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Nanostructured copper selenide attracts much interest as it shows outstanding performance as 

thermoelectric, photo-thermal, and optical material. Mesoporous structure is also promising 

morphology to obtain better performance for electrochemical and catalytic applications, thanks 

to its high surface area. We propose a simple one-step electrochemical method for mesoporous 

chalcogenides synthesis. The synthesized copper selenide (Cu2Se) material has two types of 

mesopores (9 and 18 nm in diameter) which are uniformly distributed inside the flakes. We also 

implement these materials for NIBs anode as a proof of concept. The electrode employing the 

mesoporous Cu2Se exhibits superior and more stable specific capacity as a NIB’s anode 

compared to the non-porous samples. The electrode also exhibits excellent rate tolerance at 

each current density, from 100 to 1,000 mA g-1. We suggest that the mesoporous structure is 

advantageous for the insertion of Na ions inside the flakes. Electrochemical analysis indicates 

that the mesoporous electrode possesses more prominent diffusion-controlled kinetics during 

the sodiation-desodiation process, which contributes to the improvement of Na-ion storage 

performance. 

 

1. Introduction 

Copper chalcogenide semiconductors are exceedingly fascinating materials in research and 

industrial fields as they have versatile phases and may compose of mixed phases with other 

elements, enabling a wide range of bandgaps for light-driven applications and excellent 

functional properties in chemistry and physics fields.[1-4] Due to the low cost and the relative 

abundance, copper selenide has a high potential to be applied industrially and in research. It is 

widely applicable in optics, catalysis, and bioengineering fields. It may also conveniently serve 

as a precursor material for copper indium diselenide (CIS) or copper indium gallium diselenide 

(CIGS) solar cells,[5] thermo-electronics,[6] and photothermal materials as a cancer aid.[2,7] 

Copper selenide can be formed in many phases, such as Cu2Se, CuSe, Cu3Se2, etc., and 

interestingly, the energy bandgap is compositionally dependent.[1,7,8] Especially, Cu2Se forms 

two phases at room temperature, namely, α-phase and β-phase.[8-10] The β-phase exhibits high 

conductivity, thanks to its unique crystal nature.[11,12] Cu atoms can exist at different locations, 

resulting in three types of crystal structures, namely, monoclinic, tetragonal, and cubic.[13-15] 

Copper selenide materials are promising for rechargeable batteries, such as alkali metal-

ion batteries.[16-18] Among the alkali metal-ion batteries, sodium (Na) ion battery (NIB) is 

currently expected as a decent alternative to Li-ion batteries (LIBs), because Na is nontoxic and 

more abundant in the Earth’s crust compared to Li.[19] Due to high demand for large-scale 

rechargeable batteries, especially in electric cars and battery storage in houses, the production 
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cost and the abundance must first be considered. Current research in NIBs applications has 

reported significant progress in battery capacity utilizing common materials. N-doped 

C@Zn3B2O6 shows around 300 mAh g-1 capacity at 100 mA g-1 in the initial several 10 

cycles.[20] KMeO2 (Me = transition metal) and micro-structured MnO2 are other decent 

materials for a NIBs anode, showing around 100 mAh g-1 capacity at the same current 

density.[21-23] Cu2Se in the β-phase has also a high potential for an anode as it shows reversible 

transformations to Na2Se through different intermediate compositions during the 

charge/discharge processes, such as NayCu2-xSe and NaCuSe/Cu, and has a high theoretical 

specific capacity for NIBs.[16] Several reports have proposed the synthesis of nanoscale copper 

chalcogenides, such as nanoparticles,[24] nanotubes,[25] etc. Meanwhile, those have several 

disadvantages, such as severe aggregation and/or requiring assistance for self-standing. In 

addition, there have been very few reports on mesoporous chalcogenides. And no a single report 

on synthesizing highly uniform mesoporous Cu2Se is available. This would be the next 

challenge in the materials field. 

