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a b s t r a c t

In the face of multiple challenges brought by the changes of global climate and environment, developing

clean energy and updating green energy storage equipment are important ways to achieve carbon peak

and carbon neutrality. Aqueous batteries have become a research hotspot due to their advantages of using

the multivalent charge carrier, high ionic conductivity, environmental friendliness and cost effectiveness.

In this work, the Cu2Se@C (Cu2Se coated on carbon clothes) thin film with a three-dimensional braided

structure is fabricated by a simple electrochemical deposition method for Cu2+ storage for the first time.

Compared with the commercial Cu2Se powder, the well-designed Cu2Se@C film shows enhanced specific

capacity (640 mAh/g at 0.5 A/g) and rate performance (542 mAh/g at 5 A/g) as well as superior cy-

cling stability (82.7% capacity retention after 1000 cycles at 1 A/g). The Cu2+ storage mechanism of the

Cu2Se@C electrode is based on a reversible phase transition process of Cu2Se ↔ Cu2-xSe ↔ CuSe ↔ CuSe2.

In kinetic characteristic analysis, the Cu2Se@C electrode demonstrates faster Cu2+ diffusion in discharge

process than charge process resulting from the phase transition and the variation of interplanar spacing.

This work highlights a facile one-piece design strategy and opens a new gateway for the exploration of

advanced aqueous energy storage systems.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the face of multiple challenges resulting from the global cli-

mate and environmental changes, developing clean energy should

be placed at the core of new environmental protection policy.

Updating the green energy storage equipment and system is an

important way to achieve carbon peak and carbon neutrality.

Lithium-ion batteries (LIBs) with high operating voltage, large spe-

cific capacity and superior energy density have experienced ex-

plosive growth in recent years [1–3]. However, the shortcomings

of LIBs such as security issue, low lithium reserves and high cost

make it difficult to satisfy the comprehensive industrial standards

[4,5]. Compared with batteries with organic electrolyte, aqueous

batteries have become the research hotspot owing to their ad-

vantages of high ionic conductivity, environmental friendliness and

low cost [6–11]. What is more, the use of multivalent charge car-

rier (Zn2+, Cu2+) can enhance the charge and discharge efficiency.

Recently, cost-effective transition metal oxides and chalco-

genides, such as Bi2O2Se [12], MoS2 [13], Sb2Se3 [14], have become

the competitive candidate electrode materials for energy storage
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devices due to their advantages of the variety of structures and

morphologies, admirable electronic conductivity, variable valences

states for redox process and prominent electrochemical proper-

ties. [15–18] Among them, Cu2Se is a good ionic conductor and

possesses superior charge transfer ability mainly due to the co-

existence of reduced anionic electronegativity and high covalency,

which is conducive to improving the adaptation to diverse elec-

tronic configuration and lower bandgap [19,20]. What is more,

Cu2Se shows a large interplanar spacing about 0.338nm, which can

enable the fast transfer of Cu+ along the channel and provide space

for the insertion and de-intercalation of metal ion during charge

and discharge process, leading to preferable electrochemical per-

formance [21]. Additionally, the chemical stability of electrode ma-

terials in aqueous electrolyte is also a significant characteristic for

energy storage to avoid the shuttle effect, which may generate ca-

pacity attenuation during cycling. It is fortunately that the copper

selenides show a large solubility product constant (Ksp, Ksp(Cu2Se)
=

52.81, Ksp(CuSe) = 41.68), indicating the admirable chemical stabil-

ity in aqueous electrolyte during insertion and de-intercalation of

Cu2+ [22].

According to early researches, Cu2Se is an excellent electrode

material in energy storage systems for sodium (Na), zinc (Zn) ion
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batteries and supercapacitors [21,23–25]. Recently, Cu2Se has been

prepared by electrospinning method, solvothermal method and

many other methods. It is worth noting that the production equip-

ments, manufacturing techniques and other technological require-

ments of the preparation methods determine whether it is suitable

for large-scale industrial production. However, the Cu2Se-based

composites prepared by using an electrospinning method requires

advanced electrospinning equipment, high operating voltage (8.9

kV) and complicated heat treatment process [26]. Other methods,

such as solvothermal method, have the following disadvantages:

