a
black colloid was collected. Figure 5a shows a typical TEM
image of the as-prepared nanoparticles. These nanoparticles
show morphologies different from those of the spherical Cu
nanoparticles shown in Fig. 2a. Most of the nanoparticles
exhibit hexagonal or quasi-hexagonal morphology (par-
ticles 1 and 2) and a few nanoparticles appear rod-like
(particle 3). These morphologies are similar to the ones
of the hexagonal CuS nanoplates reported in the
literature [29–32] and suggest that the as-prepared nano-
particles are nanoplates. These nanoplates can be in either
a face-down (particles 1 and 2) or a standing-up (particle
3) position. Among the nanoplates in a face-down
position, approximately 80% are solid (particle 1) and
the rest have a cavity around the center of the nanoplates
(particle 2). Also, few aggregation-like nanoparticles are
observed (particle 4); these are probably in an intermediate
stage during the transformation from a spherical Cu
nanoparticle to a CuS nanoplate.

Figure 5b shows the SAED pattern of these as-
prepared nanoparticles. Seven distinct diffraction rings
are observed and their corresponding interplanar spacing
values were calculated to be 0.33, 0.31, 0.28, 0.23, 0.19,
0.17, and 0.16 nm. These values agree well with hexagonal
CuS (JCPDF no. 78-0877, d100=0.32855 nm, d101=
0.32211 nm, d102=0.30483 nm, d103=0.28134 nm, d006=
0.27235 nm, d105=0.23171 nm, d107=0.19030 nm,
d110=0.18969 nm, d108=0.17347 nm, d203=0.15728 nm,
and d116=0.15566 nm). Therefore, the rings in Fig. 5b are
indexed as their corresponding hexagonal CuS crystalline
planes. Figure 5c shows the histogram of the size distribution
obtained by measuring the length of the longest diagonal of
200 face-down nanoplates. The average length was deter-
mined to be 52 nm with a standard deviation of 14 nm. The
average thickness is 11 nm with a standard deviation of
3 nm.

Figure 6 shows the detailed HRTEM images of the four
types of nanoparticles observed in Fig. 5a. Figure 6a shows
the HRTEM image of a face-down solid hexagonal nano-
plate and Fig. 6b shows the magnified HRTEM image in
the selected area in Fig. 6a. Figure 6b clearly shows that
this nanoplate is a single crystal. The spacing of the lattice

1062 G. Cheng, A.R. Hight Walker



fringes is 0.32 nm, close to the d value of the hexagonal
CuS (100) plane. The inset in Fig. 6b shows the fast Fourier
transform (FFT) of the selected square area in Fig. 6b. In
combination with the geometry of the hexagonal nano-
plates, the FFT clearly shows that this face-down nanoplate
is in the [001] beam direction (along the c axis) and is
bound by six side planes: (100), (010), (−110), (−100), (0–
10), and (1–10).

Figure 6c shows the HRTEM image of a face-down
hexagonal nanoplate with a hexagonal cavity in the center
and Fig. 6d shows its magnified HRTEM image in the
selected area in Fig. 6c. Figure 6d shows that this nanoplate
with a cavity in the center is also a single crystal. The
lattice fringes can clearly be observed in the cavity region,
indicating the hollow interior of this nanoplate. The spacing
of the lattice fringes is 0.32 nm, close to the d value of the
hexagonal CuS (100) plane. The inset in Fig. 6d shows the
FFT of the selected square area in Fig. 6d. In combination
with the geometry of the nanoplate and its cavity, the FFT
clearly shows that this nanoplate and its cavity are in the
[001] beam direction (along the c axis) and are bound by
six side planes: (100), (010), (−110), (−100), (0–10), and
(1–10).

