
FULL PAPER

DOI: 10.1002/ejic.200900683

Carbonate-Assisted Hydrothermal Synthesis of Nanoporous CuO
Microstructures and Their Application in Catalysis

Min Zhou,*[a] Yan’an Gao,[b] Baoxiang Wang,[a] Zbigniew Rozynek,[a] and
Jon Otto Fossum[a]

Keywords: Nanostructures / Hydrothermal synthesis / Heterogeneous catalysis / Copper

We have demonstrated a facile carbonate-assisted hydrother-
mal route for synthesis of well-defined nanoporous copper
oxide microstructures with high surface area. The nano-
porous CuO microstructures were synthesised by adding so-
dium hydrogen carbonate (NaHCO3) to an aqueous solution
of copper chloride (CuCl2) in the presence of poly(vinylpyr-
rolidone) (PVP) at 300 °C. The introduction of NaHCO3 is
critical for the successful synthesis of porous nanoarchitec-
tures owing to the formation of carbon dioxide (CO2) gas dur-

Introduction

Porous materials have attracted great interest because of
their wide application in the fields of catalysis,[1–3] sen-
sors,[4–6] environmental engineering[7,8] and drug deliv-
ery[9–11] owing to their high surface-to-volume ratio and
ability to interact with ions, atoms and molecules, not only
at the surface but also throughout the bulk of the materials.
Thus, changing the structure of these materials from solid
to porous provides a potential way to improve their proper-
ties and application.

As an important functional metal oxide, CuO, a p-type
semiconductor with narrow band gap (Eg = 1.2 eV),[12] has
attracted great attention because of its unique properties
and widespread potential applications in optical switches,
field emitters, gas sensors and high-temperature microcon-
ductors.[13–19] Recently, CuO has been revisited as an ef-
ficient material for the preparation of Li-ion battery anode
materials[14] and can be used as a promising catalyst for the
complete conversion of hydrocarbons into carbon dioxide
and water.[20–23] In addition, it has been applied as a photo-
electrode for water splitting aimed at hydrogen production,
in order to convert solar energy into storable chemical en-
ergy.[24] With the decrease in crystal size, CuO nanostruc-
tures may exhibit unique properties that could be signifi-
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ing the synthesis process. The structure and morphology of
CuO are very sensitive to the concentration of NaHCO3 and
PVP, as well as to the molecular weight of PVP. The nano-
porous CuO product shows higher catalytic activity than
other types of CuO materials because of its porous structure.
It is believed that this method will provide a simple and ver-
satile approach to large-scale production of CuO with high
surface area by means of a facile hydrothermal route.

cantly different from those of their bulk. Therefore, it is
reasonable to believe that the ability to process bulk CuO
into nanostructured materials should enrich our under-
standing of its fundamental properties and enhance its per-
formance in currently existing applications. So far, CuO
nanostructures with different shapes including nanopar-
ticles, nanorods, nanowires, nanosheets, nanoflowers, etc.
have been synthesised by a variety of techniques such as
wet chemical,[14,25] hydrothermal or solvothermal,[26,27] elec-
trochemical,[28] microwave-induced,[29] thermal oxi-
dation,[13] reaction in micelles[30] and solid–liquid arc dis-
charge methods.[15] For example, Zeng et al.[31] used a wet
chemical method in water-ethanol mixed solvents at 77–
82 °C and 1 atm to get one-dimensional CuO nanostruc-
tures such as nanorods and nanoribbons. Use of a two-
tiered organising scheme with multiple-length scales for
construction produced dandelion-like hollow CuO micro-
spheres.[32] Xiao and co-workers[33] reported the prepara-
tion of CuO nanorods, nanobranches and nanoflasks by a
hydrothermal route in the presence of sodium citrate. Liu
et al.[18] prepared CuO with honeycomb and flower-like
morphologies by an anion-controlled self-assembly route,
and the presence of WO4

