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A simple hydrothermal route has been developed to synthesize shape-controllable Cu2O from starting
materials of CuCl2�2H2O and NaOH by changing the hydrothermal temperature from 80 to 140 �C.
Cu2O nanorods, a mixture of nanorods and nanocubes or nanocubes have been synthesized by controlling
the hydrothermal temperature. The experiments demonstrate that the hydrothermal temperature is an
important parameter that may determine whether the Cu2O is shaped as nanorods, a mixture of nanorods
and nanocubes or nanocubes. The products were characterized with X-ray diffraction (XRD), ultraviolet
and visible spectroscopy (UV–vis), transmission electron microscopy (TEM) and surface area measure-
ments. Furthermore, the photocatalytic performance of Cu2O was measured in the degradation of Direct
Blue dye with visible light.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Advanced oxidation processes (AOPs), such as heterogeneous
photocatalysis, have gained a great deal of attention. TiO2 is the
most popular material for these processes because of its high pho-
tocatalytic activity, good photostability, lack of toxicity, and low
price. However, the large band gap of TiO2, which is 3.2 eV, has
proven to be a major drawback; wavelengths below 400 nm are
necessary for excitation, and this requirement limits the efficiency
of TiO2 with solar light sources. Therefore, modifying the band gap
of TiO2 would help improve the optical properties of this material.
In recent decades, doping with both metals and nonmetals has
been successfully utilized to shift the optical response of catalyti-
cally active TiO2 from the UV to the visible light region. Zeolite
[1,2], graphene [3], F [4], Sm [5], Ni [6], Pt [7–9], Au [10], Ag
[11,12], rare earth dopants [13,14], and Co, Cr and Ag [13,15] have
been used to extend the photoresponsive range of the TiO2 matrix.
Cu2O has been widely exploited for use in photocatalysis and as a
photoelectrode in electrochemical cells [16]. Especially under irra-
diation by visible light, the water-splitting activity of Cu2O to pro-
duce hydrogen fuel has been the focus of many debates [17–20].
Cu2O has also been widely exploited for use in antifouling, gas sen-
sors, magnetic storage devices and micro–nano electronics [21,22],
biosensing, and catalysis. Cu2O nanoparticles have also been used
as photocatalysts for the photocatalytic degradation of methyl or-
ange [23,24].

Over the past decade, one-dimensional (1D) nanostructures,
such as nanotubes [25], inorganic nanorods and nanowires [26–
28] have attracted considerable attention. Much effort has been di-
rected toward understanding the electronic, magnetic and optical
properties of these nanostructures because they exhibit physical
and chemical properties different from those of their bulk counter-
parts. It has been found that the properties of these nanostructures
mainly depend on the sizes and shapes of the structures. Thus, one
of the challenges in the synthesis of nanocrystals is to control not
only the sizes but also the shapes and morphologies of the
crystals [29].

Cu2O is a nonstoichiometric p-type semiconductor and is
inexpensive and abundantly available. It has a direct band gap of
2.2 eV [30] and a high optical absorption coefficient, and its theo-
retical solar cell conversion efficiency is more than 13% [31].
Cu2O has been used in hydrogen production [32] under visible
light, in solar cells [33], and in negative electrode materials for lith-
ium ion batteries [34]. It also has a great potential in the photocat-
alytic degradation of organic pollutants under visible light [35].
Over the past several years, 1D nanoscale Cu2O has been synthe-
sized by chemical deposition [36], electrodeposition [37,38] and
template methods [39]. CTAB has also been used as a template to
synthesize Cu2O nanotubes and nanorods [40].

The purpose of this paper was twofold: to synthesize shape-
controllable Cu2O under alkaline conditions with hydrothermal
methodology and to measure and evaluate the application of
Cu2O to the photocatalytic degradation of the dye Direct Blue 53.
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Fig. 1. XRD patterns of Cu2O samples prepared at different hydrothermal
temperatures.

Table 1
Crystallite size, BET surface area, band gap energy and rate constant for the reaction of
Direct Blue dye with the Cu2O samples prepared at different hydrothermal
temperatures.

Hydrothermal
temperature (�C)

Crystallite
size (nm)

SBET

(m2/g)
Band gap
energy (eV)

k � 10�4

(min�1)

80 19.3 40.1 2.00 330
100 26.0 32.1 2.16 190
120 26.8 20.1 2.36 150
140 31.5 13.4 2.63 100
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2. Experiments

