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Three-dimensionalization of ultrathin nanosheets in a two-

dimensional nano-reactor: macroporous CuO 

microstructures with enhanced cycling performance  

Chuan-Yin Jin,a Ming Hu,a Xun-Liang Cheng,a Fan-Xing Bu,a Li Xu,a Qing-Hong Zhangb and Ji-Sen 

Jiang*a 

Three-dimensional (3D) macroporous CuO structures 

composed of ultrathin nanosheets were successfully 

synthesized by employing a liquid-liquid interface as a two-

dimensional (2D) nano-reactor. The macroporous structure 

helped CuO to retain the exposed surface during reactions, 

thus significantly enhanced the long term cycling 

performance both in photocatalysis and lithium ion battery. 

Since the discovery of graphene,1,2 two-dimensional ultrathin 

nanosheets/flakes have attracted great interests owing to the 

excellent size-/shape dependent property of nanosheets.3 Because of 

the large specific surface area and exposed surfaces,4 ultrathin 

nanosheets can interact with active species very well, or allow the 

insertion of external ions efficiently.4a, 5 Such superiorities make the 

nanosheets to be great candidates in applications such as hetero-

catalysis and energy storage. 6 

Copper oxide (CuO) has been widely utilized in various 

applications such as photocatalysis,7 adsorption,8 gas sensing9 and 

lithium ions battery10. In recent years, CuO nanosheets have been 

synthesized, and showed enhanced performance in photocatalysis11 

and electrochemical application.12 However, two main problems 

exist currently. Firstly, the CuO nanosheets are generally thicker 

than 20 nm, indicating that the nanosheets contain too many layers. 

Thick nanosheets have longer diffusion pathway perpendicular to the 

facet, and smaller accessible surface area, thus weaken the 

performance of CuO nanosheets in catalysis or energy storage. 

Secondly, agglomeration of nanosheets is hard to be avoided. The 

agglomeration causes the nanosheets to stack on each other 

seriously, reduces the chance of external species to interact with 

nanosheets, leading to low catalytic activity, or poor cycling 

capability.  

To solve the problems, it is important to find a way to 

synthesize ultra-thin CuO nanosheets and organize them into a three-

dimensional (3D) structure.13 Three-dimensionalization was 

considered to be an efficient way to improve the performance of 

nanosheets in applications. For example, Worsley et al.13a 

synthesized sp2-cross-linked three-dimensional graphene monoliths 

with high surface area, which exhibited extraordinarily high surface 

area and large pore volume, while maintaining the high conductivity 

observed in the resorcinol formaldehyde-derived graphene aerogels. 
Chen et al.13b reported a direct synthesis of 3D foam-like graphene 

macrostructures, which showed high electrical conductivity. In these 

cases, the nanosheets were well-supported, and large fraction of the 

surface of nanosheets was exposed, thus good physicochemical 

property of the material could be well maintained. Yin et al. 

synthesized 3D nanosheet-based flocculus-like hierarchical CuO 

nanostructures in solution, the thickness of the nanosheet were 

approximately 88.7 nm and 240 nm. 14  

Herein, we utilized a confined 2D space, the interface between 

immiscible liquids, as a nano-reactor. The nano-reactor could work 

as a template to confine the thickness of nanosheets. Moreover, we 

deduced that the obtained nanosheets could self-assemble in a 3D 

way in such confined space. We expected 3D ultra-thin CuO 

nanosheets could show superior long-term activity over either 

commercial CuO or non-organized nanosheets in hetero-catalysis as 

well as electrochemical energy storage.  

In a typical procedure, a liquid interface reactor was established 

by placing water above hydrophobic liquid, dichloromethane, as 

shown in Scheme 1. The height of the reactor is estimated to be 

about 1nm.15 As shown in Scheme 1a, cupric acetylacetonate was 

dissolved in dichloromethane phase, while sodium hydroxide was 

dissolved in water phase. Then, the reaction between cupric ions and 

hydroxide ions was forced to be within the liquid-liquid interface 

which also meant that the generation of CuO was confined in this 

limited space. Digital photos taken from the reaction system before 

and after reaction were shown in Scheme 1b. The black area in the 
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right side of Scheme 1b illustrated the formation of CuO inside the 

liquid-liquid interface. As the  thicknesses of the interfaces can be 

modulated by using different types of solvents, or by changing the 

temperature of reaction system,16 such approach may open a general 

way to prepare 3D structures composed of ultrathin nanosheets with 

different thickness. 

 

Scheme 1. (a) Scheme of the 2D nano-reactor established at the interface of 

immiscible liquids; (b) Photo of the reaction system before and after reaction. 

 Fig.S1 shows the XRD pattern of the as-prepared sample. 

