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Abstract Copper oxide (CuO) vegetable sponges with

mesoporous structure were successfully prepared from

pine tree needles cellulose as templates. The sample was

characterized by X-ray diffraction, scanning electron

microscopy and nitrogen absorption–desorption. In the

performance test, the obtained CuO vegetable sponges

showed great antibacterial activities, as good as penicillin

and kanamycin, especially towards Streptococcus faecalis.

They also displayed active photocatalytic degradation of

rhodamine B molecules in aqueous solution. Electro-

chemical data demonstrated that the CuO vegetable spon-

ges were capable of delivering a specific capacitance of

440 F g-1 at a current density of 1 A g-1 and offered good

specific capacitance retention of 95.1% after 1,000 con-

tinuous charge–discharge cycles even at 5 A g-1.

Introduction

Copper oxide (CuO) is an important material and has been

recognized as being used in preparing high temperature

superconductors, magneto resistance materials, catalysts in

many organic reactions, and anode materials for Li ion

batteries [1, 2]. Therefore, the synthesis and the application

study of CuO have both theoretical and practical importance.

Because the properties of materials are strongly influenced

by their morphology, numerous works have investigated the

morphology and property of CuO [3]. Up to now, CuO with

different morphologies, such as nanorods, nanotubes, hollow

microsphere, microflower, aligned nanowires, and dande-

lion, have been successfully synthesized and studied [3–8].

It is evident that the purpose of preparing CuO in various

shapes has been driven by the strong interest in their novel

properties and potential applications.

Nature provides a multiplicity of materials, architec-

tures, systems and functions with many inspiring properties

such as sophistication, miniaturization, hierarchical orga-

nizations, adaptability and environmental response [9].

Mimicking the elaborate architectures to prepare more

reliable and efficient materials is highly appealing.

In this article, we prepared CuO vegetable sponges with

mesoporous structure by using pine tree needles cellulose

as templates in air for the first time. The antibacterial

activities, electrochemical properties, and photocatalytic

performance of the as-prepared sample were investigated.

Experimental

Preparation of CuO vegetable sponges

All chemicals were analytical grade and were used without

further purification. Fresh pine tree needles were treated

with 5% glutaraldehyde/phosphate buffer solution (pH 7)

under 4 �C for 12 h for the fixation of cells and tissues.

Then the samples were rinsed with pure water and treated

with 10% HCl solution for 12 h. After rinsing with pure

water, the pine tree needles cellulose was obtained.

The obtained cellulose was stressed with 0.2 mol L-1

Cu(NO3)2 solution in oven at 120 �C for 12 h. Then the
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mixture was rinsed with pure water and following infil-

trated in 0.8 mol L-1 Cu(NO3)2 solution in an oven at

60 �C for 72 h. After being desiccated in an oven at 80 �C

for 8 h, the sample was calcined in air at 400 �C for 2 h.

A common CuO sample was prepared via a similar

process that described above without using pine tree nee-

dles cellulose and was designated CuO-common.

Characterization

The samples were characterized by scanning electron

microscopy (SEM, JEOL/EO, JSM-5900), X-ray powder

diffraction using Cu Ka sources (XRD, Philips, XPERT-

PRO), and N2 adsorption–desorption. The UV–vis absorp-

tion spectra of the samples dispersed in water were taken

on a Shimadzu UV–vis scanning spectrometer (Model

2101 PC).

The antibacterial activities of the samples were tested

against Bacillus subtilis (B. subtilis), Staphylococus aureus

(S. aureus), Streptococcus faecalis (S. faecalis), Pseudo-

monas aeruginosa (P. aeruginosa) and Enterobacter clo-

acae (E. cloacae) by determining the minimum inhibitory

concentrations (MICs, lg mL-1) through a colorimetric

method using the dye MTT according to the method

referenced to the reported literature [10].