 The solvothermal process is a potential process to induce mesopores via nano-

crystallization.[16] A mesoporous Cu2Se shows high reversibility and keeps high capacity during 

long-term cycles, resulting in up to 96 % utilization of its theoretical capacity and 88 % retention 

after 2,000 cycles at 5 A g-1. Therefore, such a mesoporous architecture would be one of the 

most promising morphologies for a high-performance anode. However, the induced mesopores 

are randomly dispersed and their pore sizes are non-uniform, due to the standard nano-

crystallization process. Another potential method is inducing mesopores using liquid crystals 

during electrochemical synthesis. Uniform mesopores of CdTe have indeed been reported by 

employing viscous liquid crystals, but the pore size has been theoretically limited to 10 nm due 

to the molecular sizes of templates.[26] Also, highly viscous electrolytes would also make the 

synthesis difficult, and thus there have been no reports on the uniformly sized mesoporous 

Cu2Se.  

In recent years, our group has demonstrated many types of mesoporous metals and 

alloys utilizing block copolymer micelles.[27-29] Very recently, we have also applied this method 

to chalcogenide materials.[30] This enables architecting the well-designed mesoporous 

structures using block copolymers and controlling the compositions via a simple process. The 

size-tunable pores at nanoscale can uniformly and densely be dispersed, thus enhancing the 

electrochemically active surface area and the intrinsic material performance including 

electrochemical activities.[29-32] Compared to films adhered to substrates, powdery samples are 
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indispensable for many practical applications, including rechargeable batteries. Thus further 

development of this direction is required. 

Therefore herein, we demonstrate the electrochemical synthesis of mesoporous Cu2Se 

flakes through a simple one-step method. This method does not require any expensive and 

complicated equipment as it simply utilizes an electrodeposition process. It also enables 

expeditious material growth compared to other sluggish processes, i.e. solvothermal or 

chemical/physical vapor deposition processes. Although the electrochemical method essentially 

forms a thin film onto a conductive substrate, it can be widely applicable to any other shapes in 

addition to the flake shape, which is also in high demand for alkaline metal-ion batteries.[33,34] 

The resulting samples have self-standing numerous mesopores homogeneously dispersed 

within entire flakes. They also exhibit large electrochemically active surface area and high 

performance in NIB applications. The specific capacities of the mesoporous electrode are 374, 

327, 311, and 295 mAh g-1 at each current density of 100, 200, 500, and 1,000 mA g-1, 

respectively. Those performances are comparable with other current high-performance Cu2Se 

anodes.[16,35-37] For a Na-ion full battery system, several potential cathode materials have been 

recently reported, such as Na3V2(PO4)2O2F and pre-sodiated reduced graphene oxide (rGO), 

showing excellent full battery performance with respect to specific capacity over long 

cycles.[38,39] Na3V2(PO4)2F3@rGO has been also utilized with a Cu2Se anode, exhibiting 

reasonable specific capacity, such as 100-200 mAh g-1 at 0.1-2 A g-1.[37] Those materials would 

be potentially appropriate for the anode in the regarded mesoporous Cu2Se battery in the future. 

 

2. Results and Discussions 

The one-step process enables electrochemical fabrication of mesoporous Cu2Se 

films onto a conductive substrate, as shown in Figure 1a. Cu2Se is electrodeposited on a 

conductive substrate in the solution containing micelles. This concept is based on our 

previous research, and two types of pore sizes, i.e. 9 nm and 18 nm pores, are achieved by 

using a different type of block copolymers.[29,30] Cyclic voltammetry (CV) was conducted 

to investigate electrochemical reactions in the Cu-Se solution (Figure S1a). Cu2Se films 

have been deposited at a -0.1 V potential (vs. SHE) in each solution (Table S1), showing a 

stable current during the synthesis (Figure S1b). Although Cu2Se is one of the 

chalcogenide semiconductors, it has high conductivity and is available for stable 

electrochemical film growth. The long-term film growth onto indium tin-doped oxide 

(ITO) substrate makes it possible the Cu2Se flakes collection from the substrate because 

of their low adhesion to it. The films are easily collected after electrodeposition, although 
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a few parts still remain on the substrate (Movie S1). The PS cores are removed by rinsing 

in pure THF solution at 60 ˚C. The obtained powders were applied to NIB through a 

device assembly process.  

