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Abstract 

Novel hybrid nanocomposites of Cu2O nanoparticles (NPs) partially embedded into 

CuO nanowires (NWs) were produced by simple thermal reduction of CuO NWs in 

vacuum. It is found that most Cu2O NPs adopt two regular shapes, one being cubic and 

the other being octahedral. The shape selection of the Cu2O nanocrystals is governed 

by the orientation relationship between Cu2O NPs and CuO NWs. The formation of 

such hierarchical hybrid nanostructures is induced by the topotactic reduction of CuO 

NWs. Compared with pure CuO NWs, the polyhedral Cu2O NPs/CuO NWs 

hierarchical hybrid nanostructures exhibit enhanced photodegradation ability of methyl 

orange under visible light, which is attributed to the synergic effects of CuO NWs and 

Cu2O NPs. 

 

Keywords: hybrid nanocomposites; CuO NWs; Cu2O NPs; thermal reduction; 

photocatalytic activity 
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Introduction 

Hybrid nanocomposites composed of two or more nanomaterials are usually designed 

to improve their performance over individual components. The hybrid nanocomposites 

with well-defined building blocks, narrow size distributions and tailorable physical or 

chemical properties, have demonstrated huge potential in a wide range of application 

fields, such as photoelectrochemical devices
1, 2

, ultrasensitive detection
3
, lithium-ion 

batteries
4, 5

, and heterogeneous catalysis
6, 7

. As an important semiconductor oxide, CuO 

possesses a narrow band-gap of (1.2-1.9 eV) and large photoconductivity. To further 

improve the physical and chemical properties of CuO nanomaterials, considerable 

effort has been directed towards synthesis of CuO/CeO2
8
, CuO/ZnO

9, 10
, CuO/TiO2

11
 

and CuO/TiO2-xNx
12

 hybrid nanocomposites. However, these hybrid nanocomposites 

lack good orientation relationship between different components, and the 

microstructure of these hybrid interfaces has not yet been investigated in details. As we 

all know crystal facets can greatly influence the photocatalytic activities. For Cu2O, 

{111} facets have better photocatalytic activity compared to {100} facets.
13

 The facets 

of Cu2O nanoparticles are determined by the orientation relationship between Cu2O 

nanoparticles and CuO nanowires. Therefore, the orientation relationship can play an 

important role in the photocatalytic activity. 

CuO nanowires (NWs) can be synthesized by various methods, for example, thermal 

oxidation of copper foil in oxygen atmosphere
14

, aqueous reaction
15

 and hydrothermal 

method
16

. From a thermochemical viewpoint
17

, CuO is unstable under the condition of 

very low oxygen pressure and high temperature, where a reduction reaction of 

Page 3 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

4 

 

4CuO(s)→2Cu2O(s)+O2(g) can take place. Therefore, a novel Cu2O/CuO hybrid 

nanocomposites can be achieved through the direct reduction of CuO NWs in vacuum. 

In this paper, we report a novel hierarchical hybrid nanocomposite of polyhedral 

Cu2O nanoparticles (NPs)/CuO NWs prepared by thermal reduction of CuO NWs. 

Extensive transmission electron microscopy (TEM) observations demonstrate that 

Cu2O NPs possess a cubic or octahedral shape, depending on their orientation 

relationship with the parent CuO NWs. Compared with pure CuO NWs, the Cu2O 

NPs/CuO NWs hybrid nanostructures show enhanced photocatalytic activity, which is 

attributed to the synergic effects of CuO NWs and Cu2O NPs. 

Experimental 

A two-step process, oxidation of copper foil and reduction of CuO NWs, is 

involved in our experiment. CuO NWs can be prepared by heating a Cu foils 

(polycrystalline foils, 99.99% purity, obtained from Sigma-Aldrich) in air
18

 or in a 

vacuum chamber filled with oxygen gas
19, 20

. In our case, the Cu foil was oxidized for 2 

h at an oxygen pressure of 200 Torr and 450 °C to grow CuO NWs. This procedure 

yields well-aligned CuO NWs perpendicular to the Cu foil, and CuO NWs are grown 

on both surfaces of the oxidized Cu foil. To prepare Cu2O NPs/CuO NWs hybrid 

nanostructures, the oxidized Cu foils were directly annealed at 450 °C in the same 

chamber under the vacuum of ~2×10
-6

 Torr and then cooled down to room temperature 

in vacuum. 