2– and MnO4
2– helped in the con-

struction of CuO nanoarchitectures on copper foils. In ad-
dition, CuO materials with nanoribbon and nanoring mor-
phologies were successfully fabricated by the simple solu-
tion-phase reaction of CuCl2 and NaOH with sodium do-
decylbenzenesulfonate.[19] To the best of our knowledge,
however, most of these CuO nanomaterials are solid struc-
tures; there are few reports concerning the fabrication of
CuO nanoarchitectures with porous structures. The highly
porous CuO is of great interest because of its enhanced sur-
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face-to-volume ratios for sensing and catalytic applications
and for its potential use as a transparent conducting oxide
with extremely large surface area for photovoltaic, electro-
optic or battery devices.

Herein, we demonstrate that nanoporous CuO micro-
structures can be easily obtained by a facile carbonate-as-
sisted hydrothermal approach in the presence of a nonionic
water soluble polymer, PVP. In contrast to other hydrother-
mal approaches, this paper introduces NaHCO3 to the sys-
tem, which has a great effect on the formation of the nano-
porous CuO microstructures under certain experimental
conditions. A large quantity of CO2 is formed during the
high-temperature reaction process when NaHCO3 is added
to the reaction solution, and well-defined nanoporous CuO
microstructures are produced because of the formation of
CO2. On the basis of our results, we believe that both the
molecular weight and concentration of PVP significantly af-
fect the morphologies of the final products. This facile ap-
proach has potential for large-scale synthesis of nano-
porous materials, and it can also be extended to the synthe-
sis of other metal oxide nanoporous structures with high
surface areas.

Results and Discussion

The nanoporous CuO microstructures were synthesised
by using CuCl2 as a copper precursor, NaHCO3 as the
agent for controlling the porosity and PVP as the regulator
of morphology. Firstly, NaHCO3 (10 mL, 500 m) was
added to the CuCl2 solution (10 mL, 250 m) in the pres-
ence of PVP (0.01 g). The mixture was shaken for 10 s and
then transferred to an autoclave for the hydrothermal pro-
cess. Figure 1 shows the SEM images of typical nanoporous
CuO microstructures synthesised by the hydrothermal ap-
proach. Figure 1a shows the panoramic SEM image of this
product. One can see that the sample consists of spherical
particles that are usually 0.6–1.0 µm in diameter, with an
average of about 0.8 µm. The SEM image in Figure 1b indi-
cates that the particles are composed of a large number of
irregular quasi-spheroid particles, clearly revealing that all
these quasi-spheres have some corners. Some well-defined
octahedral microstructures are also found with sizes of
about 0.6 µm (see arrow in Figure 1b). Figures 1c and 1d
show higher-magnification images of individual quasi-
spheroids and octahedral particles. The magnified SEM
images as shown in Figure 1e demonstrate that the irregular
spheres have porous structures with a pore size of about
16 nm.

Nitrogen physisorption represents the most extensively
used technique to measure catalyst surface area and to
study the texture of pores. The porosity of the CuO micro-
structures is further revealed by the N2 adsorption/desorp-
tion isothermal curve illustrated in Figure 2a. The Bru-
nauer–Emmett–Teller (BET) surface area of the porous mi-
crostructure is 30.04 m2/g, and the pore size distribution
curve in the inset exhibits bimodal pore distribution. The
pores at about 18 and 190 nm originate from the surface
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Figure 1. (a) Representative panoramic SEM image of the CuO
microstructures obtained by adding of NaHCO3 (10 mL, 500 m)
into CuCl2 (10 mL, 250 m) solution in the presence of poly(vinyl-
pyrrolidone) (K15, 0.05 g). (b) Low-magnification images of a sim-
ilar area of CuO microstructures. (c,d) Individual quasi-spheres
and octahedral structures. (e) High-magnification images of the
quasi-spheres clearly indicate the nanoporous structure of the sam-
ples.

pore formed by the release of CO2 and the gaps between
two quasi-spheres, respectively, which can be confirmed di-
rectly by the SEM observation (Figure 1).