Figure 6e shows the HRTEM image of a standing-up
nanoplate. The spacing of the lattice fringes is 0.27 nm,
close to the d value of the hexagonal CuS (006) plane and
suggesting that this nanoplate is bound by two planes: (001)
and (00-1). Figure 6f shows the HRTEM image of an
aggregation-like nanoplate, and the lattice fringes with
different orientations within this nanoparticle indicate that
this nanoparticle is probably on its way to forming a single-
crystalline nanoplate.

CuS nanoplates from Cu nanoparticles in sample E

When the solution of S dissolved in BE was quickly
injected into the colloid of sample E at 473 K under Ar, the
dark-red colloid turned black immediately. After 20 min, a
black colloid was collected. Figure 7a shows a TEM image
of the as-prepared CuS nanoplates using Cu nanoparticles
in sample E as the templates. Owing to their smaller size,
the hexagonal shape for the face-down nanoplates is not as
obvious as shown in Fig. 5a. However, as can be seen, the
percentage of the standing-up nanoplates is much higher
than in Fig. 5a. Also, for the face-down nanoplates, the
contrast difference between the center region and edge

Fig. 4 Characterization of the
Cu nanoparticles in sample E
after exposure to air: a TEM
image; b histogram of the
particle size distribution; c
SAED pattern; d HRTEM image

Transmission electron microscopy characterization of colloidal copper nanoparticles and their chemical reactivity 1063



region indicates that these nanoplates are hollow. Figure 7b
shows their SAED pattern. Five distinct diffraction rings
are observed and their corresponding interplanar spacing
values were calculated to be 0.33, 0.31, 0.28, 0.19, and
0.17 nm. These values agree well with hexagonal CuS and
these rings are indexed as their corresponding hexagonal
CuS crystalline planes. Figure 7c shows the histogram of
the size distribution obtained by measuring the length of the
longest diagonal of 200 face-down nanoplates. The average
length was determined to be 12 nm with a standard
deviation of 2 nm. Figure 7c shows the histogram of the
size distribution obtained by measuring the thickness of 200
standing-up nanoplates. The average thickness is 5.1 nm
with a standard deviation of 1.0 nm. Owing to their
relatively narrow size distribution, the standing-up nano-
plates also assemble into nanoribbons [30, 32] as shown in
Fig. 7a.

Figure 8a shows the HRTEM image of a face-down
hexagonal nanoplate. The spacing of the lattice fringes is
0.18 nm, close to the d value of the hexagonal CuS (110)
plane. The inset in Fig. 8a shows the FFT of the selected
square area in Fig. 8a. In combination with the geometry of

the hexagonal nanoplates, the FFT clearly shows that this
face-down nanoplate is in the [001] beam direction (along
the c axis) and is bound by six side planes: (110), (−120),
(−210), (1–10), (1–20), and (2–10). Figure 8b shows the
HRTEM image of two standing-up nanoplates. The spacing
of their lattice fringes is 0.27 nm, close to the d value of the
hexagonal CuS (006) plane and suggesting that both of
these nanoplates are bound by two planes: (001) and (00-1).

Discussion

Synthesis of Cu nanoparticles

As shown in Fig. 1a, during the synthesis of sample A
using the thermal decomposition of Cu(ac) at 523 K, Cu
nanorods are also obtained. Cu nanorods produced as by-
products during the synthesis of spherical Cu nanoparticles
have been demonstrated in the literature [11–13, 16]. For
example, Cu nanorods and spherical Cu nanoparticles have
been synthesized in one pot via the reduction of copper(II)
bis(2-ethylhexyl)sulfosuccinate using hydrazine [11–13].

Fig. 5 Characterization of the
CuS nanoplates produced from
the Cu nanoparticles in sample
D: a TEM image; b SAED
pattern; c histogram of the
particle length distribution
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The interconnected cylindrical reverse micelles used as
templates in the synthesis were believed to play an
important role in the formation of these nanorods [11].
Another study on the synthesis of Cu nanoparticles via the
thermal reduction of Cu(acac)2 using HDD in octyl ether
showed the formation of Cu nanorods and nanocubes along
with spherical Cu nanoparticles when the reaction temper-
ature was above 463 K [16]. The surfactants, OA and
OAmines, were proposed to regulate the growth of these
nanorods from the decahedral seeds [16]. However, in our
syntheses of samples B and C, no Cu nanorods were
obtained at 570 K. Large (more than 50 nm) decahedral Cu
nanoparticles are observed frequently.