high temperature, high pressure and long reaction time. Moreover,

it is very complicated to mix the active material powders with

binder together and coat the resulting slurry on current collector

in traditional electrode preparation technology. Hence, it is very

necessary to find a simple and cost-effective method for prepar-

ing the Cu2Se electrode. The electrochemical deposition method

has the characteristics of low cost, simple craft, reliable control-

lability as well as convenient operation, which is easy to realize

large-scale industrial production. Meanwhile, the carbon clothes

with good electrical conductivity are suitable for the use as the

working electrode for electrochemical deposition. What is more,

the carbon clothes with three-dimensional braided structure as the

current collector for electrode can act as elastic buffer layer and

provide extra space for the volume expansion of the electrode dur-

ing insertion and de-intercalation of metal ions, which is helpful

for long cycling stability [27]. Depositing active materials directly

on current collector to form a one-piece designed thin film elec-

trode can economize the cost on conductive carbon black, binder

and corresponding electrode preparation technological process and

boost the conductivity of the electrode by putting the active ma-

terial in direct contact with the current collector without the non-

conductive organic binder [28,29].

In this work, the Cu2Se@C thin film with three-dimensional

braided structure was fabricated by a simple and easy electro-

chemical deposition method for the first time. The Cu2Se@C thin

film electrode was assembled into “Cu|0.5mol/L CuSO4| Cu2Se@C”

coin cell for Cu2+ storage. By one-piece and three-dimensional

braided structure design, the Cu2Se@C film demonstrates perfect

electrochemical performance compared with the commercial Cu2Se

powder. The specific capacities of the Cu2Se@C film at 0.5 and 1

A/g are 762 and 422 mAh/g, respectively. During long 1000 cy-

cles, the average capacity decay rate is as low as 0.017%, indicat-

ing the superior cycling stability of the Cu2Se@C film. The conver-

sion mechanism of the Cu2Se@C electrode during charge/discharge

process was investigated by ex situ X-ray diffraction (XRD) and

X-ray photoelectron spectroscopy (XPS). The results reveal that

the Cu2+ storage mechanism of the Cu2Se@C electrode is based

on a reversible phase transition process of Cu2Se ↔ Cu2-xSe ↔
CuSe ↔ CuSe2. The electrode reactions can be summarized as

follows: cathode: CuSe2 +3Cu2+ +6e− ↔ 2Cu2Se; anode: 3Cu ↔
3Cu2+ +6e−; battery: CuSe2 +3Cu ↔ 2Cu2Se. In kinetic character-

istic analysis, the Cu2Se@C electrode shows faster Cu2+ diffusion

in discharge process than charge process resulting from the phase

transition and variation of interplanar spacing.

The Cu2Se@C thin film was prepared by an electrochemical de-

position method with a three-electrode system as illustrated in

Fig. 1a. A piece of 3 cm×3 cm carbon clothes was used as work-

ing electrode, graphite electrode as counter electrode, and stan-

dard AgCl electrode as reference electrode. The electrolyte was an

aqueous solution by mixing 5.0 g CuSO4·5H2O, 1.5 g Na2SeO3, 10.0 g

NaCl and 5.0 g citric acid in 100mL distilled water. The deposition

was set at −0.6V for 900 s at ambient temperature and pressure.

The surface morphology, microstructure of the active materi-

als and its combination with the current collector of the elec-

trode have a great significance on the electrochemical properties,

hence SEM images were used to observe the carbon clothes and

Fig. 1. (a) Schematic illustration of the electrodeposition process. SEM surface ob-

servation of (b) carbon clothes and (c-e) Cu2Se@C thin film. (f) The morphology of

cross-section and (g) EDS elemental mapping of Cu2Se@C.

the Cu2Se@C thin film [30–32]. As shown in Fig. 1b, the carbon

clothes are knitted orderly by carbon fibers, which are arranged

in gaps. The gaps between the carbon clothes are conducive to

the permeation of electrolyte and the deposition of Cu2Se@C thin

film. From Fig. 1c, the deposited Cu2Se@C thin film maintains the

three-dimensional braided structure and gaps, which are beneficial

to the contact between active materials and electrolyte and pro-

vide the space for the volume expansion of electrode. Figs. 1d and

e illustrate the detailed information of the as-deposited film. The

Cu2Se layer uniformly covered on the carbon fibers is composed of

numerous nanoparticles and exhibits a large specific surface area.