Figure 2. N2 adsorption/desorption isothermal curve (a) and the
XRD pattern (b) of the nanoporous CuO. The inset of (a) shows
the corresponding pore size distribution.
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XRD patterns, as the one shown in Figure 2b, were em-
ployed to analyse the crystal structure of the samples ob-
tained in aqueous solution. The diffraction peaks can, by
comparison with the respective JCPDS card No. 05–0661,
be indexed to be in good agreement with the monoclinic
phase structure of CuO. The strong and sharp peaks indi-
cate that the CuO product was high in purity and had a
high degree of crystallinity. No other peaks were detected,
which suggests that the presence of PVP has little influence
on the phase of the final products. XRD analysis of the
samples reveals the formation of the monoclinic phase
structure of CuO having lattice parameters consistent with
those reported in the literature.[3,15,20]

In our synthesis we found that, by controlling experimen-
tal parameters such as molecular weight and concentration
of PVP, various structures and morphologies of CuO can
be obtained. The different morphologies of the CuO micro-
structures shown in Figure 3 are varied by only changing
the concentration of NaHCO3. When the concentration of
NaHCO3 was decreased to 100 m, microspheres with a
hierarchical structure and an average size of about 11 µm
were obtained (Figure 3a). The images of an individual
sphere and its highly magnified surface are shown in Fig-
ure 3b,c. It can be seen that there are numerous nanostruc-
tures, which display rod-like profiles, on the surface of the

Figure 3. SEM images of CuO products obtained without
NaHCO3 under otherwise identical conditions [CuCl2 (10 mL,
250 m) and PVPK15 (0.05 g)]: (a) Low-magnification image
showing many microspheres; (b) higher-magnification image show-
ing one microsphere; (c) high-magnification image showing the sur-
face of a microsphere.
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microsphere. The final morphology of these microspheres
can be easily controlled; more than 90% of the mor-
phologies yield CuO microspheres with hierarchical struc-
tures. We also found that product morphology is sensitive
to the type of the PVP employed. Here we used three kinds
of PVP with different molecular weights, PVPK90 (Mw =
360,000), PVPK30 (Mw = 40,000) and PVPK15 (Mw =
10,000). When the molecular weight of PVP was increased
to 40,000 (PVPK30), lamellar microstructures with a size
of 1.4 µm were obtained (Figure 4a). From the magnified
SEM image (Figure 4b), it is clear that numerous micro-
plates assemble to form the lamellar microstructures. In-
creasing the molecular weight further to 360,000 changes
the shape of the products to flower-like microstructures
(Figure 4c,d). These microflowers are composed of several
microplates with a size and thickness of about 1 µm and
40 nm, respectively. It is also worthwhile mentioning that
the concentration of PVP in the reaction solution is an im-
portant factor in determining the morphology of the final
CuO products. By decreasing this concentration to 0.1 mg/
mL of PVPK15, for example, urchin-like microstructures
composed of rod-like building units are created. Lower- and
higher-magnification images illustrate the urchin-like struc-
tures and indicate that the length and width of these small
nanorods are about 800 nm and 60 nm, respectively (Fig-
ure 5a,b). When the polymer (PVPK15) concentration is in-
creased to 20 mg/mL, the CuO products are hollow micro-
spheres with a size of about 8 µm (Figure 5c). The magni-
fied SEM image (Figure 5d) demonstrates clearly the hol-
low structures of the products. These results confirm that
PVP plays an important role in the hydrothermal process.

Figure 4. SEM images of the CuO samples produced with high-
and low-molecular-weight PVP, K30 (a,b) and K90 (c,d), respec-
tively.

During the formation of the porous microstructures,
NaHCO3 affects the structure and PVP affects the morpho-
logies of the final products. The reactions involved in our
system are shown below [Equation (1) and Equation (2)]:
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Figure 5. SEM images of the CuO samples produced with high
(a,b) and low (c,d) concentrations of PVPK15.

