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The controlled synthesis of one-dimensional, two dimen-
sional, and three-dimensional CuO nanostructures has been
achieved by a hydrothermal process in the presence of so-
dium citrate (SC) by simply controlling the reaction condi-
tions. When the molar ratio of sodium citrate to CuSO4·5H2O
(represented by SC/Cu2+) is below 1.0, 1D CuO nanorods
with 30–40 nm diameters and 100–200 nm lengths are
formed. In the absence of citrate, 2D flakelike CuO nano-
structures with 150–200 nm widths and 300–400 nm lengths
are obtained. When the SC/Cu2+ ratio is more than 1.0, 3D
branchlike CuO nanostructures with lengths of hundreds of
nanometers and diameters of 20–100 nm are attained. On the

Introduction
Copper monoxide based materials are well known be-

cause of their relevance in high-temperature superconduc-
tivity and semiconducting antiferromagnetism.[1] CuO is a
narrow bandgap (Eg = 1.2 eV) p-type semiconductor and
has been recognized as an industrially important material
for a variety of practical applications, such as catalysis, so-
lar energy conversion, gas sensing and field emission, in
batteries, and in magnetic storage media.[2–14] Nanosized
CuO may exhibit unique properties that can be significantly
different from those of their bulk counterparts, for example,
unusual optical, electrical, and catalytic properties, etc.[15a]

Therefore, the synthesis and study of CuO nanostructures
is both of practical and fundamental importance. In the last
two decades, great efforts have been made to synthesize
CuO nanostructures with various morphologies by a variety
of wet chemical methods.[15–27] Among the various methods
developed for fabrication of nanostructured CuO materials,
the hydrothermal process has been considered as the most
promising route because it is simple and can operate at low-
temperatures and in a large scale.[16,19]

Besides the great interest in synthetic methods of the
CuO nanostructures, there is a growing interest in the mor-
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basis of the morphology and X-ray diffraction patterns of the
samples, a possible growth mechanism for the CuO nano-
structures is proposed. Moreover, it is shown that the optical
bandgap energy (Eg) of resulting CuO nanostructures can be
tuned through morphological control of the CuO nanostruc-
tures. Ultraviolet absorption measurements reveal that the
estimated bandgap energy of the 1D rodlike, 2D flakelike,
and 3D branchlike CuO nanostructures is 2.36, 1.60, and
1.40 eV, respectively.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

phological control of CuO nanostructures.[18a,18d,28,29] Wet
chemical methods, in which a water/ethanol mixture was
used, were reported for the controlled synthesis of 1D CuO
nanostructures, namely nanorods and nanoribbons, by con-
trolling reagent concentrations.[18a] Controlled synthesis of
CuO nanostructures such as nanoplatelets, nanoleaflets and
nanowires was also realized by thermal dehydration of the
as-prepared Cu(OH)2 nanostructures in solution or in the
solid state.[18d] CuO nanosheets and nanowhiskers were suc-
cessfully obtained by controlling the liquid–solid reaction
on copper surfaces under alkaline and oxidative condi-
tions.[28] As mentioned above, the hydrothermal method is
advantageous as it is simple and can operate at low tem-
peratures and in a large scale, and hence should be more
promising route for the controlled synthesis of CuO nano-
structures, but this has not been reported previously.

It was claimed that semiconductors with bandgap ener-
gies in the range from 1 to 3 eV have important applications
in solid-state photonic devices.[30] Various CuO nano-
structures with different bandgap energies were report-
ed.[15d,27b,29,31] A bandgap of 2.1 eV was reported for CuO
nanoparticles,[15d] 2.78 eV for needle-shaped CuO nano-
crystals,[31] 3.02 eV for CuO nanoplatelets,[27b] and 2.05 and
2.47 eV for CuO nanoellipsoids and nanosheets, respec-
tively.[29] Moreover, the bandgap energy of CuO nanofibrils
was estimated to be 1.67 eV.[32] Obviously, the bandgap en-
ergy depends on the morphology of CuO nanostructures.
Thus, it can be expected that the bandgap energy of CuO
nanostructures can be tuned by controlling the morphology
of CuO nanostructures.
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It is well known that sodium citrate (SC) is an important

biological ligand for metal ions. It has been widely em-
ployed as a reductant and capping agent in the synthesis of
elemental Ag, Au, and Ag–Au alloy nanoparticles.[33] It also
serves as shape controller and stabilizer in the synthesis of
Ni(OH)2, calcite, coated CdSe colloids, doughnut-shaped
ZnO microparticles, calcium phosphate and CuI crystals.[34]

In this study, sodium citrate was employed for the first time
for the controllable synthesis of CuO nanostructures with
various morphologies using the hydrothermal process.