From the cross-section view (Fig. 1f), the thickness of the Cu2Se

layer is about 424.6 nm. The energy dispersive spectrum (EDS) ele-

mental mapping images of Cu and Se elements of Cu2Se@C thin

film (Fig. 1g) further confirm the uniform distribution of Cu2Se

layer on the surface of carbon fiber. As shown in Fig. S1 (Support-

ing information), the commercial Cu2Se powder shows no special

morphology with the irregular micrometer particles.

The phase, surface element valence state and crystal structure

of the as-deposited Cu2Se@C thin film were revealed by XRD,

XPS and TEM. The XRD pattern of the as-deposited Cu2Se@C thin

film (Fig. 2a) exhibits a broad peak at 26° and a small peak at

45°, which match well with the (222) and (334) planes of Cu2Se

(PDF#29–0575), respectively [33]. As exhibited in Fig. S2 (Support-

ing information), the XRD pattern of the well crystallized com-

mercial Cu2Se powder can also well match the standard PDF card

of Cu2Se (PDF#29–0575). The Cu 2p and Se 3d peaks are shown

in survey spectrum of the Cu2Se@C thin film (Fig. S3 in Support-

ing information). As shown in Fig. 2b, Cu 2p1/2 at 952.60 eV and

Cu 2p3/2 at 932.60 eV are the characteristic peaks of Cu+ [34,35].

Fig. 2c depicts the high-resolution XPS spectrum of Se 3d, and the
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Fig. 2. (a) XRD pattern of Cu2Se@C. XPS spectra of (b) Cu 2p and (c) Se 3d. (d) TEM, (e) SAED and (f) HRTEM images of Cu2Se@C.

splitted Se 3d3/2 peak at 55.09 eV and Se 3d5/2 peak at 54.18 eV

can be assigned to Se2− [14,34,35]. What is more, the element

ratio of Cu: Se counted by XPS is about 2.0. Combining the re-

sults of element valence state and element ratio, we can draw a

conclusion that the phase of the as-deposited film is Cu2Se. The

TEM image (Fig. 2d) again verifies that the film is constituted of

numerous nanoparticles. There are three polycrystalline diffraction

rings displayed in SAED (Fig. 2e), which can be indexed to (222),

(334) and (533) planes of Cu2Se, respectively. Fig. 2f is the high-

resolution TEM image of the as-deposited film, and the lattice

fringe of 0.33nm can be assigned to the (222) plane of Cu2Se.

In conclusion, based on the results of multiple technical analyses

(XRD, XPS, TEM), the component and phase of the thin film de-

posited by electrochemical deposition method is Cu2Se.

The formation of Cu2Se phase during electrochemical deposi-

tion process can be divided into two successive steps: First, the

Cu2+ is complexed with citrate to form CuCit−. Then, the SeO3
2− is

reduced to Se2−, and further combined with CuCit− to form Cu2Se

solid. The reaction process can be described by the following equa-

tions [36]:

Cu2+ +Cit3− ↔ CuCit− (1)

2CuCit− +6H+ + SeO3
2− +6e− ↔ Cu2Se+3H2O+Cit3− (2)

The electrochemical performance of the Cu2Se@C was tested by

R2025 coin cells assembled by employing Cu2Se@C as cathode, Cu

foil as anode and 0.5mol/L CuSO4 as electrolyte. Fig. 3a shows the

cyclic voltammetry (CV) curves of the commercial Cu2Se powder

and the Cu2Se@C film at a scan rate of 0.05mV/s in a voltage win-

dow of 0–0.5V (vs. Cu2+/Cu). For Cu2Se@C electrode, three oxida-

tion peaks are presented in oxidation process. The oxidation peak

at 0.09V is relatively small, and two larger oxidation peaks at 0.23

and 0.27V overlap each other. During the reduction process, three

reduction peaks correspond well to the three oxidation peaks, indi-

cating the great reversibility of the Cu2Se@C electrode. Two larger

reduction peaks (0.13 and 0.11V) close together, and a tiny reduc-

tion peak is observed at a low potential of 0.07V. The redox peaks

always correspond to the phase transition during scanning, declar-

ing that the Cu2Se@C electrode undergoes a multiphase transition

in the redox process. The potential differences between the oxida-

tion peaks and the reduction peaks of the Cu2Se@C film are less

Fig. 3. The electrochemical performance of the Cu2Se powder and the Cu2Se@C

film. (a) CV curve. (b) GCD curve. The rate performance of (c) Cu2Se powder and

(d) Cu2Se@C film. (e) The long cycling performance and (f) EIS of the Cu2Se@C film.