When an Au/Si substrate is used, relatively good adhesion to Cu2Se (Figure S2) is 

confirmed. The grown film shows a blueish glossy surface (Figure S2d). On the other hand, 

the transparent films reveal an orange color after electrodeposition onto the ITO 

substrate (Figure 1b) and possess a varying energy bandgap for each sample before the 

heat treatment (Figure S3). The intrinsic energy bandgap of β-phase is 2.1-2.3 eV.[9,40] 

Meanwhile, other related material such as Cu2Se3 shows a higher energy band gap, 

approximately 2.7-2.9 eV.[40] The present energy bandgaps are aligned to the 2.13-2.15 eV 

values (Figure S3) after heat treatment at 145 ˚C under an inert N2 atmosphere, 

confirming that all the obtained phases belong to the β-phase.[40] 

Surface morphologies of Cu2Se films reveal a uniform mesoporous structure in 

contrast to the non-porous film which shows a specific fibrous structure (Figure S2a-c). 

The obtained film compositions were analyzed by energy-dispersive X-ray spectroscopy 

(EDS). It is revealed that the films have a nearly stoichiometric composition of Cu2Se (with 

a deviation of only 1.5-1.6 % for all the samples (Figure S2e)). The pore sizes are 

calculated to be 9.2 nm and 18.1 nm, respectively (Figure S4a). These mesopores are 

created by polystyrene cores of comparable diameters, whose size can be controlled by a 

molecular weight of the block copolymer.[29] The validation coefficients of pore sizes are 

15 % and 18 % in 9-nm and 18-nm pore samples, respectively. The pore-to-pore distances 

are 19.8 nm and 30.0 nm in 9-nm and 18-nm pore samples (with 14 % and 13 % validation 

coefficients, respectively (Figure S4b)). Small-angle X-ray scattering profiles also confirm 

that each pore-to-pore distances are around 20.9 nm and 30.5 nm (Figure S5), which are 

in accord with the results in Figure S4b. 

According to the analysis using field emission scanning electron microscopy (FE-

SEM), Cu2Se film cross-sections retain the specific features during the film growth 

(Figure S6). Furthermore, a smooth surface is maintained during the film growth (up to 

700 s) for all the samples. The cross-sections of the non-porous sample reveal relatively 

larger hollow interiors which are formed because of the intrinsic fibrous structure (Figure 

S2c). The film growth rates were calculated based on the thickness of each film, as shown 

in Figure S7. The film thicknesses are linearly increased with the applied electrodeposition 

times. The growth rates are 0.45 nm s-1, 0.43 nm s-1, and 0.61 nm s-1 in 9-nm pore, 18-nm 

pore, and non-porous samples, respectively (Figure S7). 
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Electrochemical surface areas (ECSAs) were evaluated using CV analysis. The 

values are 2.5 mF cm-2 and 0.72 mF cm-2 for 9-nm and 18-nm pore films, respectively, 

with a 350 nm film thickness on the Au/Si substrate (Figure S8). In this measurement, the 

capacitances were measured by sweeping around the open circuit potential to analyze an 

electrical double layer. The calculated values for 9-nm and 18-nm pore films (2.5 mF cm-

2 and 0.72 mF cm-2) are 58 and 17 times higher than that for the non-porous film (0.043 

mF cm-2). Such huge increase is valuable for catalytic or electrochemical applications. The 

chemical surface states were further investigated by XPS analysis (Figure S9). Clear peaks 

of Cu (2p3/2 and 2p1/2) and Se (3d5/2 and 3d3/2) indicate that the surfaces are characteristics 

of pure copper selenide. Even though the materials are exposed to the air before XPS 

analysis, only weak oxidation peaks of Cu (936 eV) and Se (59 eV) are detected, implying 

that the mesoporous Cu2Se well tolerates the oxidation.[41] 