The controlled synthesis of nanostructured CuO samples
with various morphologies was realized using the facile hy-
drothermal process through changing the molar ratio of so-
dium citrate to CuSO4·5H2O only. On the basis of the mor-
phology and X- ray diffraction patterns of the samples, a
possible growth mechanism for the CuO nanostructures
was proposed. Moreover, UV absorption measurements
show that CuO nanostructures display a blue shift of the
bandgap relative to bulk CuO material and that the
bandgap energy of the CuO nanostructures is tunable by
controlling the morphology of the CuO nanostructures.

Results and Discussion

The Role of SC on Crystal Structure and Morphology

The control of the phase of the products through the
hydrothermal route is shown in Figure 1. Figure 1a presents
the XRD pattern of the product obtained without the ad-
dition of sodium citrate, and all peaks in the XRD patterns
of the sample are consistent with the JCPDS (5–0661) data
of copper oxide with a monoclinic phase.[35] When the SC/
Cu2+ ratio is 1.0, the XRD diffraction peaks can be indexed

Figure 1. XRD patterns of the samples prepared by the hydrothermal route: (a) without sodium citrate, (b) SC/Cu2+ = 1.0, and (c) SC/Cu2+

= 1.3. The inset presents the SEM-EDS elemental analysis of the sample with SC/Cu2+ = 1.0.
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as the monoclinic phase of CuO (Figure 1b). The atomic
ratio of Cu to O was estimated to be 1:1 by SEM-EDS
elemental analysis (inset in Figure 1). However, when the
SC/Cu2+ is increased to 1.3, the XRD pattern of the ob-
tained sample shows that the sample is no longer pure mo-
noclinic CuO – a weak peak of cubic Cu2O also appears
(Figure 1c). The above results indicate that citrate is very
important in controlling the phase of the products during
the hydrothermal process.

The influence of sodium citrate on the morphology of
the CuO products was examined by scanning electron mi-
croscopy (SEM) and transmission electron microscopy
(TEM). Figure 2a,b shows that the 2D flakelike CuO nano-
structures with a width of 150–200 nm and a length of 300–
400 nm were obtained by the hydrothermal process without
citrate. Moreover, the 1D CuO nanorods with diameters of
30–40 nm and lengths of 100–120 nm were formed when the
SC/Cu2+ ratio was 1.0, as shown in Figure 2c,d. Figure 2e,f
shows the 3D branchlike CuO nanostructures at a SC/Cu2+

ratio of 1.3. The branchlike CuO nanostructures consist of
sub-branched nanorods with diameters of about 20–
100 nm, which radiate from the sides of the main stem of
the branchlike CuO nanostructures.

The electron diffraction (ED) patterns of 1D (inset in
Figure 2d), 2D (inset in Figure 2b), and 3D (inset in Fig-
ure 2f) CuO show that they are all single crystals.

Formation Mechanism

Figure 3a shows the molecular structure of sodium cit-
rate with three carbonyl groups and one hydroxy group. Af-
ter the addition of sodium citrate to CuSO4·5H2O, Cu2+

and sodium citrate form a complex. Daniele et al. reported
that the main component of citrate solutions of Cu2+ in the
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Figure 2. SEM images (a, c, e) and TEM images (b, d, f) of flakelike CuO (a and b, without sodium citrate), rodlike CuO (c and d,
SC/Cu2+ = 1.0), and branchlike CuO (e and f, SC/Cu2+ = 1.3). The corresponding ED patterns of CuO are shown in the insets of the
TEM images.