2CuCl2 + 4NaHCO3 � Cu2(OH)2CO3 + 4NaCl + H2O + 3CO2

(1)

Cu2(OH)2CO3 � 2CuO + H2O + CO2 (2)

In this hydrothermal system, we believe that a two-step
chemical reaction involving a synthesis and a decomposi-
tion occurs. In the synthesis step, when NaHCO3 was added
to the CuCl2 solution, a blue coloured precipitate was ob-
served immediately in the system, indicating the formation
of Cu2(OH)2CO3. Then, the reaction mixture was transfer-
red to an autoclave. The decomposition step occurred at the
decomposition temperature of Cu2(OH)2CO3. Decomposi-
tion produced solid CuO, H2O and CO2 gas. Finally, a large
number of nanoscale pores formed on the surface of the
products due to the release of carbon dioxide gas from the
copper carbonate. The control experiment illustrated in Fig-
ure 6 shows that no porous structures can be formed with-
out addition of NaHCO3.Therefore, the introduction of
NaHCO3 is a decisive factor in the formation of porous
CuO.

Figure 6. High- (a) and low-magnification (b) SEM images of the
CuO microstructures obtained without NaHCO3 under otherwise
identical conditions [CuCl2 (10 mL, 250 m) and PVP K15
(0.05 g)].

Another important factor in the morphology of the final
products is PVP. According to the experimental results,
both the molecular weight and concentration of PVP, have
a significant influence on the final morphology and struc-
ture of these CuO microstructures. PVP, as an important
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capping agent, has been widely used in the synthesis of vari-
ous nanostructures, including nanorods, nanowires, nano-
plates and nanocubes. Although the exact function of PVP
on the shape selectivity in our synthetic system is not yet
fully understood, we believe that the selective adsorption of
PVP on various crystallographic planes of newly formed
CuO suppresses their intrinsic anisotropic growth. PVP
containing an N–C=O group is easily attached to the sur-
face of these CuO materials and slows down the growth of
the crystal faces. As a kinetic controller of the growth rates
of different crystalline faces through adsorption and de-
sorption, PVP adsorption on specific crystalline surfaces
could significantly decrease their growth rates and lead to
a highly anisotropic growth. Selective interactions between
PVP and the different surface planes of the CuO may
greatly influence the growth direction and rate and ulti-
mately result in particles with different shapes.

The catalytic activity of the nanoporous CuO samples in
the oxidation of CO was evaluated. The resulting nano-
porous CuO microstructures gave 100% conversion of CO
at 160 °C, which is clearly lower than the corresponding
temperatures for other nonporous CuO samples, such as
microspheres and microflowers, which afford 100% conver-
sion at 200 and 220 °C, respectively. No catalyst deactiva-
tion was observed during several activity test cycles. To elu-
cidate the remarkable effects of the structure and mor-
phology of the catalyst, the specific reaction rates were cal-
culated and are given in Figure 7. At 160 °C, the specific
reaction rates were 1.0, 1.5 and 7.3�10–8 molCO/molcat/s
for the microflowers, microspheres and porous microstruc-
tures, respectively; the rate on the porous microstructures is
over seven times higher than that on the microflowers and
over four times higher than that on microspheres.

Figure 7. Specific rates of CO conversion as compared to CuO
microflowers, microspheres and porous microstructures at 110 °C.