The surfaces and cross-sections of the flakes collected from the ITO substrate were 

then analyzed by FE-SEM in detail (Figure 2). After electrochemical deposition over a 

long time, the films reveal a micrometer-scale thickness (Figure 2b). The cross-sectional 

images indicate that the internal structures are formed by a mesoporous network (Figure 

2d, f), similar to the films on the Au/Si substrate (Figure S2a, b). All the samples (9-nm, 

18-nm and non-porous samples) show a similar fibrous texture on the flake surface 

(Figure 2c, e, g). The non-porous flakes seemingly have micrometer-scale hollow 

structures inside the film, resulting from the continuous growth of their fibrous 

morphology (Figure 2g, h). Their fibrous nature becomes more obvious compared to the 

films grown over less than 700 s (Figure S6). 

The sample flakes were then analyzed by X-ray powder diffraction (XRD) and 

high-resolution transmission electron microscopy (HRTEM) (Figure 3). According to 

XRD analysis, the strong peaks of β-phase Cu2Se are obvious. The grain size was 

calculated by the Scherrer equation using the strongest peaks at 46.7˚. The calculation 

gave the numbers of 54 nm, 61 nm, and 99 nm for 9-nm, 18-nm pore and non-porous 

samples, respectively (Figure 3a). The grain sizes are larger than the thickness of pore 

walls, indicating that crystallinity is coherently extended across several mesopores (Figure 

3b, c). The HRTEM image of the selected fragment indicates a pore size of around 20 nm 

in diameter, as indicated by an arrow (Figure 3c). The diffraction pattern is a 

characteristic of a polycrystal with 0.33 nm, 0.21 nm, and 0.17 nm lattice distances, 

natural to (111), (220), and (311) planes, respectively (Figure 3d), which agrees with the 
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XRD results (Figure 3a). The EDS elemental mapping data confirms the uniform 

distribution of Cu and Se atoms throughout the structures (Figure 3e). 

The performance of NIBs was electrochemically evaluated using non-porous and 

18-nm pore Cu2Se flakes. The initial CV curves of non-porous and 18-nm pore samples 

were first analyzed. Both the electrodes exhibit some irreversible peaks during the initial 

discharge stage (Figure S10), indicating formation of a thin solid electrolyte interface 

(SEI) layer.[42,43] Furthermore, galvanostatic charge-discharge curves of non-porous and 

18-nm pore samples reveal that both electrodes present a similar specific capacity for Na-

ion storage (Figure 4a). After the desodiation process, however, the 18-nm pore sample 

shows better reversibility than that of non-porous one, suggesting that the mesoporous 

Cu2Se is a better fit for a reversible migration during the sodiation-desodiation process. 

Figure 4b shows the cycling performance (up to the 50th cycle) of both samples. One 

interesting point is that the specific capacity of the non-porous sample rapidly fades over 

the initial few cycles, which should be due to the low charge transfer kinetics in non-

porous materials, resulting in a poor Na-ion diffusion at this stage.[44,45] Then, after around 

the 10th cycle, a distinct increase in specific capacity is observed. This should be due to the 

optimization of electrolyte-derived surface layers under further cycling.[46,47] Some 

inactive sites of Cu2Se can be excited, contributing to a further increase in specific 

capacity. At the 50th cycle, the non-porous sample provides a high specific capacity of 293 

mAh g-1 at 100 mA g-1. Meanwhile, the 18-nm pore sample exhibits a discharge specific 

capacity of 323 mAh g-1 with a reversible specific capacity of 308 mAh g-1 at the 50th cycle. 

The capacity of the 18-nm pore sample is a little higher than that of the non-porous sample. 