pH range 5–10 is the dimer [Cu2(cit)2]4– (cit4– =
[C6H4O7]4–).[36] When the SC/Cu2+ ratio is �1.0, the pos-
sible molecular structure of the citrate complex of Cu2+

(complex 1) is shown in the Figure 3b. Two Cu2+ ions can
form two six-membered rings and two seven-membered
rings with two cit4– ions. As the SC/Cu2+ ratio increases, the
amount of complex 1 increases. Upon addition of NaOH
solution, the formation of complex 1 delays the formation
of Cu(OH)2 nanoparticles and the crystal growth of Cu-
(OH)2. Furthermore, the formation of complex 1 allows the
elongation of the Cu(OH)2 crystals in the direction perpen-
dicular to the principal plane of the complex and elong-
ation is inhibited in other directions. Therefore, the Cu(OH)2

nanoparticles grow preferentially by the oriented attach-
ment of the primary nanoparticles, which is coupled with
coordination self-assembly thereby resulting in polycrystal-
line Cu(OH)2 nanorods. With hydrothermal treatment the
Cu(OH)2 nanorods are transformed into CuO nanorods.
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When the SC/Cu2+ ratio is more than 1.0, another citrate
complex of Cu2+ (complex 2, shown in the Figure 3c) ap-
pears. One Cu2+ ion forms two six-membered rings with
two cit4– ions. Strong H-bonds form between the carbonyl
group (–COO–) and the hydroxy group (–OH) in complex
2. As the SC/Cu2+ ratio increases, the amount of complex
2 also increases. Upon adding NaOH solution, the H-bonds
in complex 2 attacks the hydroxy ion in complex 1 that
protrudes out of the edge of the orthorhombic Cu(OH)2

with the corrugated layer structure. Consequently, the or-
thorhombic Cu(OH)2 is activated, and the dehydrated reac-
tion takes place more easily at the positions attacked by
complex 2. With hydrothermal treatment, the preferential
growth of CuO occurs easily in the direction of attack by
complex 2, and branched CuO therefore forms. The XRD
patterns of the branched CuO samples show that they are
not pure monoclinic CuO samples – a weak peak of cubic
Cu2O also appears (Figure 1c). The appearance of the
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Figure 3. Molecular structures of (a) sodium citrate, (b) complex 1, and (c) complex 2, and (d) schematic illustration of the formation
process for the as-prepared CuO nanostructures.

Cu2O phase shows that citrate has a reducing capability.
The above-mentioned results indicate that citrate, which
acts as a modifying and reducing agent, plays a critical role
in the determination of the morphology and in the control
of the phase of the CuO nanostructures during the hydro-
thermal process. Yang et al. reported a similar result in the
presence of ethylene glycol.[19]

A schematic diagram of the proposed growth mechanism
is shown in Figure 3d. The formation of the flakelike CuO
nanostructures without sodium citrate is determined by the
internal crystallographic structure of the Cu(OH)2 precur-
sor.[28] After the addition of OH–, orthorhombic Cu(OH)2

first precipitates in solution. The orthorhombic Cu(OH)2

consists of chains in the (001) planes, which are oriented
along [100] and characterized by the square-planar coordi-
nation of the Cu2+ ions with strong H-bonds. By edge-shar-
ing, a sheet of distorted Cu(OH)6 octahedra is formed. The
2D layers of these sheets parallel to the (010) plane are con-
nected through H-bonds. With hydrothermal treatment, or-
thorhombic Cu(OH)2 transforms into flakelike, monoclinic
CuO nanostructures by a dehydration reaction in which the
interplanar H-bonds are broken. When the SC/Cu2+ ratio
is �1.0, the formation of complex 1 leads to the formation
of the rodlike CuO. When the SC/Cu2+ ratio is �1.0, the
coexistence of complex 1 and complex 2 results in the ap-
pearance of branchlike CuO.

Optical Properties

The UV/Vis absorption spectrum of the CuO samples
dispersed in distilled water (the concentration was about
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0.02 mgmL–1) is presented in Figure 4, which shows a broad
absorption peak centered at about 335 nm. In principle, the
optical bandgap energy for a semiconductor can be esti-
mated by Equation (1),[37] where A is the absorbance, K is
a constant, and m equals 1 for a direct transition.