(g) The comparison of specific capacities and energy densities of Se-based electrode

materials in literatures with this work (the Cu2Se@C film).
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than those of the commercial Cu2Se powder due to the smaller in-

ternal resistance and the less polarization potential generated by

the well-designed Cu2Se@C film.

The GCD curves at 0.5 A/g in the potential range of 0–0.5V are

shown in Fig. 3b. Compared with the commercial Cu2Se powder,

the Cu2Se@C film displays higher specific capacities and more sta-

ble voltage platform, which indicates that the Cu2Se@C film with

the three-dimensional braided structure can effectively improve

energy storage capacity. In the charge curve of the Cu2Se@C film,

the short voltage platform with the scope of 0.09–0.12V and two

slope long voltage platforms (0.19–0.22V and 0.22–0.26V) are in

great agreement with the three oxidation peaks at 0.09, 0.23 and

0.27V, respectively. During discharging, the discharge platforms of

0.18–0.16V, 0.15–0.12V and 0.09–0.05V well match the reduction

peaks of 0.13, 0.11 and 0.07V. The GCD curves again verify that

the Cu2Se@C electrode undergoes a multiphase transition during

charging-discharging, which will be discussed later.

To investigate the rate performance of the Cu2Se powder and

the Cu2Se@C film, the assembled coin cells were tested at current

densities from 0.2 A/g to 5 A/g. The discharge specific capacities

of the commercial Cu2Se powder are about 297 mAh/g at 0.2 A/g

and 291 mAh/g at 0.5 A/g (Fig. 3c), and the charging and discharg-

ing process becomes unstable when the current density increases

to 1 A/g. As demonstrated in Fig. 3d, the Cu2Se@C electrode shows

superb rate performance, and the discharge specific capacities at

0.5, 1, 2, 5 A/g are 640, 635, 627, 542 mAh/g, respectively. Fig.

3e exhibits the long cycling stability of the Cu2Se@C film at cur-

rent densities of 0.5 and 1 A/g for 1000 cycles. The first charge

and discharge specific capacities at 0.5 A/g are about 762 and 714

mAh/g, respectively. After 1000 cycles, the charge and discharge

specific capacities can still be kept at 629 and 607 mAh/g, respec-

tively. When tested at 1 A/g, the Cu2Se@C electrode shows the first

charge and discharge specific capacities of 422 and 409 mAh/g, re-

spectively. After 1000 long cycles, the charge and discharge specific

capacities maintain at 349 and 336 mAh/g, respectively. During the

long 1000 cycles, the capacity retention rate is 82.7%, which means

the average capacity decay rate is as low as 0.017%. What is more,

the Coulombic efficiency of the Cu2Se@C electrode at 1 A/g re-

mains unchanged at about 97% from the 1st cycle to the 1000th cy-

cle. The excellent cycling stability is mainly attributed to the three-

dimensional braided structure of the Cu2Se@C thin film and the

good connection between active material and carbon fibers.

The Nyquist plots of the Cu2Se powder and the Cu2Se@C elec-

trode are illustrated in Fig. S4 (Suporting information) and Fig. 3f,

which are composed of two parts: A high-frequency semicircle and

a low-frequency diagonal line. The inset is the fitted equivalent cir-

cuit. Re represents the internal resistance, Rct means the charge

transfer resistance, W1 is the warburg resistance, which is asso-

ciated with the ion diffusion in electrode. The Rct of the Cu2Se

powder is about 380 �. It is obvious that the Rct of the Cu2Se@C

electrode before cycling is relatively small (about 29.39 �), which

benefits from the one-piece binder-free design. The well-designed

structure and the immediate contact between active material and

current collector will accelerate the fast movement of the charge.

After 1000 cycles, the Rct increases slightly to 61.16 �, which may

be due to the volume expansion during the charge-discharge. The

impact associated with the volume expansion includes inadequate

contact between active material (Cu2Se layer) and current collector

(carbon clothes), which may increase the interface resistance and

further bring about the capacity fading.