It should be noted that the 18-nm pore sample exhibits a very stable cycling performance 

in the initial stage, unlike the non-porous sample. The numerous mesopores allow Na-ions 

to be easily transferred inside the electrode material. Previous reports demonstrated that 

the original mesoporous structure remains even after the cycling tests, in which the 

mesopores can bare a volume change during the charge and discharge processes.[16,48,49]  

The similar situation is probably true in our experiments.  

In addition, it is found that both the electrodes possess quite high Coulombic 

efficiencies during the sodiation-desodiation processes (Figure 4c). High initial Coulombic 

efficiency generally means high utilization of Na-ions in a full battery setup essential for 

NIBs. The 18-nm pore sample presents a high initial Coulombic efficiency of 95.4 %. This 

value is comparable with the most recent Cu2Se and other chalcogenide materials tested 

in NIBs (in the range of 70-100 %).[16,50-57] 
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The rate performance was then investigated for further assessment of the 

electrochemical performance (Figure 4d). The non-porous sample delivers the reversible 

specific capacities of 388, 259, 238, and 239 mAh g-1 at 100, 200, 500, and 1,000 mA g-1, 

respectively. On the other hand, the 18-nm pore sample presents an enhanced rate 

performance for Na-ion storage, showing the reversible specific capacities of 374, 327, 311, 

and 295 mAh g-1 at 100, 200, 500, and 1,000 mA g-1, respectively. These capacities are 

above the Cu2Se theoretical capacity of 260 mA g-1 because of the existing defects and 

surface adsorption which can contribute to additional capacity.[58] The higher capacities 

of the 18-nm sample than those of the non-porous sample are derived from the 

intensification of kinetic processes inside the mesopores. As shown in Figure 4b, although 

the capacity decrease of the non-porous sample is observed in the initial stage due to the 

low charge transfer kinetics, the 18-nm pore sample presents a lesser capacity decrease in 

the initial stage owing to the mesoporous structure. To confirm this conclusion, the 

electrochemical impedance spectroscopy tests  of non-porous and 18-nm pore electrodes 

were carried out (Figure S11). It was found that the 18-nm pore sample better facilitates 

the charge transfer kinetics. 

To further analyze the kinetic behavior of both non-porous and 18-nm pore 

electrodes, each CV was investigated at different scan rates (Figure 5a, b). Both samples 

have the same reaction processes during sodiation. The 18-nm pore sample evenly 

increases the current at a scan rate from 1.5 to 2.0 V, suggesting faster diffusion reactions 

in this region. For further investigation of the electrochemical behavior, the relationship 

between current (i) and scan rate (v) was calculated using the following equation[59,60]:  

 𝒊𝒊 = 𝒂𝒂𝒗𝒗𝒃𝒃    (1) 

It can be transformed into the following equation: 

𝐥𝐥𝐥𝐥𝐥𝐥 𝒊𝒊 = 𝐥𝐥𝐥𝐥𝐥𝐥𝒂𝒂 + 𝒃𝒃 𝐥𝐥𝐥𝐥𝐥𝐥𝒗𝒗             (2) 

The b value is determined by a slope of the plot between current and scan rates. It 

is generally known that the b value shows ~0.5 number under the diffusion-controlled 

behavior, while it becomes around 1.0 when a capacitive behavior becomes in effect. Six 

redox peaks of the non-porous and 18-nm pore samples were selected for fitting to obtain 

the b values (Figure 5c, d). All the b values calculated from each peak are close to 1.0, 

manifesting that the capacitive behavior becomes dominant. To quantify the kinetic 

behavior, the capacitive contributions were also confirmed using the following 

equation[61,62]: 

𝒊𝒊(𝑽𝑽) = 𝒌𝒌𝟏𝟏𝒗𝒗 + 𝒌𝒌𝟐𝟐𝒗𝒗𝟏𝟏/𝟐𝟐  (3) 
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Then, the following equation can be obtained after conversion: 

𝒊𝒊(𝑽𝑽)/𝒗𝒗𝟏𝟏/𝟐𝟐 = 𝒌𝒌𝟏𝟏𝒗𝒗𝟏𝟏/𝟐𝟐 + 𝒌𝒌𝟐𝟐  (4) 