A =
K(hv – Eg)m/2

hv
(1)

Figure 4. UV/Vis absorption spectrum of (a) rodlike CuO, (b) flake-
like CuO, and (c) branchlike CuO.

Figure 5 shows a plot of (A·Ephot)2 vs. photon energy
(Ephot) for a direct transition. Extrapolation to A = 0 gives
an absorption edge energy that corresponds to the bandgap
energy Eg.[38] The bandgap energies of the 1D rodlike, 2D



H.-M. Xiao, S.-Y. Fu, L.-P. Zhu, Y.-Q. Li, G. YangFULL PAPER
flakelike, and 3D branchlike CuO samples were estimated
to be 2.36, 1.60, and 1.40 eV, respectively, which are all
larger than that reported for bulk CuO (Eg = 1.2 eV).[18d]

The result shows that the bandgap of the CuO samples
strongly depends on the morphology of the CuO products.
A large enhancement of the bandgap energy of the CuO
nanorods is attributed to the well-known quantum size ef-
fect for nanostructured semiconductors.[39] In addition, the
different values of the bandgap energy of the CuO nano-
structures with various morphologies indicates that the
bandgap can be tuned by controlling the morphology of the
CuO nanostructures.

Figure 5. Plot of (A·Ephot)2 vs. Ephot for a direct transition for (a)
1D rodlike CuO, (b) 2D flakelike CuO, and (c) 3D branchlike CuO.

Conclusions

The controlled synthesis of different nanostructured
CuO samples has been achieved by a hydrothermal process
in the presence of sodium citrate. It was found that the mor-
phology of the CuO samples was affected by the SC/Cu2+

ratio. When the SC/Cu2+ ratio was below 1.0, 1D CuO
nanorods with 30–40 nm diameters and 100–200 nm
lengths were formed. In the absence of citrate, 2D flakelike
CuO nanostructures were obtained. However, 3D branch-
like CuO nanostructures were attained when the SC/Cu2+

ratio was more than 1.0. It is proposed that the formation
of different nanostructured CuO is influenced by the dif-
ferent citrate complex of Cu2+ formed. The bandgap ener-
gies of the 1D rodlike, 2D flakelike, and 3D branchlike CuO
nanostructures was estimated to be 2.36, 1.60, and 1.40 eV,
respectively, which are all larger than that reported (Eg =
1.2 eV) for bulk CuO material.

Experimental Section
The chemical reagents including CuSO4·5H2O, sodium citrate
(C6H5O7Na3·2H2O), and sodium hydroxide were of analytical
grade and used without further purification.

CuO nanostructures were synthesized by a hydrothermal process
in the presence of sodium citrate. A typical synthesis of the CuO
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nanostructures is described as follows: CuSO4·5H2O (1.3 mmol)
and a chosen amount of sodium citrate were dissolved in distilled
water (40 mL), and the solution was constantly stirred for 15 min.
NaOH (5.3 mmol) was then added to the above solution mixture.
After 2.5 h of constant stirring, the final solution was transferred
to a 50-mL Teflon-lined autoclave. The autoclave was then sealed
in a stainless steel tank and kept at 160 °C for 12 h. The reactor
was then naturally cooled to room temperature. The resulting sam-
ples were collected and washed with deionized water and dried at
50 °C in air. In order to investigate the influence of sodium citrate
on the morphology of the final product, the molar ratio of sodium
citrate to CuSO4·5H2O was changed from 0.1 to 1.5.

X-ray diffraction patterns [RINT 2000 Wilder-angel goniometer
with Cu-Kα radiation (λ = 1.5406 Å)] and UV/Vis absorption spec-
tra (Lambda 900 spectrometer) were used to characterize the as-
obtained CuO nanostructures. The morphology of the CuO nano-
structures was studied using transmission electron microscopy (Hit-
achi H-600 with an accelerating voltage of 200 kV) and scanning
electron microscopy (Hitachi S-4300 microscope). The electron dif-
fraction patterns were recorded with a JEOL JEM-2010 trans-
mission electron microscope at an accelerating voltage of 200 kV.
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