Photocatalytic experiments were carried out in a home-

made photoreactor, containing the required quantity of

samples and rhodamine B (RhB) aqueous solution. The

suspension was irradiated with a 300 W high pressure

mercury lamp. The reaction suspension was prepared by

adding the sample (0.6 g L-1) into 400 mL of RhB solu-

tion (20 mg L-1). The suspension was stored in the dark

and stirred for 30 min to ensure an adsorption/desorption

equilibrium prior to reaction. The concentration of RhB in

the solution was determined using a UV-3000 spectro-

photometer by collecting the absorbance of RhB at

553 nm.

CuO electrodes were formed by 85 wt% active material,

10 wt% acetylene black and 5 wt% polytetrafluoroethylene

(PTFE). Mixture was pressed on Ni-foam (1 9 1 cm). The

electrochemical measurements were carried out by means

of an electrochemical analyzer system, CHI660B (Chen-

hua, Shanghai, China) in a three-electrode arrangement.

The prepared electrode was used as working electrode, a

nickel plate as counter electrode, and saturated calomel

electrode (SCE) as reference electrode. The electrolyte was

a 6 mol L-1 KOH solution.

Results and discussion

Morphologies of the pine tree needles cellulose (Fig. 1a)

and the prepared CuO vegetable sponges were studied by

SEM. Obviously, CuO duplicates the morphology of pine

tree needles cellulose (Fig. 1b). At high magnification

SEM image (Fig. 1c), we can see that the microstructure of

the CuO vegetable sponges is built from nanoparticles.

These uniform nanoparticles were connected to each other

and formed the porous structure (Fig. 1c). We found that

the pine tree needles cellulose played a crucial role during

the formation CuO vegetable sponges. Without cellulose,

only the common CuO with irregular morphologies was

obtained (Fig. 1d).

The formed mesoporous structure of CuO vegetable

sponges is confirmed by N2 adsorption–desorption iso-

therm. The isotherm (Fig. 2a) showed a typical IUPAC

type pattern with inflection of N2 adsorbed at P/P0 about

0.50 (type H2 hysteresis loop) [11], indicating the presence

of mesopores. The pore size distribution (Fig. 2b) shows

that CuO vegetable sponges had a broad pore size distri-

bution in the range of 3–43 nm. Its average pore diameter

was about 6.7 nm. The specific surface area was 84.52 m2/g.

It is much larger than that of common CuO nanoparticles

(6.57 m2/g) [12].

Figure 2c shows the XRD patterns of the as-prepared

sample. All of the diffraction peaks can be clearly indexed

as the monoclinic phase of CuO (JCPDS card no. 80-1917).

No impurity peaks are observed, indicating a high purity of

the product.

Based on the above results, the formation of CuO veg-

etable sponges can be simply described in Fig. 2d. In the

initial stage of copper nitrate solution infiltration, NO3
-

and Cu2? were attracted to the polar groups such as the

hydroxyl, carboxylic and ester radicals, which are located

on the surface of the cellulose. During drying, the surface

of cellulose was covered with NO3
- and Cu2?. When the

precursor was subjected to calcination at 400 �C in air, the

decomposition of NO3
- together with the thermal degra-

dation of cellulose took place. Volatile species like H2O

and carbonyls were released, and carbon in the cellulose

was further oxidized to form carbon dioxide [9]. The gas-

eous CO2 molecules diffused out from the cellulose tem-

plates. At the same time, CuO nanoparticles were formed.

Guided by the cellulose templates, these nanoparticles

connected to form vegetable sponges microstructure.

CuO has wide applications in many fields, however,

little literature has reported its antimicrobial activities [12].

In this study, we studied the antimicrobial activities of CuO

vegetable sponges against B. subtilis, S. aureus, S. faecalis,

P. aeruginosa and E. cloacae (Table 1). For comparison,

the MICs of penicillin and kanamycin to the five bacteria

are also presented. The results demonstrate that the CuO

vegetable sponges can kill all of the tested bacteria well,

especially S. faecalis, while the commercial CuO (Kexi,

99.99%) with sizes in the range of 50–100 nm (Fig. 1e)

and the CuO-common prepared in this work without
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cellulose have no or very weak antibacterial abilities to the

tested five bacteria. Although the real mechanism of the

antibacterial effect is still uncertain, there is no doubt that

this effective antibacterial ability of CuO vegetable spon-

ges would arise from their special structure (Fig. 1b, c), in

which their interior might inhibit the growth of bacterial

and the high specific surface area would increase the effi-

ciency of antimicrobial performance [12]. In other words,

the effective antimicrobial activity of CuO vegetable

sponges enable them to be applied in the range from the

coating of medical devices to the direct treatment of

wounds or burns.