The morphologies and microstructures of the oxidized and reduced samples were 

examined using a field emission gun scanning electron microscope (FE-SEM, FEI 
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Supra 55VP) and transmission electron microscope (TEM, JEOL JEM2100F) operated 

at 200 kV. Electron energy-loss spectroscopy (EELS) analysis was performed on a 

Tecnai F20 TEM. 

To compare the photocatalytic activities of Cu2O NPs/CuO NWs nanocomposites 

and pure CuO NWs, all the photocatalysis tests were performed under the same 

experimental conditions. The visible light photodegradation experiments were carried 

out in a 100 mL glass bottle using methyl orange (MO) solution as a photocatalytic dye. 

Typically, 10 mg of the test sample was suspended in 50 mL aqueous solution of MO 

(20 mg/L) to form a suspension. Small pieces of glass were used to scrape off the test 

samples from the Cu foils. The small pieces of glass were then put into the aqueous 

solution of MO. The weight of test samples for the photodegradation experiments was 

determined through measuring the weight loss of Cu foils before and after the scraping. 

The suspension was magnetically stirred in the dark for 3 h to ensure the establishment 

of an adsorption-desorption equilibrium of the dye on the sample surface before being 

irradiated by a 500 W xenon lamp equipped with a ultraviolet (UV) cutoff filter (λ > 

380 nm). Upon turning on the light, air was continuously introduced into the aqueous 

solution at a flow rate of ~20 sccm. At given irradiation time intervals, 2 mL reaction 

suspension was taken out, and then separated by centrifugation for 3 min at a rotational 

speed of 3000 rpm. At the beginning, the time interval is 15 min, and is increased to 30 

min after 30 minutes’ photocatalytic degradation. The MO concentration was 

determined by monitoring the height of absorbance maximum in UV-vis absorption 

spectra (MO at 464 nm) which was recorded on a TU 1909 UV-vis spectrophotometer. 
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Results and Discussion 

Fig. 1a shows a representative scanning electron microscopy (SEM) image of NWs 

formed after the oxidation of a Cu foil. The NWs have lengths up to several microns 

with an average length of ~4 µm and a relatively uniform diameter of ~100 nm. Fig. 1b 

presents a zoom-in SEM image of a single nanowire (NW), showing that the NW has 

smooth surface. Fig. 1c shows a typical SEM image of NWs after being annealed in 

vacuum at 450
o
C for 2 h. The initially straight and smooth NWs become a little curved 

with significantly increased surface roughness. Some of the reduced NWs show 

saw-toothed surface morphology. As revealed by a zoom-in SEM image shown in Fig. 

1d, the NW surface is covered with a high density of NPs. 

To verify the chemical composition of the NWs and NPs after the reduction process, 

EELS analysis was performed on the NWs and NPs, respectively. Fig. 2a shows a 

representative bright-field (BF) TEM image of a single NW reduced in vacuum at 450 

o
C for 1 h, on which three NPs can be clearly seen. Fig. 2b-e show the EELS spectra 

obtained from an individual nanoparticle (NP) and the NW in Fig. 2a, respectively. 

All the EELS spectra are first background subtracted and then deconvoluted to remove 

the plural scattering. Subsequently, the atomic ratio of Cu and O can be quantified 

through calculating the peak intensities of Cu-L2,3 and O-K edges. Quantification result 

for the NW shows that the ratio of Cu:O is very close to 1:1, suggesting that it has a 

chemical formula of CuO. However, quantification result for the NP demonstrates that 

the ratio of Cu:O is 2±0.06:1, indicating that the NP is Cu2O. Careful examination of 

the EELS spectra shows that there are remarkable differences for the O-K edge fine 

Page 6 of 24Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

7 

 

structures of the NP and NW. In the EELS spectrum (Fig. 2b) from the NP a sharp 

peak at 539 eV and a diffuse hump at 552 eV can be seen, whereas in the EELS 

spectrum (Fig. 2c) from the NW four peaks appear, which are separated by 5, 4 and 5 

eV. The Cu-L2 edges of both NP and NW show a strong “white line” (939 eV). 