All the peaks can be assigned as monoclinic CuO (JCPDS file 

no. 48-1548, space group C2/c). No additional peak was 

detected, suggesting the purity of as-prepared CuO sample.  

Fig. 1a is SEM image of the as-prepared CuO product, from 

which numerous 3D flower-like macroporous spheres were 

clearly observed. These structures are of a mean size of around 

7-8 µm.  Low-magnified FESEM image (Fig. S2) clearly 

reveals high yield of the 3D flower-like macroporous spheres. 

Fig. 1b shows the 3D structures are build up by nanosheets. The 

nanosheets are organized together, and support each other with 

almost all the surfaces exposed. The mean thickness of these 

nanosheets building blocks is of 6.42�
�
1.05

 nm (Fig. S3) 

according to the SEM image, which are much thinner than 

previous reports17 (Table. S1). SEM image shown in Fig. 1c 

indicates an individual microstructure is relatively robust after 

the sample preparation procedure. The pore size of the structure 

is between 100 and 400 nm.  Fig. 1d is the TEM image of a 

non-organized nanosheet from the broken structures. The 

corner of the nanosheet contains some whiskers (inside the 

circle in Fig. 1d), suggesting that the nanosheets may be 

assembled by nanowires. The corresponding SAED pattern(Fig. 

3d inset) of the nanosheet is constituted of periodic spots, 

indicating the nanosheet is single crystalline. The projection 

can be indexed to [11–1] zone axis, indicating the exposed 

surface is (11–1). 

 Nitrogen sorption analysis was performed to investigate the 

specific surface area and porosity of such 3D macroporous CuO 

structures (Fig. S4). Brunauer–Emmett–Teller (BET) surface 

area of the 3D macroporous CuO structures was calculated to 

be 14 m2g-1 based on the desorption curve. The hysteresis loop 

from P/P0=0.6 to P/P0=1 suggests the existence of macroporous, 

which is in consistence with the shape of 3D CuO nanosheets 

observed by SEM. 

 Time-dependent experiment illustrates that the generation of 

3D macroporous CuO structures is a multiple-step process, 

from Cu(OH)2 nanorods to 3D CuO structures. Fig. S5 and Fig. 

S6 present the XRD profiles and SEM images of the samples 

taken at different reaction periods, respectively. Cu(OH)2 

nanorods were generated at 15 min, while minor amount of 

CuO co-existed. After two hours, the nanorods aggregated 

together, and the main composition was Cu(OH)2 still. The 

morphology of sample changed significantly when the reaction 

time was 6 h.  

 

Fig. 1 Electron microscopy characterization of as-synthesized CuO sample. (a) Low-

magnification SEM image of the prepared 3D macroporous CuO structure; (b) SEM 

image of an individual 3D macroporous CuO structure; (c) Part of an 3D macroporous 

CuO structure; (d) TEM image of an individual nanosheet, and the inset is the 

corresponding SAED pattern.  

The 3D macroporous CuO structures became the main product, 

while more CuO was generated. When the time reached to 10 h, 

Cu(OH)2 dismissed, while CuO was the only product. The 3D 

macroporous CuO structures formed from 6 h was retained 

after 12 h as shown in Fig. S6c and Fig. S6d. 

 
Fig. 2 Possible formation process of obtained 3D macroporous CuO structures 

composed of nanosheets.  

 On the basis of above multiple-step process, possible 

mechanism was proposed as shown in Fig. 2. From the very 

beginning of reaction, hydroxide ions in water phase reacted 

with Cu(acac)2 in oil phase at the liquid/liquid interface via ion 

diffusion. Cu(OH)2 was first formed after precipitation of Cu2+ 

and OH-. The shape of Cu(OH)2 was typical nanorods which 

was common in previous reports owing to the principal crystal 

structure of Cu(OH)2.
18 The limited space probably forced the 

nanorods to aggregate together to reduce the surface energy of 

nanorods. Subsequently, the 3D nanorods further fused together 

in an interesting way. The nanorods attached each other 

parallelly, and formed nanosheets. The self-assembly of 

nanorods to generate nanosheets could be supported by the 

TEM image (Fig. 1d). At the edge of nanosheets, whisker like 

shape could be observed. The driving force is probably the high 

surface energy of nanorods as well as the narrow reaction space 

in which concentrated species are located. The nanosheets 
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retained the position and form 3D nanosheets. In the meantime, 

Cu(OH)2 de-hydrated to generate CuO. 