Both the template model and the surfactant regulation
model are insufficient to explain some of the typical

phenomena observed in the synthesis of colloidal nano-
particles [33]. For example, nanoparticles with multiple
shapes can be formed in one pot during a single
homogeneous reaction. A kinetics-based mechanism was
proposed to explain the appearance of both isotropic and
anisotropic nanoparticles for fcc Au and Ag nanoparticles
[33]. The strain in decahedral seeds can cause the
elongation of decahedra by growing the side faces,
resulting in the formation of nanorods and nanowires. This
model can explain the appearance of both spherical Cu
nanoparticles and Cu nanorods in our synthesis of sample
A. The disappearance of Cu nanorods and the frequent
appearance of the large decahedral nanoparticles in the
syntheses of samples B and C indicate that, under these
synthetic conditions, instead of growing the side faces, the

Fig. 6 HRTEM images of the
CuS nanoplates produced from
the Cu nanoparticles in sample D.
a A face-down solid hexagonal
nanoplate. b Magnified HRTEM
image in the selected area in a.
The inset shows the fast Fourier
transform (FFT) for the selected
area in b. c A face-down
hexagonal nanoplate with a
hexagonal cavity. d Magnified
HRTEM image of the selected
area in c. The inset shows the
FFT for the selected area in d. e
A standing-up nanoplate. f A
nanoplate being formed
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decahedral seeds grow and enlarge themselves laterally by
introducing the defects to release the strain [34, 35].

In the synthesis of Co and Ni nanoparticles, the rapid
injection of the precursor solution yields a highly supersatu-
rated solution, resulting in a fast nucleation and a narrow size
distribution [17–22]. However, this is not the case in the
synthesis of sample C. In comparison with the synthesis of
sample B, the quick injection of the Cu precursor solution at
the reflux temperature of BE does not significantly change
the morphologies of as-prepared Cu nanoparticles in terms of
their wide size distribution. We also increased the amount of
OA and OAmines fivefold for this quick injection reaction to
control the size of as-prepared nanoparticles. However, there
is no significant change in morphology from that of sample
C. This evidence suggests the growth of Cu nanoparticles at
570 K is very fast. It is hard to control their size and size
distribution by simply changing the amount of surfactants
used in the synthesis.

When Cu(acac)2 was replaced with Cu(ac) as the Cu
precursor and the reaction was performed at 473 K in the
synthesis of sample D, the average size of the Cu nano-
particles was reduced to 29 nm. As we increased the amount

of OA and OAmines in the synthesis of sample E, the
average size and size distribution of the Cu nanoparticles
were greatly reduced, suggesting that the surfactants play an
important role in the growth of Cu nanoparticles under these
synthetic conditions. As a result, controlling the size and size
distribution of the as-prepared nanoparticles can be achieved
by tuning the amount of the surfactants used in the synthesis.

Oxidization of Cu nanoparticles

In our previous work, we investigated the effect of size on
the oxidation of Co nanoparticles using extended X-ray
absorption fine structure and X-ray absorption near-edge
structure and showed that the smaller the nanoparticles are,
the more reactive they are with respect to oxidization in air
[17]. Recently, we also demonstrated the formation of a
nonuniform cobalt oxide layer at the surface of colloidal Co
nanoparticles during their natural aging in air using
HRTEM [21]. In the case of Cu nanoparticles, our results
clearly show a similar oxidization behavior and size effect.