However, the Cu-L3 edges of NP show a weaker ionization edge compared with that 

of the NW. (Fig. 2d and 2e)  

The particular electronic structures of the copper oxides are different, due to their 

different atomic coordination and chemical bonding. In the compound CuO, some 3d 

electrons are drawn away from the neighborhood of the copper nucleus, leading to 

much larger possibility of L2, L3 transitions, and sharp L2, L3 “white lines” appear
21-23

. 

As for Cu2O, fewer 3d electrons are drawn away from copper atoms; some 3d 

vacancies are still available for L2, L3 transitions, and L2, L3 “white lines” thus appear 

with less sharpness, as reported in the previous study
21

. 

To clarify the orientation relationship between Cu2O NP and CuO NW, extensive 

TEM examinations were carried out on individual NWs dispersed onto a 

holey-carbon-film-coated copper grid. It shows that most of the Cu2O NPs on the CuO 

NWs have two dominant regular shapes, one being cubic and the other being 

octahedral. To give a reliable occurrence frequency for different shapes of Cu2O NPs, 

more than 100 individual CuO NWs decorated with Cu2O NPs are examined, and a 

statistical analysis is carried out. It shows that cubic Cu2O NPs have a volume fraction 

of nearly 20% while octahedral Cu2O NPs have a volume fraction of around 80%. In 

addition, it is found that cubic Cu2O NPs grow on the surface of CuO NWs with an 
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epitaxial orientation relationship of [001]CuO//[001]Cu2O, {110}CuO//{220}Cu2O. 

However, octahedral Cu2O NPs prefer to grow with an epitaxial orientation 

relationship of [001]CuO//[110]Cu2O, {
−

110}CuO//{111}Cu2O. 

Fig. 3a shows an example of a cubic Cu2O NP/CuO NW hybrid nanostructure. In 

the SAED pattern (Fig. 3b) two sets of diffraction patterns are visible. One labeled by 

red lines matches well with the crystal structure of CuO along [001] zone axis and the 

other marked by yellow lines can be indexed well with the Cu2O structure along [001] 

zone axis. Therefore the orientation relationship between the CuO NW parent and the 

Cu2O NP determined to be [001]CuO//[001]Cu2O, {110}CuO//{220}Cu2O. Fig. 3c shows a 

typical [001] zone-axis high-resolution transmission electron microscopy (HRTEM) 

image from the Cu2O NPs edge as marked by a black rectangle A in Fig. 3a, which 

reveals that the facet of the Cu2O NPs is {200}. So the shape of NP is determined to be 

a cube, which is bounded by six {200} surfaces.
24

 Fig. 3d is a HRTEM image from the 

interface area between CuO NW and Cu2O NP as indicated by a black square B in Fig. 

3a. The CuO/Cu2O interface formed by the oxide reduction is clearly visible, where 

misfit dislocations can be seen. Fig. 3e shows the one dimensional Fourier-filtered 

lattice image of the white rectangle in Fig. 3d. It can be seen clearly that one in seven 

extra half plane is inserted vertically. 

Fig. 4a shows an example of octahedral Cu2O NP/CuO NW hybrid nanostructure. 

The facet of the Cu2O NP is {111} determined by the HRTEM image (Fig. 4d) and the 

angle between two facets of the NP is about 70.5° measured from Fig. 4b, which 

matches the angle between {111} facets of face-centered cubic. Therefore the shape of 
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the Cu2O is octahedral.
24

 Fig. 4c is the SAED pattern obtained from the NP-NW 

interface region: one matches well with the crystal structure of CuO along [001] zone 

axis marked by red lines and the other can be indexed well with the Cu2O structure 

along [110] zone axis labeled by yellow line. The orientation relationship between the 

Cu2O NP and the parent CuO NW identified from the diffraction patterns is thus 

[001]CuO//[110]Cu2O, {
−

1 10}CuO//{111}Cu2O. Fig. 4e is an HRTEM image from the 

Cu2O/CuO interface area as indicated by a black square in Fig. 4b, where the 

orientation at the interface matches with the SAED pattern shown in Fig. 4c. 

