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Abstract Macroporous materials with three dimensional

pores and channels are anticipated to exhibit improved

performance in numerous applications such as photonic

band gap crystals, battery electrodes and gas sensors due to

their special structure. In this work, macroporous Cu2O

thin films were prepared by template-assisted electrode-

position method. The mechanism of electrodeposition

infiltrating procedures indicated that the target architec-

tures can basically maintain its original shape, and the

fabrication of spherical-porous shaped Cu2O controlled by

crystalline structures is firstly studied systematically. The

morphology of macroporous material along the (1 1 1)

direction demonstrated that the target architecture can copy

both the crystalline structures and the colloidal crystal

template. Moreover, models are set up to discuss the evo-

lution of the morphology (the shapes of the pore mouths

and pore walls), which indicated that the pore mouths and

pore walls were deeply influenced by the deposition depth.

Keywords Cu2O thin films � Electrodeposition �
Ordered macroporous � Template assistant

1 Introduction

Much attention has been attracted to three-dimensionally

ordered macroporous (3DOM) materials with uniform pore

size and well-defined periodic structure due to their potential

applications, such as catalyst supports, adsorption, separa-

tion, catalysts, sensors, photonic crystals, lithium batteries

[1–7]. Thanks to the efforts from a large number of research

groups, a myriad of inverse opal structure materials such as

carbon, Au, to transition metal oxides and complex oxides

[8–11] which possesses the high surface-to-volume ratio,

well-defined pore dimensions and precisely controlled

structures have been prepared. Among the various fabrica-

tion methods have been reported [12], the method using

colloidal crystals as templates is comparably simple and

efficient. The morphology and thickness of macroporous

film can be easily controlled via simply adjusting the elec-

trochemical parameters such as current, potential, or depo-

sition time. Most important, it is a bottom-up deposition

technique and allows a high filling ratio of materials in the

interstice of the template because the macroporous film

grows upwards from the conductive substrate which fill the

template completely. To all of us knows, the quality of the

colloidal crystals pay a very important role in determine the

target architectures, and the effect of template on the

structure of inverse opals have been reported [13, 14].

However, the influence of the crystalline structure in the

formation of duplicated architectures hasn’t been well

considered or studied. Therefore, there is an urgent need to

develop the effects of the crystalline structure in the for-

mation of constructing macroporous and 3DOM materials.
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Cu2O is an important transition metal oxide with

potential applications across a number of technological

fields. Being a p-type oxide semiconductor with a direct

band gap of 2.17 eV, Cu2O has been found in applications

of solar energy utilization, chemical and biosensing, pho-

ton-activated water splitting, low temperature CO oxida-

tion, photodegradation of organic pollutants, micro- and

nanoelectronics, and magnetic storage devices [15–17] etc.

Because of its technological importance, morphology

controlled synthesis of Cu2O micro- and nanostructures

have received considerable attention in recent years [18,

19]. Herein, we report a facile way for controllable fabri-

cation of shaped macroporous Cu2O by electrochemical

deposition via simply adjusting the electrochemical depo-

sition voltage. The interest here focuses on the disordered

crystal configuration during the electrochemical deposition.

The experimental results show that there are two types of

growth modes in which close-packed macroporous Cu2O at

-0.35 V and spherical-porous Cu2O clusters are obtained

at -0.38 or -0.42 V copying from the colloidal crystals

template and distorted crystalline structure. To the very

best of our knowledge, this is the first report about the

shaped macroporous fabrication controlled by crystalline

structures. The detailed discussion focused on the evolution

of the morphology of the spherical-shaped macroporous

and the relationship between the shape of the pore mouths

and the deposition depth.

2 Experiment

2.1 Materials

The starting materials used were styrene (C8H8), potassium

persulfate (K2S2O8), cupric sulfate (Cu2SO4
. 5H2O), lactic

acid (C3H6O3), sodium hydroxide (NaOH) and tetrahy-

drofuran (C4H8O). All these chemicals are analytical

reagents. Water used in all experiments was purified with a

resistivity greater than 18 M X/cm. Glass slides coated

with ITO (indium tin oxide) (Rs = 30 X) were all com-

mercially available products. ITO/glass was washed with

acetone, ethanol, and deionized water for 20 min, respec-

tively, under sonication before use. Other materials were

used without further purification.