The energy band structure feature of a semiconductor is

considered as a key factor to determinate its photocatalytic

activity [13]. Figure 3a shows the UV–vis spectrum of

CuO vegetable sponges dispersed in water. The strong

absorption in the UV region observed at 375 nm is attrib-

uted to band gap absorption in CuO [14]. It is well known

that optical band gap (Eg) can be calculated on the basis of

the optical absorption spectrum by the following equation

(1):

ðAhtÞn ¼ Kðht� EgÞ; ð1Þ

where ht is the photo energy, A is the absorbance, K is a

constant relative to the material and n depends on the

characteristics of the transition in a semiconductor [15].

For CuO, the value of n is 2 for the direct transition. The

optical band gap of CuO vegetable sponge was 2.61 eV

estimated by extrapolating the linear portion of the (Aht)2–

ht curve to zero (Fig. 3b), which was larger than the

reported value for the bulk CuO (1.20 eV), due to the

quantum confinement effects [16].

Fig. 1 SEM images of a pine

tree needles cellulose, b and

c CuO vegetable sponges at

different magnifications,

d CuO-common and

e commercial CuO

J Mater Sci (2011) 46:2179–2184 2181

123



In order to evaluate the photocatalytic activities of the

as-prepared CuO vegetable sponges, decolorization of RhB

solution under visible light irradiation was studied. Fig-

ure 3c shows UV–vis adsorption spectra of RhB as a

function of irradiation time using CuO vegetable sponges

as photocatalysts, indicating that the synthesized sample

has remarkable photocatalytic ability. After 60 min irra-

diation, RhB molecules have been degraded to a level of

95%, while without the addition of the CuO vegetable

sponges, RhB is almost unchanged (Fig. 3d). We also used

the commercial CuO and the CuO-common as references

to evaluate the photocatalytic performance of CuO vege-

table sponges. After irradiation for 60 min, the degradation

of RhB over the commercial CuO and the CuO-common

are 37 and 22%, respectively. The great photocatalytic

activities of CuO vegetable sponges should be due to their

large surface area and the unique mesoporous structure,

which can facilitate mass transfer and increase the acces-

sibility of active sites on CuO surface to RhB molecules

[11, 17–20].

Figure 4 shows the cyclic voltammogram of CuO veg-

etable sponges at a scan rate of 5 mV s-1. A quasi-perfect

rectangular shaped voltammogram with a large current

separation was observed. It indicated that CuO vegetable

sponges are suitable for electrochemical capacitor appli-

cations [21]. The nonlinear charge–discharge curves

(Fig. 4b) further verify the pseudocapacitance. The dis-

charge specific capacitance of the sample was calculated

from the discharge curve based on Eq. 2. In Eq. 2, C, I,

t and DV are the specific capacitance (F g-1) of the CuO

Fig. 2 a N2 adsorption–

desorption curves, b pore size

distribution, c XRD pattern and

d the formation scheme of CuO

vegetable sponges

Table 1 Antibacterial activities of the samples

Samples Minimum inhibitory concentration (lg mL-1)

Gram positive Gram negative

B. subtilis S. aureus S. faecalis P. aeruginosa E. cloacae

CuO vegetable sponges 10.263 4.892 1.589 8.243 7.560

CuO-common 45.709 61.892 39.432 53.423 49.546

Commercial CuO 52.546 57.803 47.845 31.234 25.326

Kanamycin 0.381 1.602 3.223 3.223 1.602

Penicillin 1.602 1.602 1.602 6.201 3.223
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vegetable sponges electrode, the discharging current den-

sity (A g-1), the discharging time (s) and the discharging

potential range (V), respectively.

