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1. Introduction

The control of the core-shell structure at the nanometer is one of the most fundamental chal‐
lenges in condensed matter science [Deville et al., 2009; Woodley et al., 2008; Bannin, 2007; Ji et
al., 2007; Lauhon et al., 2002]. One of the fundamental concepts regarding the synthesis of
nanowires via the spontaneous self-organization of individual nanoparticles, called spontane‐
ous organization nanocrystals, refers to the formation of two-dimensional (2-D) and 3-D ar‐
rays of nanoparticles or nanowires [Tang et al., 2002; Lu et al., 2002; Balazs et al., 2006; Tang et
al., 2006]. The copper-oxide based system, such as Cu2O [Huang et al., 2012; Hong et al., 2011;
Yao et al., 2010], CuO [Wu, 2012; Cheng et al., 2007; Chou et al., 2008], and Cu2O@CuO [Yec et
al., 2012], has been known to facilitate oxidation reactions in the bulk material, which may al‐
low it to be a cost effective substitute for noble metals in various catalytic systems. With recent
developments in nanostructures synthesis leading to the ability to control size, reproducibility
and structural complexity [Lauhon et al., 2002; Fan et al., 2006; Lu et al., 2005], it becomes
worthwhile and possibly paramount to define specific target structures for the nanoparticles
based on an understanding of the mechanism of the self-organization mechanism. Upto now,
many complex procedures, such as vapor-liquid-solid, chemical vapor deposition, thermal
evaporation, and chemical reactions, have been developed for the synthesis of one-dimension‐
al materials of Copper-based nano compounds [Huang et al., 2012; Hong et al., 2011; Yao et al.,
2010]. In addition to these methods, solution chemical route including solvothermal, hydro‐
thermal, self-assembly, and template-assisted chemical vapor deposition has become a prom‐
ising option for large –scale production of nanomaterials, due to the simple, fast, and less
expensive virtues [Xin et al., 2002; Li et al., 1999; Lu et al., 2000; Hung et al., 2004; Roy et al.,
2003; Baxter et al., 2003]. However, a new type of immersing nanoparticles into liquid alcohol
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to form core-shell nanowires at room temperature has been difficult, primarily because control
of nucleation and growth is still a challenge.

In the present work, we report on a simple method for bottom-up fabrication by means
of  template-free  growth  of  high  density  Cu2O/CuO  core/shell  nanowires.  These  can  be
spontaneously self-assembled by the oxidation of ultra-small copper nanoparticles simply
immersed  in  ethyl  alcohol.  This  leads  to  the  formation  of  Cu2O/CuO  core/shell  nano‐
wires.  Then  nanosized  growth  effects  of  these  nanowires  are  observed  experimentally.
We find that the formation of nanowires may be far more due to chemical reactions than
previously realized.