2.2 Fabrication of PS colloidal crystal templates

Monodispersed PS spheres with an average diameter of

(570 ± 10 nm) and relative standard deviation smaller than

4 % (on the diameter) were obtained by using an emulsifier-

free emulsion polymerization technique [20]. ITO

(10 9 30 mm) was used as substrates for PS template

growth. PS colloidal crystals were grown by using con-

trolled vertical drying deposition method, which has been

previously reported [21]. The substrate was placed in a vial

containing 0.2 wt% PS colloidal suspensions with a tilt

angle of about 65�. The vial was then heated in an incubator

at 60 �C until the solvent was completely evaporated, well

ordered templates are robust and adhere well to the sub-

strates and appear distinct colors after the slowly evaporated.

2.3 Fabrication of Cu2O macroporous materials

and their characterization

The Cu2O 3D ordered macroporous materials were con-

structed by electrochemical deposition of copper (II) lac-

tate in alkaline solution [22]. The electrolyte solution

consisted of 0.4 M CuSO4 and 3 M lactic acid and the pH

of the solution was adjusted to 9 by 8 wt% NaOH solution.

Cu2O was grown potentiostatically in a three-electrode

system controlled by CHI660C station. ITO substrates

covered PS colloidal crystal was used as the working

electrode with a Pt counter electrode and a saturated cal-

omel reference electrode (SCE). The electrodeposition was

performed for 30 min and the deposition temperature was

kept constant at 60 �C. The Cu2O 3D macroporous mate-

rials were obtained after removing PS in THF solution.

The morphologies of the PS colloidal crystals and Cu2O

3DOM materials were performed using a QUANTA200F

SEM (FEI, American) scanning electron microscope

operating at an accelerating voltage of 30 kV. The samples

were sputter-coated with gold before examination.

3 Result and discussion

3.1 Morphologies of macroporous Cu2O

Figure 1 shows top-viewed SEM images of flat Cu2O film,

well-ordered colloidal crystal and 3D ordered macroporous

Cu2O structure. The flat Cu2O film was obtained by elec-

trodeposition at -0.35 V versus SCE as show in Fig. 1a.

The pores were well ordered in the fcc close-packed

structure after removing the template with the well-ordered

colloidal crystals were used as templates, which was con-

sistent with the (111) plane arrangement of fcc structure as

shown in Fig. 1c. Cu2O was grown homogeneously in the

template and the top of the 3DOM Cu2O material shows a

smooth and flat plane due to the same diffusion rate of the

reactants in each channel of the well-ordered structure.

According to theoretical analysis, point windows should be

left around the regions where the original spheres were in

contact when the deposition (infiltration) is complete.

Contemporarily, connections are generated for polymeric

sphere during the self-assembly process thus leading to

larger pore windows rather than point windows.
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The synthesis of the structured macroporous films was

carried out by the electrodeposition via simply adjusting

the voltage within the interstitial spaces of close packed

polystyrene latex sphere templates. Pore-free Cu2O film

was obtained on the bare ITO substrate in a controlled

experiment when the electrodeposition voltage was adjus-

ted to -0.38 V versus SCE as show in Fig. 2a. It is

obviously seen that the Cu2O film intended to form cluster-

shape instead of flat film. Figure 2b presents typical SEM

images of the porous Cu2O crystals obtained by templating

of latex particles with followed by THF extraction. There

are two typical kinds of pore contours (flat and sphere-like)

as show by arrows. The flat areas of Cu2O crystallite after

infiltrating demonstrate evenly porous morphology. How-

ever, the cluster part exhibit spherical-pore with a distrib-

uted surface pores as show by arrows, which indicated that

Cu2O can basically maintain its original shape when it

grows in the interstices among the microspheres of the

template, apparently. Those Cu2O clusters were believed to

be grown directly from the space of the colloidal crystals

on the ITO substrate, which preferentially nucleated on the

latex particles and grew into Cu2O-coated latex particles.

Figure 3 shows the morphonology of Cu2O film and

their inverse opal prepared by electrodeposition at -0.42 V

Fig. 1 SEM images of a flat Cu2O film; b well-ordered PS colloidal crystal templates; c 3D ordered macroporous Cu2O structure

Fig. 2 SEM images of

a Morphonology of Cu2O film

electrodeposited at -0.38 V

versus SCE; b Cross-sectional

SEM image of macroporous

Cu2O structure

Fig. 3 a The morphonology of Cu2O film electrodeposited at -0.42 V versus SCE; b Template-assistant microporous Cu2O electrodeposited at

-0.42 V versus SCE; c The magnification images of the spherical pores
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versus SCE. It is obviously seen that the Cu2O film form

larger clusters spread all over the ITO. The spherical-

porous Cu2O cluster obtained by templating of latex par-

ticles with followed by THF extraction. The image shows

that the voids left in the Cu2O film after removal of the

template are arranged in well ordered circular openings

shown in Fig. 3c. Interestingly, the circular of pore

accompany with bowl-like and distorted pore can be

obtained. While the Cu2O crystal was thoroughly perfo-

rated by 3D interconnected ordered macropores. Experi-

mental results indicate that the morphology of shaped

Cu2O macroporous materials is closely related to the

infiltration crystalline architecture. The mechanism of the

infiltration procedures and the formation of pores mouth

will be discussed in the following part.