2.1. Catalyst preparation

All of the chemical reagents used in this experiment were analytical grade. Cu2O
was synthesized as follows: 200 mg of polyethylene glycol (PEG, Mw 20 000) and
180 mg of copper(II) chloride dehydrate (CuCl2�2H2O) were dissolved in 200 mL
H2O, which was stirred with a magnetic stirrer. This solution was stirred for
30 min to ensure that the PEG and CuCl2 completely dissolved. Then, 2 mL of 6 M
NaOH was added dropwise to the solution of CuCl2 and PEG under constant stirring.
A blue precipitate of Cu(OH)2 was rapidly produced. After stirring for 30 min, 2 mL
of a 14 M solution of hydrazine (N2H4�H2O) was added dropwise to the solution
with the blue Cu(OH)2 precipitate under constant stirring for 30 min to reduce
Cu2+ to Cu1+. The Cu(OH)2 precipitate gradually turned red. After the Cu(OH)2 pre-
cipitate was completely reduced by the N2H4, the red gel was transferred into an
autoclave and was heated for 10 h at different temperatures (80, 100, 120 and
140 �C). The produced precipitates were filtered, were washed with distilled water
several times, and were dried in a vacuum oven at 60 �C for 3 h.

2.2. Characterization techniques

X-ray diffraction (XRD) analysis was performed at room temperature with a
Bruker AXS D8 with Cu Ka radiation (k = 1.540 Å) over a 2h collection range of
10–80�.

The specific surface area was calculated from measurements of N2 adsorption
with a Nova 2000 series Chromatech apparatus at 77 K. Prior to the measurements
all samples were treated under vacuum at 200 �C for 2 h.

The band gap of the samples was identified from UV–vis diffuse reflectance
spectra (UV–vis-DRS) in air at room temperature from 200–800 nm with an UV/
vis/NIR spectrophotometer (V-570, JASCO, Japan).

Transmission electron microscopy (TEM) was recorded with a JEOL-JEM-1230
microscope; the samples were prepared by suspending the material in ethanol, then
ultrasonicating the suspension for 30 min, placing a small amount of this solution
onto a carbon-coated copper grid and drying the solution before loading the sample
in the TEM.

2.3. Photocatalytic test

The application of the synthesized nanocomposite to the photodegradation of
pure DB53 dye was investigated under visible light. The experiments were per-
formed in a cylindrical Pyrex glass cell with an effective volume of 400 mL, and
the irradiation source was placed outside the reactor. The photocatalyst was irradi-
ated with a blue fluorescent lamp (150 W) covered by two UV cut filters. The inten-
sity of the UV light was confirmed to be less than the detection limit (0.1 mW/ cm2)
of a UV radiometer. In a typical experiment, 0.4 gm of catalyst was suspended in
300 mL of 100 mg/L pure DB53 dye solution (pH � 7). The reaction was performed
isothermally at 25 �C through use of a circulating supply of cooling water. Prior to
irradiation, the solution was stirred and was bubbled with oxygen for at least
60 min in the dark to allow the system to reach equilibrium so that the loss of com-
pound from adsorption can be considered. The suspension was continuously purged
with bubbling oxygen throughout the experiment. Samples of the reaction mixture
were acquired at different intervals and the catalyst was removed from the liquid
phase by filtration through nylon syringe filters (pore size: 0.45 lm).

The concentration of the unreacted Direct Blue dye was analyzed with the UV
JASCO (V 570) at k max = 612 nm.

The percent of DB53 dye removed was measured by applying the following
equation:

% Removal efficiency ¼ ðCo� CÞ=Co� 100

where Co is the initial concentration of DB53 in solution and C is the remaining con-
centration in solution after reaction.

For comparison, TiO2 Degussa P25 was tested for the photocatalytic degradation
of Direct Blue dye under the same conditions.

3. Results and discussion

3.1. X- Ray diffraction analysis

Fig. 1 shows the XRD patterns of Cu2O samples prepared at dif-
ferent hydrothermal temperatures of 80, 100, 120 and 140 �C. The
four patterns in Fig. 1 are found to be consistent with the cuprite
structure of Cu2O (JCPDS card No. 05-0667). As the hydrothermal
temperature increased, the diffraction peaks of the products grad-
ually became narrow and sharp. This change indicates that the
crystallinity of the produced Cu2O increased and that the crystal-
lite size grew as hydrothermal temperature increased. The mean
crystallite size can be roughly determined from the broadening
of the peaks through the Scherrer formula. From fits of the full
width at half maximum (FWHM) of the (111) peaks to this for-
mula, the mean sizes of the Cu2O samples at different hydrother-
mal temperatures (80, 100, 120 and140 �C) were found to be
19.3, 26.0, 26.3 and 31.5 nm, respectively (Table 1).
3.2. TEM observation

TEM images of the Cu2O samples prepared under different
hydrothermal temperatures are displayed in Fig. 2. Cu2O, prepared
at a hydrothermal temperature of 80 �C, consists of nearly homoge-
neous nanorods (Fig. 2a). On increasing the hydrothermal temper-
ature to 100, 120 and 140 �C, the phases of the produced Cu2O are a
mixture of nanorods and nanocubes, a mixture of nanorods and
nanocubes and nanocubes, respectively (Fig. 2b, c and d). There-
fore, the hydrothermal temperature plays an important role in
determining the obtained phase of the produced Cu2O.
3.3. Specific surface area analysis