2. Synthesis method

The initial Cu nanoparticles used as a precursor in the synthesis of Cu2O/CuO core/shell nano‐
wires, are fabricated by employing the gas condensation method, as shown in Fig. 1. High puri‐
ty Cu ingots (~ 0.5 g, 99.999% pure and 3 mm in diameter) are heated by a current source of 90 A.
They are evaporated at a rate of 0.01 Å/s in an Ar pressure of 0.1 Torr. The evaporated Cu nano‐
particles are collected on a non-magnetic quartz plates (1 cm x 1 cm), maintained at liquid nitro‐
gen temperature. After restoration to room temperature, the nanoparticles, which are only
loosely attracted to the collector, are stripped off. The resultant samples were in the form of
dried powder, consisting of a macroscopic amount of individual Cu nanoparticles. The com‐
bined effect of high gas flow rate, low deposition pressure and relatively low substrate temper‐
ature resulted in the deposition of copper nanoparticles. The moving Cu nanoparticles were
washed and stripped off from quartz plates using ethyl alcohol(99.5%) in argon gas environ‐
ment (chemical hood), as shown in Fig. 2(a). They were then kept in a glass container and in a
sealed quartz capillary (Fig. 2(b) and 2(c) for few days) for in situ x-ray scattering examination.
The sample is apparently not sensitive to being exposed to air for a short period of time, which
is supported by the fact that the x-ray diffraction patterns of the as-grown sample and sample
exposed to air for few hours are indistinguishable. However, the sample used in the study is
kept in glass container with liquid alcohol. The main key method for sample syntheses in this
study  was  that  the  ethyl  alcohol  solution-phase  was  important  tofostering  spontaneous
growth of Cu nanoparticles which then led to the formation of Cu2O/CuO core/shell nanowires
at room temperature. In general, metal-oxide nanowires can be synthesized using a solid-state
method involving high temperature oxidation of the metal [Cheng et al., 2007; Devan et al.,
2008] and a solution-phase under hydrothermal conditions [Tan et al., 2007]. However, a typi‐
cal reaction requires very high temperature or pressure and therefore would seem to be incom‐
patible with our system [Yang et al., 1998]. Copper oxide nanoparticles in a limited size range
have been prepared with other techniques using chemical routes, and some of these techniques
have resulted in alimited growth of rodlikenanocrystals reported by Fang group [Fang et al.,
2004]. Ethyl alcohol (CH3-CH2OH)is chosen as the reactive solution for the spontaneous organ‐
ization method, because of its dipole moment (1.684 Debye), which is comparable to that of wa‐
ter (1.69 Debye), and its polar character, which allows the formation of Cu2O/CuO core/shell
nanowires with an alcohol bridge. In the presence of a rich OH- solution, spontaneous oxida‐
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tion can be drastically accelerated. This procedure has been reported by Tello and coauthors
[Tello et al., 2003] for the oxidation of p-silicon in water and ethyl alcohol. They demonstrated
that local oxidation in liquid ethyl alcohol environments is different from that in aqueous solu‐
tions, with a significant improvement in the growth rate. The Liu group [Liu et al., 2009] also re‐
ported that the dosage rate can influence the morphologies of Cu2O, so that the shape of the
nanostructures can be controlled through adjusting the reduction rate of Cu2+ ions. In this
study, Cu2+ ions are released continuously from the cooper nanoparticles into the ethyl alcohol
under ambient conditions. These can be immediately captured through coordination with
OH-, to form Cu(OH)2. After 4-days (D=4) of immersion, the Cu(OH)2 loses water and CuO or
Cu2O is formed by the release of O2. The resultant copper-based phases can be either cuprous
oxide or cuprite oxide depending on the temperature and surrounding environment. At room
temperature, however, the cuprous phase is the dominant product of oxidation. The cuprous
surface can be terminated by a few mono layers of cuprite oxide product (crystalline or amor‐
phous phase) at the solution interface, forming Cu2O/CuO core-shell nanowires. The prepared
samples were mounted in a capillary rotor sample holder and the process of the formation of
nanowires was systematically studied using an in situ x-ray diffractometer (Philips X'Pert
PRO)with CuKα radiation (λ=1.541 Å) at times ranging from one to seven days. The morpholo‐
gy of sample was characterized by a field emission scanning electron microscope (FE-SEM,
JEOL JSM-6500F) equipped with anenergy dispersive x-ray spectroscope (EDS, Oxford Instru‐
ment INCAx-sight 7557). Atomic-resolution transmission electron microscopic (TEM) analysi‐
sand high-resolution transmission electron microscopy (HRTEM) images were taken with the
CCD-camera of an electron microscope (JEOL JEM-2100) at 200 kV. Analysis software (Digital
Micrograph) was employed to digitalize and analyze the obtained images.

Figure 1. Schematic representation of the gas condensation method. Reproduced with permission [4]; copyrights
2010, Institute of Physics.
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Figure 2. The processing steps for Cu nanoparticles include: (a) washing of the quartz plate with liquid ethyl alcohol
and then collecting the liquid in a glass container; (b)-(c) quartz capillary for the experiments of time dependency of
the in situ x-ray scattering at D=4 and 7, and (d) at D=7-240. Reproduced with permission [4]; copyrights 2010, Insti‐
tute of Physics.