The k1v and k2v1/2 terms are regarded to reflect the capacitive behavior and 

diffusion-controlled behavior, respectively. The non-porous sample shows 88 % 

capacitive behaviors at 1 mV s-1, thus a slightly higher value than 86 % for the 18-nm pore 

sample. It means that the mesoporous electrode shows better diffusion-controlled 

behavior during the sodiation-desodiation processes. This contributes to the improvement 

of NIB specific capacity. Figures 5g-h comparatively show the capacitive and diffusion-

controlled behaviors at different scan rates. More prominent diffusion-controlled 

behaviors can be obtained for the 18-nm pore sample, suggesting that numerous 

mesopores improve the redox reaction in the sodiation-desodiation processes. 

 

3. Conclusion 

Two types of mesoporous Cu2Se flakes with different pore sizes (around 9 and 18 nm) have 

been synthesized via a simple electrochemical synthesis using a block copolymer followed by 

detaching the deposited films from an ITO substrate. Detailed structural analyses have 

confirmed that the resulting Cu2Se material contains numerous mesopores. Such mesopores are 

uniformly distributed within the flakes, thereby creating a huge electrochemically active surface 

area. The mesoporous Cu2Se shows high performance in NIB application. Both the mesoporous 

and non-porous samples reveal high reversible specific capacities of over 300 mAh g-1. Our 

mesoporous electrode exhibits more stable performance, over 300 mAh g-1 in each cycle. The 

mesoporous architecture contributes to efficiently delivering Na-ions inside the electrode 

material. Through a careful investigation using the CV analyses at different scan rates, it has 

been revealed that the more prominent diffusion-controlled behavior contributes to the 

improvement of the sodiation-desodiation reactions in the mesoporous samples. 
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Figure 1. Schematic diagram illustrating (a) electrodeposition of mesoporous Cu2Se and (b) 

sample photograph on an ITO substrate, surface FE-SEM image, and battery performance 

measurement. 
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Figure 2. (a) Photograph of Cu2Se flakes. (b) Low magnification SEM image of Cu2Se flakes. 

FE-SEM images of Cu2Se flakes: (c) their surface and (d) cross-sectional view of the 9-nm pore 

sample, (e) surface and (f) cross-sectional view of 18-nm pore sample, and (g) surface and (h) 

cross-sectional view of the non-porous sample.  
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Figure 3. (a) XRD patterns for 9-nm pore, 18-nm pore, and non-porous samples. (b) TEM and 

(c) HRTEM images, (c) corresponding diffraction patterns taken from the selected area and (e) 

EDS elemental maps of the 18-nm pore sample. 
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Figure 4. (a) Galvanostatic charge-discharge curves for non-porous and 18-nm pore samples. 

(b) Cycling performance, (c) Coulombic efficiencies and (d) rate performance of non-porous 

and 18-nm pore samples. The inset in Figure 4c shows the initial Coulombic efficiencies of 

non-porous and 18-nm pore samples. 
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Figure 5. (a, b) CV curves of (a) non-porous and (b) 18-nm pore samples at different scan rates 

from 0.2 mV s-1 to 1.2 mV s-1. (c, d) Relationship between log (i) and log (v) for (c) non-porous 

and (d) 18-nm pore samples. (e, f) Capacitive contribution region of (e) non-porous and (f) 18-

nm pore samples at 1.0 mV s-1. (g, h) Capacitive and diffusion-controlled behavior ratios of (g) 

non-porous and (h) 18-nm pore samples at different scan rates. 
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Abstract 

The proposed synthesis method enables fabrication of mesoporous Cu2Se flakes with huge 

electrochemically active surface area. Uniformly sized mesopores are homogeneously 

distributed within the flakes. The mesoporous electrode showshigh specific capacity (of more 

than 300 mAh g-1),stable cycling performance and diffusion-controlled electrochemical 

behavior. 
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