The N2 adsorption–desorption measurement at a liquid N2 tem-
perature of �196 �C was used to study the mesoporosity and tex-
tural properties of the synthesized Cu2O samples. Fig. 3 depicts
the N2 adsorption–desorption isotherm of the prepared samples.
In Fig. 3, the isotherm shows typical type II sorption behavior;
therefore, the hydrothermal temperature does not affect the type
of isotherm. The surface areas of the products are listed in Table
1. The surface area of the Cu2O obtained at a hydrothermal temper-
ature of 80 �C is 40.1 m2/g. As the hydrothermal temperature in-
creases, the surface area is greatly reduced from 41.1 m2/g at



Fig. 2. TEM images of the Cu2O samples prepared at different hydrothermal temperatures.

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80

Va
ds

/m
g

P/P0

P/P0

P/P0

P/P0

 Adsorption
 Desorption

80 0C

5
10
15
20
25
30
35
40
45
50
55
60
65
70

Va
ds

/m
g

 Adsorption
 Desorption

100 0C

5

10

15

20

25

30

35

40

45

50

55

Va
ds

/m
g

 Adsorption
 Desorption

120 0C

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

4

6

8

10

12

14

Va
ds

/m
g

 Adsorption
 Desorption

140 0C

Fig. 3. N2 sorption isotherms of the Cu2O samples prepared at different hydrothermal temperatures.
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Fig. 6. XRD pattern of precipitate 1; the gas produced in the photocatalytic reaction
was absorbed by an aqueous solution of NaOH (0.2 M) and Ba(NO3)2 (0.2 M) was
added to produce precipitate 1.
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80 �C to 13.4 m2/g at 140 �C. Therefore, the hydrothermal temper-
ature plays an important role in determining the specific surface
area of the produced Cu2O.

3.4. 4. UV–vis absorption spectra

Fig. 4 shows the UV–vis spectra of the Cu2O prepared at differ-
ent hydrothermal temperatures. The results reveal that the absor-
bance edges of the Cu2O products regularly varied. As the
hydrothermal temperature increased, the absorbance edges of
the products moved gradually to shorter wavelength. In other
words, as the hydrothermal temperature decreases, a blue shift oc-
curs; this blue shift primarily resulted from quantum size effects in
the nanosystem. Obviously, with increasing hydrothermal temper-
ature, the position of the absorption peak of the as-synthesized
Cu2O samples shifted considerably to lower wavelengths. This
behavior is typical of the quantum size effect in the nanosystem.
An estimate of the optical band gap is obtained with the following
equation:

aðhcÞ ¼ Aðhc� EgÞm=2

where A is a constant, a is the absorption coefficient, and m equals 1
for a direct transition. The energy intercept of a plot of (ahc)2 as a
function of (hc) yields Eg for a direct transition [41]. The band gap
values calculated for the prepared samples are presented in
Table 1. The results show a gradual narrowing of the band gap of
the prepared samples as the hydrothermal temperature decreases,
and in turn, this narrowing increases the absorbency in the visible
light region. Therefore, the hydrothermal temperature plays an
important role in determining the band gap of the produced Cu2O.

3.5. Photocatalytic activity analysis

Fig. 5 shows the photocatalytic degradation of a Direct Blue dye
solution with the Cu2O catalysts from different hydrothermal tem-
peratures and P25 under visible light and dark conditions. The solu-
tions degraded gradually with prolonged irradiation times. After
60 min, complete photocatalytic degradation of the Direct Blue
dye solution was achieved by the sample prepared at a hydrother-
mal temperature of 80 �C (degradation = 100%). Comparatively, the
photocatalytic degradation was approximately 88%, 80%, 69%, 17%
and 3% for the samples prepared at 100, 120, 140 �C, for P25 and un-
der dark conditions, respectively. These results may arise from the
reduction in the surface areas of the samples with increasing
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Fig. 4. UV–vis absorption spectra of the Cu2O samples prepared at different
hydrothermal temperatures.
hydrothermal temperature, and this reduction leads to a decrease
in the number of active sites on the surfaces of the particles. The
low photocatalytic decomposition of Direct Blue dye by P25 is be-
cause the reaction is performed under visible light and P25 absorbs
UV light; additionally, the adsorption of cyanide on the catalyst is
very small, and the process that is occurring is photocatalysis.

To confirm the complete degradation of Direct Blue dye into
carbon dioxide gas, the gases produced from the photocatalysis
process were passed over a solution of 0.2 M NaOH for further
analysis. Then, barium nitrate solution was added, and the result-
ing white precipitate was labeled precipitate 1. The XRD pattern of
precipitate 1 is shown in Fig. 6. The pattern was assigned to BaCO3

and is in good agreement with the standard card ICDD-PDF No. 05-
0378. Therefore, the Direct Blue dye is completely oxidized to CO2.