3. Results and discussion

The in situ x-ray diffraction patterns at various time periods were shown in Fig. 3. As indi‐
cated on the bottom of Fig. 3, there are three nuclear peaks at the {1 1 1}, {2 0 0} and {2 2 0}
positions, as indexed based on a cubic Cu -Fm-3m structure, with a lattice expansion of ~1.5
% compare with Cu bulk. According to the Scherrer diffraction formula, the average size of
initial Cu nanoparticles can be described as:
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where <d> is the mean size, λ (=1.541 Å) is the incident x-ray and Δ2θB is FWHM at the scatter‐
ing angle of 2θB.The obtained mean size of Cu nanoparticles is <d>=5.4 nm, estimating from
these peaks in the diffraction pattern. After immersion in an ethyl alcohol solution four days,
we observe a significant broader peak around 2θ=36°, which is associated with the Cu2O struc‐
ture of the Miller index {1 1 1}, and exhibits the coexistence of core/shell nanocrystals. This may
be understood by assuming the existence of the Cu2O phase near the surface, with the oxida‐
tion contribution coming from the Cu atoms in the core. The pattern in the upper part of Fig. 3
should contain, in principle, contributions from the Cu2O phase, after 7-days (D=7) of immer‐
sion. X-ray diffraction patterns are known as the fingerprints of crystalline materials. They re‐
veal details of the crystalline structure and their formation during synthesis, and even the
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crystalline phase transitions or separation at various temperatures. An example of x-ray and
Rietveld refined diffraction patterns of the sample, taken at D=7, is shown in Fig. 4. Diffraction
patterns were utilized to characterize the crystalline structure in the prepared samples. The
diffraction peaks appeared to be much broader than the instrumental resolution, reflecting the
nano-size effects. The analysis was performed using the program package of the General Struc‐
ture Analysis System (GSAS) [Larson et al., 1990] following the Rietveld method [Rietveld,
1969]. Several models with different symmetries were assumed during the preliminary analy‐
sis. In our structural analysis we then pay special attention to searching for the possible sym‐
metries that candescribe the observed diffraction pattern well. All the structural and lattice
parameters were allowed to vary simultaneously, and refining processes were carried out un‐
til Rp, the weighted Rwp factor, differed by less than one part in a thousand within two succes‐
sive cycles. Figure 4 shows the diffraction pattern (red crosses) taken at room temperature,
where the solid curve (green curve) indicates the fitted pattern and the difference (pink curve)
between the observed and the fitted patterns is plotted at the bottom of Fig. 4. The refined lat‐
tice parameters are a=b=c=4.2821(5) Å with a space group of Cu2O-Pn-3m structure. The forma‐
tion of Cu2O requires an expansion of only 0.026 % of the metallic Cu nanoparticles to make
room for the O atoms, comparing with Cu2O bulk (a=4.281 Å). The decrease in surface energy
of the nanowires will tend to cause an increase in their size by elastic distortion of their crystal
lattice. Of course, this kind of distortion is very small compared to the whole particle size. It is
worth notingthat the contribution of the intensity of the CuO shell (as can not be seen in the x-
ray patterns) is undetectable or amorphous in state. These characteristics (i.e., the amorphous
CuO shell) agree with previously reported results for Cu2O/CuO nanoparticles obtained by
Yin et al. [Yin et al., 2005]. In their comprehensive analysis, they found that Cu nanocrystals
formed initially, but were subsequently oxidized to form a highly crystalline Cu2O coated with
an amorphous epitaxial CuO layer.
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Figure 3. In situtime dependence of x-ray diffraction patterns taken at room temperature.
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Figure 4. The observed (crosses) and Rietveld refined (solid lines) x-ray diffraction patterns of Cu2O/CuO core-shell
nanowires. The contribution of the intensity of the CuO shell can not be seen in the x-ray patterns due to amorphous
state.

The morphology of selected samples at D=1, 4 and 7, was characterized by FE-SEM, as
shown in Figs. 5(a) to (c). As can be seen in Fig. 5(a), it is clearly evident that the nanoparti‐
cles are spherical and stick together due to an electrostatic effect as well as an artifact of the
drying of aqueous suspensions. It can be seen that the Cu2O/CuO nanowires grew homoge‐
neously in a large area to form straight nanowires, as shown in Fig. 5(b). The diameters
ranged from 100-500 nm and the lengths were up to several tens of microns. As can be seen
in Fig. 5(c), the Cu2O/CuO core-shell nanowires are long and straight, ranging from tens of
micrometers to more than a hundred micrometers. The growth of the nanowires is clear. An
evaluation of the diameter distribution can be obtained and calculated from a portion of the
SEM image, as shown in the Figs. 5(d) to 5(f). They are quite asymmetric and can be descri‐
bed using a log-normal distribution function defined as follows:

2
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1 (ln ln )( ) exp ,
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d df d

d ss p
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= -ç ÷ç ÷

è ø
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where <d> is the mean value and σ is the standard deviation of the function. The mean di‐
ameters and standard deviations for the nanowires obtained from the fits are <d>=201(5) to
225(5) nm, σ=0.42 and 0.31 nm at D=4 and 7, indicating increasing diameter as the reaction
time increases. The small standard deviation (σ< 0.5) of the function indicates that the distri‐
bution is confined to a limited range. It can be seen that the width of the distribution profile
broadens due to the crystalline structure. The stability of growth during the formation of
core-shell nanowires is confirmed by examination of the SEM images even at D=240 (not
shown). This result indicates that increasing the reaction time by immersion in ethyl alcohol
cannot make the growth of diameter of the Cu2O core more intensive, due to the termination
of amorphous CuO at D=7.
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Figure 5. SEM images of Cu2O/CuO core/shell after various reaction time with (a) D=1, (b) d=4 and (c) D=7.(d)-(f) The
distribution of mean diameter <d> at D=1, 4, and 7,respectively.