Fig. 3g is the comparison of specific capacities and energy

densities of the previously reported Se-based electrode materi-

als at 1 A/g with those of the Cu2Se@C electrode in this work

[12,15,17,20,25,37–39]. It is obvious that the Cu2Se@C electrode in

this work shows higher specific capacities and energy densities at

the same current density, demonstrating that the Cu2Se@C elec-

trode with admirable electrochemical performance is of great sig-

nificance for the development of new electrode material systems.

For the purpose of revealing the electrochemical behavior and

energy storage mechanism of the Cu2Se@C electrode, ex situ XRD

and XPS were employed to explain and give evidence of the phase

transition process and the variations of valence state of the el-

ements during charge and discharge process. Fig. 4a is the GCD

curve of the Cu2Se@C electrode at 0.1 A/g, in which we choose

some research points (charging to 0.10, 0.23, 0.50V and discharg-

ing to 0.16, 0.13, 0.01V) for ex situ XRD analyses. The ex situ XRD

analyses of the Cu2Se@C electrode at different charge-discharge

states are illustrated in Fig. 4b. When charging to 0.10V, the main

peak shifts to the right, which can well match the (111) plane of

Cu2-xSe (PDF#06–0680, space group of F 4̄3m, a= b= c=0.5739nm,

α =β =γ =90°) with an interplanar spacing of 0.333nm [40].

With further oxidation to 0.23V, the phase of the cathode changes

to CuSe (PDF#34–0171, space group of P63/mmc, a= b=0.3939nm,

c=1.725nm, α =β =90°, γ =120°) and the diffraction peak can

correspond to the (102) plane with an interplanar spacing of

0.317nm. [34] At the end of the charging process (charging to

0.5V), the diffraction peak moves to the far right and can be as-

signed to the (020) plane of CuSe2 (PDF#18–0453, space group

of Pnnm, a=0.509nm, b=0.628nm, c=0.38nm, α =β =γ =90°)
with an interplanar spacing of 0.313nm [41]. During the reduction

process, the characteristic diffraction peaks gradually shift back to

the left and the phases of the Cu2Se@C electrode can be identi-

fied as CuSe, Cu2-xSe and Cu2Se when discharging to 0.16, 0.13

and 0.01V, respectively. Notably, when discharging to 0.01V, the

phase of active material can return back to Cu2Se, which is the cru-

cial evidence for the admirable cyclic reversibility of the Cu2Se@C

electrode. Based on the phase components and phase evolution of

the Cu2Se@C electrode during the charging process, the conversion

process can be summarized as: Cu2Se ↔ Cu2-xSe ↔ CuSe ↔ CuSe2,

and the corresponding crystal structure transition is illustrated in

Fig. 4e. As mentioned before, the redox peaks in the CV curve and

the voltage platform in the GCD curve are caused by the phase

transition between Cu2Se, Cu2-xSe, CuSe and CuSe2. Additionally,

the cathodic reaction equation during charging and discharging can

be written as:

2Cu2Se ↔ CuSe2 +3Cu2+ +6e− (3)

Based on this equation, the average 1mol Cu2Se can store

1.5mol Cu2+ and transfer 3mol e−, and it is easy to calculate the

theoretical specific capacity of Cu2Se (780.39 mAh/g), which is far

beyond other aqueous battery cathode materials, such as MnO2

(308 mAh/g) [7] and vanadium-based oxides (about 300 mAh/g)

[42] in zinc ion batteries.