Catalytic oxidation of CO is not only an important reac-
tion for many applications, such as removal of exhaust gas
and in fuel cells, but it is also a fundamental process involv-
ing surface oxygen and oxygen vacancy participation. CuO
materials have been of considerable interest, as they have
been found to be effective catalysts for CO. Previous studies
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suggest that such a reaction is a surface-area-sensitive pro-
cess. It is well known that the activation barrier of the cata-
lysed CO oxidation reaction over transition-metal surfaces
is determined by the breaking of the metal–oxygen bond.
Therefore, the surface properties of the CuO catalysts are
strongly related to the nature of the surface used in the ex-
periments. The ease of oxygen abstraction from the surface
of CuO depends on the surface area and determines the
catalytic activity. The effectiveness of an oxidation catalyst
is mainly attributed to the adsorption and desorption of gas
molecules from its surface. The higher surface area can en-
able a large fraction of the atoms to be present at the sur-
face, which permits more gas molecules to enter and ap-
proach the active position easily. Thus, the catalytic activity
of the nanoporous CuO microstructures described here can
be caused by the large surface area and the pores with uni-
form sizes, which favour greater exposure of the surfaces to
the gas molecules more effectively.

Conclusions

We present a facile and effective method for the synthesis
of nanoporous CuO microstructures. The nanoporous CuO
microstructures can be synthesised by controlling a few crit-
ical experimental parameters. It was found that the intro-
duction of NaHCO3 in the process plays an important role
in the formation of the porous structure of the CuO prod-
ucts and that the molecular weight and concentration of
PVP is a critical factor in controlling the morphology of
the products. The nanoporous CuO microstructures exhibit
good catalytic activity in the oxidation of CO, as compared
with the CuO microsphere and CuO microflower products.
The present results indicate that the synthesis of porous
structures may by helpful for designing novel catalysts with
desired performance. The successful preparation of these
abundant and nanoporous CuO microstructures is relatively
simple and very effective. This versatile route can also be
extended to the synthesis of other metal oxide nanoporous
structures with high surface area such as nickel, iron and
so on.

Experimental Section
Hydrothermal Synthesis of Nanoporous CuO Microstructures: Cop-
per(II) chloride (CuCl2·2H2O, 99.0%) was purchased from Sigma–
Aldrich, sodium hydrogen carbonate (NaHCO3, 99–100%) was
supplied by J. T. Baker. Three kinds of poly(vinylpyrrolidone)
(PVPK90 Mw = 360,000, PVPK30 Mw = 40,000, and PVPK15 Mw

= 10,000) were purchased from Fluka. All chemicals were used
as received without further purification. Deionised water was used
throughout. Copper oxide microstructures with various morpho-
logies were synthesised in a solution process under ambient condi-
tions. In a typical synthesis procedure, a given amount of PVP and
CuCl2 (0.25 mmol) were dissolved in deionised water (10 mL), and
the mixture was dispersed to form a homogeneous solution by vig-
orous stirring at room temperature. Then, deionised water (10 mL)
containing NaHCO3 (500 m) was quickly added to the above
solution at room temperature. After 10 s of shaking, the mixture
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solution was transferred to a 50 mL Teflon-lined autoclave. The
autoclave was then sealed in a stainless steel tank and kept at
300 °C for 5 h. The reactor was then naturally cooled to room tem-
perature. The resulting samples were collected and washed three
times with deionised water. Then, the samples were dried in air at
room temperature. Different structures and morphologies of prod-
ucts were obtained by varying synthetic parameters such as the
concentration of NaHCO3 or the concentration and molecular
weight of PVP..

Characterisation: The general morphologies of the samples were
characterised by a field-emission scanning electron microscope
(FE-SEM, Leo 1530 Gemini). Powder X-ray diffraction (XRD)
patterns were recorded by means of a diffractometer (Rigaku D/
Max 2200) with Cu-Kα radiation (λ = 1.5406 Å). Brunauer–Em-
mett–Teller (BET) surface area measurements were performed with
a Micromeritics ASAP-2000 nitrogen adsorption apparatus. The
catalytic activities for CO oxidation were evaluated in a fixed-bed
quartz tubular reactor. CuO particles (100 mg) were placed in the
reactor. The reactant gases (1.0% CO, 16% O2 balanced with N2)
went through the reactor at a flow rate of 100 mL/min and a gas
hourly space velocity (GHSV) of about 12,000 h–1. The products
were analysed by a gas chromatograph equipped with a TDX col-
umn.
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