C ¼ I � tð Þ=DV ð2Þ
The calculated specific capacitance of CuO vegetable

sponges is 440 F g-1 at a current density of 1 A g-1.

Considering the different price between RuO2 and CuO,

this value is satisfactorily comparable to that reported for

electroactive RuO2 [22, 23]. Impressively, the unique CuO

vegetable sponges not only exhibited high specific capac-

itance, but also excellent cycle stability. It preserved more

than 74% of their specific capacitance delivered at 1 A g-1

as the current density increased to 5 A g-1 (from 440 to

325 F g-1), as shown in Fig. 4c. This result indicates that

Fig. 4 a Cyclic voltammogram

at a scanning rate of 5 mV s-1,

b charge–discharge curve at a

current density of 1 A g-1,

c specific capacitance as a

function of the current density,

d specific capacitance as a

function of cycle number for

CuO vegetable sponges

(square), CuO-common (filled
circle) and commercial CuO

(filled triangle)

Fig. 3 a UV–vis absorption

spectrum of CuO vegetable

sponges dispersed in water,

b (Aht)2 vs. (ht) curves, c UV–

vis adsorption spectra of

rhodamine B as a function of

irradiation time using CuO

vegetable sponges as

photocatalysts, d a plot of the

photodegradation extent of

rhodamine B molecules as a

function of irradiation time for

the blank (circle), CuO

vegetable sponges (square),

CuO-common (filled circle) and

commercial CuO (filled
triangle)
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CuO vegetable sponges can serve as a good electroactive

material for electrochemical capacitors, due to their ability

to provide high power and maintain a promising energy

density at a high charge/discharge rate.

Figure 4d shows the cycle performance for CuO vege-

table sponges at a current density of 5 A g-1 within a

voltage range between 0.0 and 0.4 V in 6 mol L-1 KOH

electrolyte. During the first 200 cycles, the specific

capacitance increased from 325 to 373 F g-1. It is due to

the activation process of CuO vegetable sponges during

cycling. Thereafter, it decreased to 355 F g-1 after the

subsequent 800 continuous cycles. The capacitance deg-

radation is only 4.9%. For the commercial CuO and the

CuO-common, the initial specific capacitances were 143

and 111 F g-1, respectively. After 1,000 cycles, the spe-

cific capacitances of the commercial CuO and the CuO-

common dropped to 82.1 and 70.7% of the initial values,

respectively.

The excellent electrochemical performance of CuO

vegetable sponges can be attributed to their unique struc-

ture with rich diffusion pores, which reduce the diffusion

lengths for the electrolyte ions and ensure the thoroughly

contact with enough electrolyte ions [24–28]. In addition,

such a sponge structure, due to its ‘ion-buffering reser-

voirs’, could offer a robust sustentation of electrolyte ions

and ensure that sufficient electrochemical reactions can

take place at high current densities for energy storage

[24–28]. This in turn would ensure better utilization and

higher-rate charge/discharge performance.

Conclusions

In summary, CuO vegetable sponges have been success-

fully synthesized by using pine tree needles cellulose as

templates. The obtained CuO vegetable sponges showed

great antibacterial activities, as good as penicillin or

kanamycin, especially towards S. faecalis. They also dis-

play active photocatalytic function on the decolorization of

RhB aqueous solution. Electrochemical data demonstrated

that the CuO vegetable sponges could deliver 373 F g-1

even at a current density of 5 A g-1 and offer lower spe-

cific capacitance degradation of 4.9% after 1,000 cycles.

This indicates that we successfully met key requirements in

terms of large specific energy density, high-rate capability

and good electrochemical stability. We believe that

research of the bacteriostatic effect, the photocatalytic

activity and the electrochemical performance of CuO

vegetable sponges are useful, which may be expected to

lead to their use in a number of applications that involve

nano-biomaterial, catalysis, electrochemical supercapacitor

and so forth.
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