Fig. 5 shows another example of octahedral Cu2O NP/CuO NW hybrid 

nanostructure. Obviously, the Cu2O NP rotates 90
 o 

around the zone axis compared 

with the Cu2O NP in Fig. 4. However, the growth direction of the CuO NW also whirls 

90
o
 in the meantime. Therefore, the orientation relationship between the Cu2O NP and 

the CuO is still [001]CuO//[110]Cu2O, {
−

110}CuO//{111}Cu2O, which can be confirmed by 

the SAED in Fig. 5b and HRTEM in Fig. 5c. 

Reduction through the dissociation of CuO oxide can be described by the reaction of 

4CuO (s)→2Cu2O(s)+O2(g). Interestingly, only cubic and octahedral Cu2O NPs were 

found on the surfaces of CuO NWs after the reduction process. Based on the 

experimental results, a formation mechanism was proposed. Firstly Cu2O nucleation 

process happens in the regions with impurity atoms or dislocations, where the surface 

energy is relatively high.
25

 Low pressure of O2 and high temperature will lead to the 

generation of oxygen vacancies in these regions, which induce a substantial increase in 

the length of b-axis, with a reduction in the length of a and c axes.
17

 When removing 

Page 9 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

10 

 

sufficient oxygen atoms in an ordered way (or via ordering of oxygen vacancies), a 

hybrid structure will form, in which the rearrangement of atoms can lead to Cu2O 

formation with the corresponding modification of the unit cell. After the nucleation 

process, oxygen atoms move along Cu2O/CuO interface to the surface of CuO NW, in 

the meantime Cu2O NPs grow with the identified crystallographic orientation 

relationships. The reduction process is schematically shown in Fig. 6. The shape of the 

Cu2O nanocrystal is determined in the nucleation stage. CuO adopts a monoclinic 

structure with a space group of C2/c, in which each copper atom is bonded to four 

oxygen atoms. After removing enough oxygen atoms in an ordered way, CuO tends to 

transform into Cu2O with certain orientation relationships, which can result in a small 

lattice mismatch. Thus, the shape of Cu2O is related to the orientation relationship 

between CuO NWs and Cu2O NPs. From our observation, cubic Cu2O NPs form on the 

surface of CuO NW with an orientation relationship of [001]CuO//[001]Cu2O, 

{110}CuO//{220}Cu2O and octahedral Cu2O NPs grow on the surface of CuO NW with 

an orientation relationship of [001]CuO//[110]Cu2O, {
−

110}CuO//{111}Cu2O. The Cu2O NPs 

grow with cubic or octahedral shapes until they completely penetrate through the NW 

along the diameter direction, which was confirmed by the in-situ TEM observations.
26

 

Fig. 7 shows the UV-vis absorption spectra of an aqueous solution of MO 

photodegraded by CuO NWs and Cu2O NPs/CuO NWs hybrid nanostructures, 

respectively. All the photodegradation tests were carried out under visible light with air 

introduced into the aqueous solution of MO. The photocatalytic efficiency η can be 

calculated from the peak values in the UV-visible absorption spectra according to the 
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following equation. 

%100
A

AA

0

0 ×
−

=η       (1) 

where A0 and A are the absorbance peak values without and with visible light for 2 h 

irradiation respectively. Based on the experimental results, the photocatalytic efficiency 

of pure CuO NWs and hybrid nanostructures is calculated to be 13.7% and 67.1% 

respectively. Therefore, the hybrid nanostructures exhibit much better 

photodegradation ability of MO compared to pure CuO NWs. In previous studies 
27, 28

, 

CuO or Cu2O nanomaterials demonstrated weak photodegradation ability of MO in the 

absence of H2O2. However, in our case, no H2O2 but only air was introduced into the 

aqueous solution. 

To account for the enhanced photocatalytic activity of Cu2O NPs/CuO NWs hybrid 

nanostructures, a possible photodegradation mechanism is proposed, which is 

schematically shown in Fig. 8. Under the visible light illumination, O2 is first reduced 

to form H2O2 at the solid-liquid interface between CuO NWs and aqueous solution.
29

 

Meanwhile, Cu2O NPs are excited to produce electrons and holes
27

, as shown in Equ.2. 