The comparison of the surface valence states of Cu and Se el-

ements of the Cu2Se@C electrode at different states (the original

state, charging to 0.50V and discharging to 0.01V) is verified by

XPS. As shown in Fig. 4c, only two characteristic peaks of Cu+

present at 952.60 eV (Cu 2p1/2) and 932.60 eV (Cu 2p3/2) at the

original state. When charging to 0.50V, despite the remain of the

characteristic peaks of incompletely oxidized Cu+, the characteris-

tic peaks of Cu2+ (Cu 2p1/2 at 955.00 eV, Cu 2p3/2 at 934.85 eV) and

corresponding satellite peaks appear distinctly [43,44]. The trans-

formation from Cu+ to Cu2+ is due to the oxidation reaction re-

sulting from the de-intercalation of Cu2+ from the Cu2Se@C elec-

trode during the charging process. When discharging to 0.01V, the

high-resolution XPS spectrum of Cu 2p demonstrates the weak-

ened characteristic peaks of Cu2+ and the enhanced characteristic

peaks of Cu+, indicating the reduction of Cu2+ to Cu+ during the

discharging process. As presented in Fig. 4d, at the original state,

the Se 3d splits into Se 3d3/2 peak at 55.09 eV and Se 3d5/2 peak

at 54.18 eV, which can be assigned to Se2−. When fully charging

4
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Fig. 4. The electrochemical conversion process of the Cu2Se@C electrode. (a) GCD curve at 0.1 A/g. (b) The ex situ XRD analyses at different charging states (0.1, 0.23, 0.5V)

and discharging states (0.16, 0.13, 0.01V). The ex situ XPS spectra of (c) Cu 2p and (d) Se 3d at different potentials. (e) Schematic illustration of the crystal structure transition

of Cu2Se upon Cu2+ insertion and de-intercalation.

to 0.50V, the Se 3d of the Cu2Se@C electrode with Se 3d3/2 at

56.12 eV and Se 3d5/2 at 55.29 eV shift to higher binding energy

region which can be indexed as the existence of Se2−
2 specie in

the CuSe2 [44,45]. When discharging to 0.01V, the peaks of Se 3d

move back to the right and the Se2−
2 turns back to Se2−. In conclu-

sion, combining with the analyses of XRD in Fig. 4b, the species of

the active material in fully oxidated electrode are Cu2+ and Se2−
2

in CuSe2 phase, the Cu2+ will convert to Cu+ and Se2−
2 will turn

back to Se2− to form Cu2Se during the discharging process.

To further explore the kinetic characteristic of the Cu2Se@C

electrode, the ion diffusion coefficient in the Cu2Se@C electrode

was measured by CV, GITT and EIS tests. Fig. 5a displays the CV

curves of the Cu2Se@C electrode at different scan rates in a range

of 0.05–0.20mV/s. With the increase of the scan rates, the areas

and peak currents of the CV curves increase due to the polariza-

tion. The energy storage mechanism of the electrode based on the

control steps in the charge-discharge process can be divided into

two categories: the diffusion control model or surface adsorption

control model. The control model can be distinguished by the re-

lationships between peak current (I) and scan rate (v):

I = avb (4)

where a and b are the constant parameters, b=0.5 means the dif-

fusion control model, while b=1 represents the surface adsorp-

tion control model. According to the fitted line plot of I(mA) versus

v−1/2 (mV1/2 s−1/2) of the Cu2Se@C electrode (Fig. 5b), the linear

relationship between I(mA) and v−1/2 (mV1/2 s−1/2) fits well, indi-

cating that the Cu2Se@C electrode belongs to the diffusion control

model. The diffusion coefficient of Cu2+ in the Cu2Se@C electrode

can be calculated by Randles-Sevcik equation:

I = 2.69 × 105 · n3/2ACD1/2v1/2 (5)

where I is the peak current in CV curve, n means the number of

transfer charges, A corresponds to the electrode area, C represents

the Cu2+ concentration, D is the ion diffusion coefficient, and v is

the scan rate [46]. By comparing the calculated Cu2+ diffusion co-

efficient (DCu2+ ) of the redox peaks in the CV curves shown in Ta-

ble S1 (Supporting information), the DCu2+ (about 10−10–10−9) in

the oxidation peaks is slightly inferior to the DCu2+ (about 10−9) in

the reduction peaks. GITT test was also utilized to investigate the

dynamic electrochemical behavior, and the ion diffusion coefficient

can be calculated by:

D = 4

πτ
·
(
nmVm

S

)2

·
(

�ES
�Et

)2

(6)

where τ is relaxation time, nm, Vm and S are the mole number,

molar volume and area of the active material, respectively. �Es and

�Et are the voltage changes resulting from the impulse and con-

stant current charge and discharge, respectively [47].