The preceding UV–vis spectra showed that the absorbance
edges of the Cu2O products are located in the range of 470–
606 nm; therefore, the Cu2O can be excited by visible light and
can generate electron–hole pairs. The mechanism for photocata-
lytic degradation of organic pollution on solid catalysts is always
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depicted as follows: continuous band-gap irradiation of an aque-
ous semiconductor dispersion excites an electron from the valence
band to the conduction band and creates an electron–hole pair. The
photogenerated holes are considered to be capable of directly oxi-
dizing many organic compounds. However, recombination of the
electron–hole pairs will decrease the photocatalytic activity. Ini-
tially, in our experiments, when the grain size is as small as
19.3 nm, the photogenerated carriers diffuse quickly from center
to the surface [42], resulting in higher separation efficiency for
the photogenerated electron–hole pairs and higher photocatalytic
activity for the particles. Second, the increase in the specific surface
area leads to an increase in the ability to adsorb organics and max-
imizes the ability to photocatalytically degrade organics. Therefore,
as the grain size of the Cu2O decreases and consequently the spe-
cific surface area increases, the photocatalytic degradation prop-
erty of Cu2O is improved. The photocatalyst was utilized to
repeatedly photodegrade Direct Blue dye under visible light. The
photocatalytic performance was 100% over the first 6 cycles. The
photocatalytic activity of the recycled photocatalyst decreased by
4% after 7 cycles. The results show that the separation of the pho-
tocatalyst was effective, and the persistence of the photocatalytic
activity of the Cu2O was promising.

Cu2O is a semiconductor which can be excited to a higher en-
ergy state by receiving light energy; electrons are released from
the illuminated surface of Cu2O and jump to the conduction band,
leaving a hole in valence band. The hole in the valence band is
strongly oxidizing and removes an electron from OH� (hydroxide
ion) in water; simultaneously, OH takes an electron and becomes
a very unstable OH radical. Through strong oxidation, the OH rad-
ical takes an electron from a nearby organic compound to become
stable. In this way, the organic compound is decomposed by elec-
tron loss, is finally converted to CO2 and water and is released into
the atmosphere. The following equations illustrate the possible
photocatalytic reaction mechanisms that may take place in our cat-
alytic system.

Cu2Oþ 2E! Cu2Oð2hþ þ 2e�Þ

2O2 þ 2e� þH2O! 2OH�

2OH� þ 2hþ ! 2OH�

O2�� þHþ ! HO�2

HO�2 þ OH! HO�2
HO�2 þHþ ! H2O2

C34H24N6Na4O14S4 þ 47O2 þH2O! 34CO2 þ 6NO�3 þ 4SO2�
4

þ 4Naþ þ 12Hþ þ 7H2O

where E is the energy.

3.6. Kinetics of Direct Blue dye with Cu2O

At different hydrothermal temperatures, the reaction order
with respect to Direct Blue dye was determined by plotting the
reaction time as a function of the log [Direct Blue dye], based on
the following equation:

Log½C�t ¼ �kt þ Log½C�o
where [C]o and [C]t represent the concentration of substrate in solu-
tion before illumination and after illumination for time t, respec-
tively, and k represents the apparent rate constant (min�1). The
findings are presented in Fig. 7, and the apparent rate constants
are summarized in Table 1. The results show that the reaction fol-
lowed first-order kinetics with respect to Direct Blue dye and the
rate constants were in the range of 100 � 10�4 to 330 � 10�4 min�1

for the different hydrothermal temperatures and 16 � 10�4 min�1

for P25 Degussa. Therefore, the rate constant for Cu2O prepared at
a hydrothermal temperature of 80 �C is 20 times larger than that
for P25 under visible light. The first-order rate equation for Direct
Blue dye is given by R = k [Direct Blue dye].

4. Conclusions

A simple hydrothermal route was used to synthesize shape-
controllable Cu2O from starting materials of CuCl2�2H2O and NaOH
by changing the hydrothermal temperature from 80 to 140 �C.
Cu2O exists as a nanorod and has a surface area of 40.1 m2/gm
and a band gap of 2.00 eV if the hydrothermal temperature is
80 �C. Therefore, the hydrothermal temperature plays an impor-
tant role in determining the shape, surface area and band gap of
the produced Cu2O. Measurements of the photocatalytic degrada-
tion of a Direct Blue dye solution showed that Cu2O nanorods
exhibited highly active and efficient photocatalytic properties for
water purification and may find potential applications in related
fields. The catalyst could be reused with no loss of activity over
the first 6 cycles. The degradation efficiency for Direct Blue dye
was still high, approximately 96%, after the photocatalyst was used
six times.
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