The HRTEM image of a Cu nanoparticle (30 nm) in
sample D after its exposure to air in Fig. 3 shows that the

Fig. 7 Characterization of the
CuS nanoplates produced from
the Cu nanoparticles in sample
E: a TEM image; b SAED
pattern; c histogram of the
nanoplate length distribution; d
histogram of the nanoplate
thickness distribution
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surface of the freshly prepared Cu nanoparticles can be
oxidized to Cu2O quickly, though the Cu2O layer is not
homogeneous. The colloid of sample D remains dark red
for at least 3 months, indicating that the full oxidization of
nanoparticles takes much longer. The immediate color
change of the colloid of sample E upon exposure to air
suggests that these Cu nanoparticles in sample E are much
more reactive than those in sample D with respect to
oxidization in air. The HRTEM result confirms the full
conversion of Cu nanoparticles into Cu2O nanoparticles.

In bulk, Cu2O is not stable and can be easily oxidized
into CuO in air at room temperature. Studies of the effect of
size on the crystal structures of copper oxides have shown
that the cubic Cu2O is more stable than the monoclinic CuO
below 25 nm since high-symmetry crystal structures are
more likely to be stable at smaller sizes [36]. It has also
been reported that stable colloidal Cu2O nanoparticles can
be produced simply by redispersing purified freshly

prepared colloidal Cu nanoparticles in hexane [15]. The
Cu nanoparticles in hexane are gradually oxidized to Cu2O
nanoparticles. The high-symmetry cubic structure shared by
Cu and Cu2O was believed to be the driving force in this
transformation [15]. A crystalline reconstruction is needed
for the transformation from fcc Cu to monoclinic CuO. Our
results on the surface oxidization of the Cu nanoparticles in
sample D and the full oxidization of the Cu nanoparticles in
sample E are in good agreement with these results and
show that stable Cu2O nanoparticles can be prepared.

Sulfidation of Cu nanoparticles

Along with the natural oxidization of Cu nanoparticles,
sulfidation provides us with another way to chemically
transform these Cu nanoparticles as demonstrated in the
synthesis of CuS nanoplates. The effect of size on this
reaction is manifested in the different sizes of the CuS
nanoplates produced from samples D and E. The average
length and thickness of the CuS nanoplates from the Cu
nanoparticles in sample D with average size of 29 nm are
52 and 11 nm, whereas their counterparts from the Cu
nanoparticles in sample E with average size of 5 nm are 12
and 5 nm. A rough estimation based on these values
indicates that not all of the CuS nanoplates can be solid
and, if not all of them are solid, some of them must have
cavities, which are commonly found in the nanostructures
prepared through the nanoscale Kirkendall effect [4–7].

When the Cu nanoparticles in sample D were used to
synthesize CuS, both solid CuS nanoplates and CuS
nanoplates with different cavity sizes were observed (Figs. 5
and 6). Recent studies have demonstrated that hollow silver
(I) selenide nanoparticles are obtained when single-
crystalline Ag nanoparticles are used as templates in the
synthesis through the nanoscale Kirkendall effect, whereas
solid single-crystalline silver(I) selenide nanoparticles are
produced when multiply twinned Ag nanoparticles are used
[37]. The defects in the multiply twinned nanoparticles are
believed to create other reaction paths to suppress the
formation of a cavity during the reaction [37]. In our
experiments, the Cu nanoparticles in sample D are a mixture
of single-crystalline and polycrystalline Cu nanoparticles.
Therefore, the CuS nanoplates with cavities are probably
converted from the single-crystalline Cu nanoparticles,
whereas the solid CuS nanoplates are from the polycrystal-
line Cu nanoparticles. On the basis of the single-
crystalline Cu2O nanoparticles produced from the Cu
nanoparticles in sample E upon exposure to air, these
pristine Cu nanoparticles are likely single crystals.
Therefore, the CuS nanoplates produced from the Cu
nanoparticles in sample E are hollow. Figure 7a clearly
shows the contrast between the center and edge regions in
these face-down CuS nanoplates.