3.2 Growth modes during the formation of porous

Cu2O

The schematic illustration of infiltrating procedure based

on PS colloidal crystal as show in Fig. 4. On the basis of

the above observations, a possible formation process of the

spherical-porous 3DOM Cu2O can be proposed. The

polymer latex particles carried carboxylate surface groups

that interacted strongly with Cu2? ions as well as Cu2O

crystal surfaces, which may induce the preferential Cu2O

nucleation, as the deposition continue, Cu2O infiltrate

quickly through the interstices of the colloidal crystals,

where they fill the space evenly to the top to form a level

film at -0.35 V shown in Fig. 4a,b which indicated that

the Cu2O product copied the fcc structure of colloidal

crystal template to form a perfect 3DOM macroporous

material. To everyone knows, the Cu2O could only be

grown in the space between the well-ordered arranged PS

spheres, where spatial confined effect played a critical role.

When the deposition increased to -0.38 or -0.42 V, it is

speculate that the molded Cu2O went through a nucleation

process initiated by an evolving sphere-shaped Cu2O core

formed from an initial ‘‘tuber’’. Subsequent growth at the

expense of Cu2O led to its expansion to the top surface of

the colloidal crystal. It could be conceived that the mor-

phology evolution of shaped Cu2O follows a similar way

for both the template-free and ordered colloidal crystal

templates. Therefore, Cu2O crystals were grown into

cluster shape as freely as on the bare substrate indicating

the oxide capital structure itself acts as a key factor. In

addition, the deposition depth was deeply influenced by the

position of the intersection between PS colloidal crystal

and Cu2O crystalline shown in Fig. 4d labeled A, B, C, the

detail will be discussed in the following part.

Figure 5 shows model of side view (perpendicular to

(1 1 1) plane) of the colloidal crystal infiltration with dif-

ferent deposition depth. Fig. 5b shows the macroporous

film with outermost layer thickness of approximately

h = 1/2 r, where r is the radius of the PS spheres used as

templates, h is the depth of the outermost layer thickness.

The connections between the outermost layer of voids and

the layer immediately below are clearly shown by the three

darker areas within each void. In addition, the mouths of

the voids have a uniform, smooth rounded shape with a

diameter of 2r as show in Fig. 3c labeled 3, 4, 5. Fig. 5a

presents the macroporous film and the outermost layer

thickness is less than r, or other say 1/3r. These correspond

to openings from the outer hemispherical void to the three

connecting spherical voids in the layer below were broken,

which demonstrated a bowl-like feathering as show by

arrows in Fig. 3c. Figure 5c reveals the macroporous Cu2O

film in a region where the depth of the outermost layer is

3/4r. As the deposition going on, these interstitial spaces

filled in by Cu2O and pore walls getting thicker than nor-

mal. In this case, the diameters of these interconnecting
Fig. 4 Schematic illustration of infiltrating process (side view,

perpendicular to (1 1 1) plane) based on PS colloidal crystal

Fig. 5 Models of side view
(perpendicular to (1 1 1) plane)

of the colloidal crystal

infiltration with different

deposition depth
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pore mouths are less than 2r. The image shows that the

mouths of the voids have a distorted shape as show in

Fig. 3c labeled 7.

4 Conclusion

The fabrication of the perfect 3DOM Cu2O and their

spherical-porous structure was prepared by template assis-

tant electrodeposition via simply adjusting the deposition

voltage. The evolution of the surface morphology has been

systematically studied. The results demonstrated that the

variation of the film morphology due to the electrodeposit-

ion infiltrating procedures. The perfect 3DOM Cu2O film

copy well-ordered colloidal crystal templates at -0.35 V.

More interestingly, the targets architectures copy both the

Cu2O crystalline and the templates structure at -0.38 or

-0.42 V, which is firstly reported systematically. Contem-

porary, models are set up to discuss the variation of the

morphology. When the electrodeposition depth of the out-

most layer is 1/2 r, the shape of the pore mouths is round with

diameter of 2r. When the depth of the outmost layer is less

than 1/2 r, the shape of the pore mouths is imperfect with

broken walls. And when the depth of the outmost layer is

more than 1/2 r, the distorted pores mouth with thicker wall

can be seen.
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