Figs. 5c and d demonstrate the discharge/charge process and

the corresponding ion diffusion coefficients. It is obvious that

the Cu2+ diffusion calculated by GITT in the discharging process

(DGITT-D =10−11–10−9) is more efficient than that in the charging

process (DGITT-C =10−14–10−10), indicating the insertion of Cu2+ in

the Cu2Se@C electrode is easier than the de-intercalation. What is

more, the ion diffusion coefficient of the Cu2Se@C electrode at dif-

ferent charge and discharge states is not exactly the same.

In order to further investigate the kinetic characteristic of

the Cu2Se@C electrode at different states, the electrochemical

impedance spectra were conducted when charging to 0.1, 0.23V (C

0.1, C 0.23V) and discharging to 0.16, 0.13V (D 0.16, D 0.13V), re-

spectively (Fig. 5e). The charge transfer resistance (Rct) shown in

the high-frequency semicircle at D 0.16V (5.26 �) and D 0.13V

(4.96 �) are significantly lower than those of C 0.1V (20.05 �) and

C 0.23V (16.50 �). Additionally, the warburg resistance illustrated

in the low-frequency region can be employed to calculate the ion

diffusion coefficient by using the following equations:

D = 0.5

(
RT

AF2σwC n2

)2

(7)
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Fig. 5. The kinetic characteristic of the Cu2Se@C cathode. (a) CV curves at differ-

ent scan rates and (b) the corresponding linear fitting of the log(I) versus log(v−1/2).

GITT profiles and corresponding ion diffusion coefficient in (c) discharge and (d)

charge process. (e) EIS at different charge and discharge states and (f) the corre-

sponding linear fitting of ZW versus ω−1/2.

Zw = σw

(
1 − j

)
w− 1

2 (8)

where the basic physical parameters R, F are gas constant and Fara-

day constant, respectively. And T, A, n and C are the parameters

related to the electrochemical system: the absolute temperature

(K), the surface area of the electrode (cm2), the number of elec-

trons involved in electrochemical reaction and the concentration

of Cu2+, respectively [48]. As illustrated in Fig. 5f, σw can be ob-

tained by fitting the line plot of Zw versus w1/2. The values of DCu2+
at C 0.1, C 0.23, D 0.16 and D 0.13V are 8.04×10−16, 2.05×10−16,

2.74×10−15, 2.54×10−15 cm2/s, respectively. The larger values of

DCu2+ at D0.16 and D0.13V again verify that the insertion of Cu2+

in the Cu2Se@C electrode is easier than the de-intercalation. Com-

bining the ex situ XRD analyses discussed in Fig. 4b, during the

discharging process, the phase of the Cu2Se@C electrode is orderly

converted from CuSe2 to CuSe, Cu2-x Se and Cu2Se, and the corre-

sponding interplanar spacings increase gradually (Table S2 in Sup-

porting information), which may lead to the easier insertion of

Cu2+ in the Cu2Se@C electrode than the de-intercalation.

In conclusion, the Cu2Se@C thin film electrode with three-

dimensional structure was fabricated by a simple and easy electro-

chemical deposition method, and further utilized as cathode ma-

terial for Cu2+ storage. Featuring the advantages of the one-piece

designed structure, high ionic conductivity and large interplanar

spacing of the Cu2Se@C thin film, the as-assembled “Cu|0.5mol/L

CuSO4| Cu2Se@C” coin cell demonstrates high specific capacity of

640 mAh/g at 0.5 A/g, superb rate capability of 542 mAh/g at 5 A/g,

and high electrochemical stability with 82.7% capacity retention at

1 A/g with a remarkable durability up to 1000 cycles. The Cu2Se@C

electrode undergoes a sequential conversion of Cu2Se ↔ Cu2-xSe

↔ CuSe ↔ CuSe2, and the electrode reactions can be summarized

as follows: cathode: CuSe2 +3Cu2+ +6e− ↔ 2Cu2Se; anode: 3Cu

↔ 3Cu2+ +6e−; battery: CuSe2 +3Cu ↔ 2Cu2Se. The kinetic char-

acteristic of the Cu2Se@C electrode during charge/discharge pro-

cess is investigated by CV, GITT, and EIS and the results reveal that

the Cu2+ diffuses faster in the discharging process than the charg-

ing process. This work puts forward a facile and reliable strategy

to fabricate flexible thin film electrode and opens a door for new

multivalent charge carrier (Cu2+) battery, which is a promising

candidate for high performance, flexible energy storage systems.
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