Fig. 8 HRTEM images of the CuS nanoplates produced from the Cu
nanoparticles in sample E. a A face-down nanoplate. The inset shows
the FFT of the selected area in a. b Standing-up nanoplates
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The different morphologies of the Cu2O nanoparticles
produced through oxidization and the CuS nanoplates
produced through sulfidation of Cu nanoparticles reflect
the different diffusion behaviors involved in these two
transformations. The formation of the solid Cu2O nano-
particles from the Cu nanoparticles in sample E upon
exposure to air indicates that this oxidization involves the
direct diffusion of O2 into the fcc Cu crystalline structure,
which is also shown in the surface oxidization of the Cu
nanoparticles in sample D, whereas the formation of the
hollow CuS nanoplates from the Cu nanoparticles in sample
E during sulfidation suggests the Cu outward diffusion is
faster than S inward diffusion. Two factors are believed to
contribute to these two different diffusion behaviors. One is
the different reaction temperatures (sulfidation was per-
formed at a much higher temperature than oxidization), and
the other is the different crystalline structures of fcc Cu2O
and hexagonal CuS. The transformation from Cu nano-
particles to Cu2O nanoparticles only involves the diffusion
of O2 into the Cu structure. During the sulfidation, both Cu
outward diffusion and S inward diffusion are involved and
a reconstruction of the fcc Cu structure is required to form
CuS nanoplates. Since the isotropic Cu nanoparticles are
used as templates, Cu outward diffusion and S inward
diffusion can be in all directions. The formation of CuS
nanoplates suggests that the intrinsic hexagonal CuS
structure is another critical factor in this transformation
and the growth rate along the c axis is much slower than
that along the hexagonal a–b plane.

Conclusion

Colloidal Cu nanoparticles with an fcc structure were
synthesized in the presence of surfactants in an organic
solvent under an Ar environment. Large (more than 50 nm)
Cu nanoparticles can be obtained through thermal decompo-
sition of Cu(ac) or thermal reduction of Cu(acac)2 using HDD
at 570 K. Through the thermal reduction of Cu(ac) using
HDD at 473 K, the average size of the Cu nanoparticles can
be tuned from 29 to 5 nm by increasing the amount of the
surfactants used in the synthesis. TEM, SAED, and HRTEM
were used to characterize these Cu nanoparticles and their
chemical reactivity with respect to the oxidization and
sulfidation. The effect of size is manifested in these two
chemical transformations. Whereas the surfaces of Cu
nanoparticles with an average diameter of 29 nm can be
oxidized into fcc Cu2O upon exposure to air, Cu nano-
particles with an average diameter of 5 nm are immediately
and fully oxidized into stable fcc Cu2O nanoparticles. This
full oxidization involves the direct diffusion of O2 into the
fcc Cu crystalline structure. When monodisperse 5-nm Cu
nanoparticles are used during sulfidation, hollow CuS nano-

plates are formed and standing-up nanoplates assemble into
nanoribbons. When a mixture of single-crystalline and
polycrystalline Cu nanoparticles with an average diameter
of 29 nm is used as the template during sulfidation, solid and
hollow hexagonal CuS nanoplates are produced. The
formation of hollow CuS nanoplates suggests the Cu
outward diffusion and the S inward diffusion are involved
during sulfidation. Cu outward diffusion is faster than S
inward diffusion. The formation of solid CuS nanoplates is
likely attributed to the defects in the polycrystalline Cu
nanoparticles. The different reaction temperatures and
intrinsic crystalline structures of Cu2O and CuS contribute
to the different diffusion and growth behaviors for oxidiza-
tion and sulfidation. Our work clearly shows that size plays
an important role in the reactivity of Cu nanoparticles, and
their chemical reactivity can be utilized to synthesize stable
Cu2O and CuS nanoparticles. The sulfidation of Cu nano-
particles can be readily extended to the synthesis of the
whole family of copper sulfides.
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