−+
+→+ cbvb2 ehOCu hv        (2) 

Then the photo-generated electrons and holes initiate a series of photodegradation 

reactions, as shown below.
27

 Finally, the azo group in MO is attacked by the oxidant 

species such as ·OOH, ·OH, and ·O2.
30

 

++
+⋅→+ HOOHhOH vb22      (3) 

−−
+⋅→+ OHOHeOH cb22      (4) 

+−
+⋅↔⋅ HOOOH 2             (5) 
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For Cu2O NPs/CuO NWs hybrid nanostructures, O2 is storing as H2O2 mediated by 

CuO NWs during the photodegradation process, and the oxidants are produced by the 

photodecomposition of H2O2 over Cu2O. Therefore, the photocatalytic dye of MO can 

be degraded more efficiently, even without adding H2O2 into the solution. For the pure 

CuO NWs, although they can reduce O2 to form H2O2 under the visible light, the 

oxidant concentration is very low in absence of Cu2O NPs, which leads to a very weak 

degradation of MO. So it can be deduced that the enhanced photocatalytic activity of 

the hybrid nanostructures originates from the synergic effects of CuO NWs and Cu2O 

NPs. Our results provide a novel strategy for fabrication of hybrid nanocomposites with 

enhanced photocatalytic activities. 

Conclusions 

In summary, a novel hybrid nanocomposite of polyhedral Cu2O NPs/CuO NWs were 

produced by simple efficient thermal reduction of CuO NWs in vacuum. The parent 

CuO NWs serve as the skeleton and the lower oxide of the Cu2O phase resulting from 

the CuO reduction forms as cubic or octahedral NPs on the parent CuO NWs. Cubic 

Cu2O NPs form on the surface of CuO NW with an orientation relationship of 

[001]CuO//[001]Cu2O, {110}CuO//{220}Cu2O. However, octahedral Cu2O NPs grow on the 

surface of CuO NW with an orientation relationship of [001]CuO//[110]Cu2O, 

{
−

1 10}CuO//{111}Cu2O. Compared with pure CuO NWs, these hybrid nanostructures 

exhibit enhanced photodegradation ability of MO under visible light. 
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Fig. 1 Morphologies of the NWs before and after thermal reduction. (a) SEM image of 

the NWs before thermal reduction; (b) Zoom-in SEM image of a single nanowire 

before reduction; (c) SEM image of the NWs after the reduction in vacuum at 400 °C 

for 2 h; (d) Zoom-in SEM image of the reduced NWs. 
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Fig. 2 Chemical composition and electronic structure analysis of the NPs/NWs hybrid 

nanostructure. (a) BF TEM image of a single NW decorated with NPs; EELS spectra of 

O-K and Cu-L2, 3 edges obtained from the NP (b, c) and NW (d, e). 
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Fig. 3 An example of a cubic Cu2O NP/CuO NW hybrid nanostructure. (a) BF TEM 

image; (b) SAED pattern; (c) HRTEM image of rectangular region A in (a); (d) 

HRTEM image of rectangular region B in (a); (e) Fourier-filtered HRTEM image of 

rectangular region in (d). 
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Fig. 4 An example of an octahedral Cu2O NP/CuO NW hybrid nanostructure. (a) BF 

TEM image; (b) Zoom-in BF TEM image of the Cu2O NP; (c) SAED pattern obtained 

from the hybrid nanostructure; (d) HRTEM image of rectangular region in (a); (e) 

HRTEM image of rectangular region in (b). 
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Fig. 5 An example of another octahedral Cu2O NP/CuO NW hybrid nanostructure. (a) 

BF TEM image; (b) SAED pattern; (c) HRTEM image of rectangular region in (a). 
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Fig. 6 Schematic illustration of topotactic formation mechanism for polyhedral Cu2O 

NPs embedded in reduced CuO NWs. (a) CuO NWs with cubic Cu2O NPs; (b) and (c) 

CuO NWs decorated with octahedral Cu2O NPs. 
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Fig. 7 UV-vis absorption spectra of an aqueous solution of MO in the presence of  

CuO NWs (a) and Cu2O NPs/CuO NWs hybrid nanostructures (b). 
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Fig. 8 The schematic illustration of the photodegradation mechanism for the enhanced 

photocatalytic activity of Cu2O NPs/CuO NWs hybrid nanostructures. 
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