The results of an early study (x-ray patterns) show that the prepared core-shell nanowires
are crystalline. We further characterized the structure of sample using TEM microscopy. Fig‐
ure 6 shows an example of the Cu2O/CuO core-shell nanowires taken at D=4, which has a
uniform coating of amorphous CuO (light contrast) surrounding a single-crystal Cu2O core
(dark contrast), forming core-shell Cu2O-CuO nanowires. The chain-like configuration of the
Cu2O nanoparticles intertwined with the nanowires can also be observed. The results are in
good agreement with the NVT Monte Carlo (MC) method [Phillies, 1974] results for the in‐
termediate state of pearl necklace-like aggregates. In the MC simulation gives the formation
of nanowires involves a process where Au nanoparticles could self-assemble into chain-like
intermediate states then recrystallize into one-dimensional nanowire. The dipole-dipole-in‐
teraction in the Cu2O nanoparticles is strong and long-range, leading to the formation of the
pearl necklace-like nanostructures. A significant surface CuO layer (a few nms in thickness)
was observed, indicating the existence of an amorphous CuO shell. In order to determine
the amorphous CuO and the surface characteristics of the core-shell nanowires, we have uti‐
lized XANES technique to examine the existence of surface CuO thickness, simulating
through an intensity ratio of Cu2O-core and CuO-shell by using a proposed core-shell nano‐
wire model.

For a cylindrically multilayered structure without consider the effect of diameter distribu‐
tion. An electron being photoionized into the surface CuO has a probability of escaping
through the surface without suffering any inelastic processes. Therefore, it can be detected
as a photoelectron. In generally, the probability is conveniently expressed in terms of the
mean free path for surface layer λCuO and core λCu2O, respectively. The intensity of ionized
electron is proportional to Io exp(-f/λ), where f is the distance between the surface and the
point of origin of the photoelectron, Io is the normalization constant depends on the nano‐
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crystals. Thus, integrating the portion of contribution intensity over the cylindrical volume,
then we can easily obtain the total intensity from each of the two regions of the nanocrystals.
The total intensity from each region in terms of cylindrical polar coordinates can be ex‐
pressed as [Nanda et al., 1999]:

2

1

2
0 02

( , , )exp ,
L R
L R

f r zI I rdrd dz
p f

f
l-

é ù-
= ê ú

ë û
ò ò ò (3)

where L is the length of the nanowire, λ is the mean free path of the photoionized elec‐
tron,R1is the radius of the core, R2 is the radius including the surface layer. The distance be‐
tween the surface and the point of origin of the photoelectron then can be schematically
plotted in Fig. 7 and defined as:

Figure 6. Representative TEM image Cu2O/CuO core/shell nanowires, revealing the core-shell structure and a number
of interesting portions. (a) The formation of a single Cu2O/CuO core/shell nanowire reveals a straight polycrystalline
Cu2O core; and (b) an amorphous CuO layer. (c) The chain-like configuration of Cu2O nanoparticles and (d) pearl-neck‐
lace-like aggregation intertwined with the nanowires can be observed.
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The mean free paths of λCuO and λCu2O used in this study are obtained from previous reports
[36]. The mean free paths of λCuO and λCu2O used in the simulation are defined as
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In order to clarify the contribution from Cu2O- or CuO- intensity, we have defined a theoret‐
ical integrated intensity ratio γ taken as:
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The above ratio cannot be evaluated analytically, and we can compute numerically by vary‐
ing these parameters of R1 and R2, respectively, to match the experimental integrated inten‐
sity ratio of γ=ICu2O/ICuO. The electronic geometric structure around Cu in the as-synthesized
material was characterized with X-ray absorption near edges(XANES) measurements.
XANES spectroscopy of Cu L2,3–edge was performed using the 6-m HSGM beam-line
(BL20A1) of the National Synchrotron Radiation Research Center in Hsinchu, Taiwan. The
recorded spectra were corrected for the energy dependent incident photon intensity as well
as for self-absorption effects and normalized to the tabulated standard absorption cross sec‐
tions in the energy range of 900-1020 eV for the Cu L-edge. The radiation was monochrom‐
atized using a 6m SGM monochromator and the photon energy was calibrated by
measuring X-ray absorption spectrum of Cu metal foil by using the Cu L3 white line. Figure
8 shows XANES spectra of as-synthesized material and copper based references such as
Cu2O (red curve), CuO (green curve) bulk. The main peak of Cu 2P3/2 at 932.3 eV reveals the
presence of Cu2O phase. It is accompanied by a second peak at 935.1 eV related to the CuO
phase, and can be regarded as characteristic of Cu+ and Cu2+ (2p3/2 →3d), respectively [Yin et
al., 2005; Xu et al. 2007; Wen et al., 2005]. It is worth noting that the occurrence of a weak
broad satellite feature on the higher energy (~ 943.5 eV) side of the Cu 2p main peak indi‐
cates the slight presence of CuO on the surface. The observed amount of CuO is very tiny
due to the slightly oxidized surface of Cu2O nanowires. These results are well consistent
with the XRD and TEM observations shown in Figs. 3 and 6. This result can be understood
as due to the occurrence of amorphous CuO and crystalline Cu2O on the surface and core,
respectively. Based on the proposed core-shell model, we use the proposed model of a sin‐
gle core-shell nanowire with an inner crystalline Cu2O core coated by a thin amorphous
CuO surface layer to simulate the ratio of integrated intensity. These can be obtained from
the data. The intensity ratio of the Cu2O core and CuO shell is thus determined by integrat‐
ing the peak intensity ICu2O /ICuO. Then we can tune the value of R1 and R2 in the model to fit
the ratio of ICu2O/ICuO. All the parameters are allowed to vary simultaneously. Refining proc‐
esses are carried out until the results meet the ratio of ICu2O /ICuO =3.302 obtained from
XANES. The refined parameters, as calculated from the model are listed in Table 1. From
XANES analysis, we can conclude that the core-shell nanowires are mostly of Cu2O phase.
However, CuO phase in the as-grown sample could be explained either by the surface oxi‐
dation in liquid ethyl alcohol or by the core-shell-type of structure of Cu2O nanowires with
CuO as the capping layer [Sahoo et al., 2009; Yu et al., 2007].
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Figure 7. Schematic models of core-shell nanowires based on the photoemission core-level analysis. (a) Top view of
this model, where R1 is the radius of core and R2 is the radius including surface layer. (b) Side view of the proposed
model, where the penetrated distance is f(r, φ, z) and the r integration is over suitable limits.
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Figure 8. X-ray absorption spectra of Cu2O/CuO core-shell nanowires at D=4. The experimental spectra and fitted
curve are indicated by the solid circles and the line, respectively.

Ep(Cu+) I1 Ep(Cu2+) I2 Observed

ICu2O/ICuO

Simulated

ICu2O/ICuO

R1 (nm) R2 (nm) CuO thickness2 (nm)

932.3 3.423 935.1 1.037 3.302 3.36 99 101 2

Table 1. Summary of the simulation of XANES results for Cu2O/CuO core-shell nanowires at D=4. The XANES of finite
size core-shell model is convoluted with the Gaussian instrumental resolution function G(w1, Ē p),where w and I are
the FWHM and amplitudes of peak Ē p.
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4. Conclusion

A new type of spontaneous organization method was successfully utilized to grow
Cu2O/CuO core/shell nanowires by immersing copper nanoparticles into liquid alcohol at
room temperature. The microstructure of the nanowires during the nucleation and growth
process from CuO nanoparticles into Cu2O/CuO core-shell nanowires can be examined us‐
ing time dependent in situ x-ray diffraction, SEM, and TEM. We show that the reactions of
Cu nanoparticles oxide to form Cu2O/CuO core-shell nanowires can occur at room tempera‐
ture with unusually fast reaction rates. An intermediate state of pearl necklace-like aggre‐
gates formed by a chain-like configuration of Cu2O nanoparticles was observed which then
intertwined to form the nanowires. The results agreed with the prediction of NVT Monte
Carlo simulation[Phillies, 1974]. A significant thin surface layer was observed on Cu2O
nanowires, indicating the existence of an amorphous CuO shell, as also confirmed by the x-
ray absorption near-edge structure technique.
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