 It has been reported that CuO can serve as an effective 

photocatalyst for the degradation of organic pollutants under 

visible light irradiation.7c, d, 19 Herein, to qualitatively show the 

superiority of 3D macroporous CuO structures over non-

organized nanosheets, commercial CuO or 3D structures 

composed by thicker sheets(Fig. S10), we investigated 

photocatalytic decomposition of rhodamine B (RhB) under 

visible light irradiation. Fig. 3a shows the time-dependent 

degradation curves of RhB in the presence of CuO catalysts 

after five times cycling. The degradation of RhB catalyzed by 

3D macroporous CuO structures, non-organized nanosheets and 

3D structures composed by thicker sheets were faster than 

commercial CuO, suggesting the nanosheets have higher 

catalytic activity. Better performance of 3D macroporous CuO 

structures than 3D structures composed by thicker sheets was 

observed, this could be attributed to the bigger surface area 

brought by the ultrathin nanosheets. Moreover, 3D 

macroporous CuO structures present an even higher efficiency 

than non-organized nanosheets during catalysis, which may 

come from the long term mesoscale structural stability of 3D 

macroporous CuO structures. Fig. 3b further confirms the long 

term catalytic activity of 3D nanosheets. The 3D macroporous 

CuO structures performed similar high activity during five 

times cycling test because the structures were maintained very 

well during cycling (Fig. S7). However, the activity of non-

organized nanosheets decayed significantly during five times 

tests. SEM image of the samples taken after five times catalysis 

illustrated that non-organized nanosheets stack on each other 

(Fig. S8) (The non-organized nanosheets were well dispersed 

before catalysis (Fig. S9)). The reduced accessible surface of 

nanosheets is probably the reason that non-organized 

nanosheets performed worse than 3D nanosheets. 

 
Fig. 3 (a) Time-dependent degradation curves of RhB catalyzed by 3D 

macroporous CuO structures constituted by ultrathin nanosheets(I), non-
organized CuO nanosheets(II), commercial CuO powder(III) and 3D structures 
composed by thicker sheets (IV) at the fifth circle. (b) Long term catalytic activity 

of 3D macroporous CuO structures(I) and non-organized CuO nanosheets(Ⅱ) in 
degrading RhB. 
 Not only in photocatalysis,  the 3D macroporous CuO 

structures showed superior performance over 3D structures 

composed by thicker sheets, non-organized nanosheets and 

commercial CuO as the anode of lithium ion battery. The 

cycling performance and coulombic efficiency of the 3D 

macroporous CuO structures at a rate of 0.1 C are shown in Fig. 

4. The capacity of 3D macroporous CuO structures can sustain 

65% (390 mAhg-1) capacity of the 2nd cycle (600 mAhg-1) at a 

rate of 0.1 C after 30 cycles. The coulombic efficiency of the 

structures can sustain at about 100%. The relatively high 

reversible capacity could be attributed to its macroporous 

structure. The macroporous structure allows the nanosheets to 

interact with the electrolyte sufficiently, leading to a high 

discharging capacity. 3D structures composed by thicker sheets 

show lower capacity during cycling. The lower capacity of 3D 

CuO structures constituted of thick sheets could be attributed to 

the longer diffusion pathway perpendicular to the facet and 

smaller surface area. The non-organized nanosheets show even 

worse performance. The capacity reduced from 467 mAhg-1 to 

130 mAhg-1, 72% percentage of capacity was lost. As the non-

organized nanosheets would stack on each other easily, this 

could limit the chance of contact between electrolyte and the 

surface of material, further decrease the diffusion rate of ions in 

the battery. Commercial CuO shows lowest capacity because it 

processes no 3D structure or nanosheet when compared with 

the other samples. The stable cycling of commercial CuO 

probably comes from a better crystallinity. The XRD profiles of 

commercial CuO (Fig. S11) suggest that the crystallinity of 

commercial CuO is better that our 3D CuO because higher and 

narrower diffraction peaks with smaller full width at half 

maximum (FWHM) values were observed at ((11-1) and (111)) 

of commercial CuO. 

 In summary, we have proposed an approach to fabricate 3D 

macroporous CuO structures composed of ultrathin nanosheets 

by utilization of an interface between immiscible liquids. The 

confined reaction space facilitated the generation of ultrathin 

nanosheets, and made them assemble into a 3D macroporous 

structure. Such structure helped the nanosheets to keep exposed 

without stacking on each other during chemical reaction, and 

offered CuO superior long term activity both in photocatalysis 

and lithium ion battery. Such approach may open a general way 

to prepare 3D structures composed of ultrathin nanosheets, and 

provide superior catalyst or energy storage materials with long 

term activity. 

 
Fig. 4 Cycling performance of CuO samples. CuO structures constituted by 

ultrathin nanosheets(I), 3D structure with thick blocks(II), non-organized CuO 
nanosheets(III) and commercial CuO powder(IV). Coulombic efficiency of CuO 
structures constituted by ultrathin nanosheets is shown as the green line. 
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