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a b s t r a c t

Anode active materials involving transition metal oxides and sulfides are of great significance for high

energy density lithium-ion batteries (LIBs), but the huge volume expansion and inferior electronic con-

ductivity upon cycling critically constrain their further application. Herein, from a new perspective, a

highly conductive and stable 3D flexible composite current collector is rationally designed by facilely

electrodepositing metallic Ni thin layer onto the carbon cloth (CC/Ni), which endows the supported active

materials with exceptional electronic conductivity and structural stability. In addition, the homogeneously

distributed metallic Ni protrusions external CC can strongly bond with the active components, ensuring

the structural integrity of electrodes upon cycling. More importantly, the 3D network structure with large

specific surface area provides abundant space to alleviate the volume expansion and more active sites for

electrochemical reactions. Therefore, taking Ni3S2 nanosheet (Ni3S2 NS) anode as an example, the pre-

pared Ni3S2 NS@CC/Ni electrode shows a high specific capacity of 2.32 mAh/cm2 at 1mA/cm2 and high

capacity retention of 1.68 mAh/cm2 at a high rate of 8mA/cm2. This study provides a universal approach

to obtain highly conductive and stable 3D flexible current collectors towards high performance metal-ion

batteries beyond LIBs.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the rising demand for various industrial products includ-

ing electronic devices and electric vehicles, lithium-ion batteries

(LIBs) have received unprecedented attention as the leading energy

storage system in current commercial application scenarios [1–3].

However, the specific capacity of the commercial graphite anode

is only 372 mAh/g, which calls for other alternative anode mate-

rials [4,5]. As a result, transition metal oxides (e.g., SnOx, CuOx,

FeOx, CoOx, NiOx) and sulfides (e.g., CuSx, FeSx, CoSx, NiSx, SnSx)

with rich redox chemistry have been exploited as potential an-

odes for next-generation high-performance LIBs due to their high

theoretical specific capacity and appropriate Li-insertion voltage

[6–17]. Nevertheless, their further practical application and com-

mercial evolution was crucially constrained by the huge volume

expansion and inferior electronic conductivity upon repeated cy-

cling, which leads to poor cycling and rate performance [18,19].

Lots of attentions have been focused on the design of anode mate-

rials, such as fabricating nano-structured materials, manufacturing

hollow or porous structures, and composite with conductive sub-

∗ Corresponding author.

E-mail address: liuwenbo_8338@163.com (W. Liu).

stances [20–25]. It should be noted that all materials need to be

attached to current collectors before being assembled into batter-

ies. Current collectors with rich conducting networks can bridge

the inner battery and external circuit, leading to reduced battery

internal resistance, high Coulombic efficiency and good cycling/rate

performance [26]. Therefore, constructing a suitable current collec-

tor is vitally important for high-performance LIBs, which, however,

was ignored in previous studies at a large extend.

Conventional current collector for LIBs anodes was 2D planar

Cu current collector which requires binder-containing slurry coat-

ing onto the surface. There are several existing problems. Not-

ing that some anode materials undergo serious volume change

upon cycling, the employment of planar Cu current collector may

cause severe electrode pulverisation or falling off due to the con-

fined contact area between planar current collector and active ma-

terials, which deteriorates battery performance. In addition, the

introduction of non-conductive binders can increase the internal

impedance of the battery, leading to large electrode polarization

and decreased battery rate capability [27–30]. Exploiting 3D cur-

rent collectors is an effective approach to deal with the above-

mentioned problems. It has been demonstrated that 3D current

collectors can enhance the electrochemical performance by min-
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Fig. 1. Schematic design of synthesis procedure of the CC/Ni composite current col-

lector and Ni3S2 NS@CC/Ni electrode.

imizing the tortuosity of the ion/electron transport pathways to

promote the ion/electron diffusion [31]. Besides, 3D current col-

lectors with high surface area enable the active material layer of

a thinner thickness under the same loading, which can relieve the

mechanical crack caused by the huge volume expansion of the ac-

tive materials upon battery operation [32]. The currently reported

3D current collectors mainly include metal and carbon materials

[33,34]. Metal current collectors including Cu and Ni foams own

exceptional electronic conductivity, yet feature relatively poor flex-

ibility [35]. In addition, the stiff burrs derived from the thick metal

collectors may pierce the separator and cause safety hazards [36].

3D carbon current collectors feature good flexibility and mechani-

cal strength, which are suitable for flexible energy storage devices

[37]. However, the electronic conductivity was not as good as metal

ones. Moreover, anodes using carbon current collectors with rel-

atively smooth surface are still prone to terrible cycling stability

due to the weak bonding between carbon current collector and ac-

tive materials. Therefore, developing a highly conductive and sta-

ble flexible 3D current collector is significantly important and also

very challenging.

According to the “skin effect”, charges in the conductor are

prone to concentrated on the surface [38]. Inspired by this, we

developed a highly conductive and stable 3D flexible composite

current collector simply by electrodepositing metallic Ni thin layer

onto the carbon cloth (named as CC/Ni). Encouragingly, the tiny

metallic Ni protrusions are homogeneously and densely distributed

on the external CC substrate, which endows the 3D flexible CC/Ni

composite current collector with exceptional electronic conductiv-

ity and mechanical stability. To verify its practical potential, as a

proof-of-concept case, an array of Ni3S2 nanosheets was electrode-

posited on CC/Ni (named as Ni3S2 NS@CC/Ni) testify the electro-

chemical performance. As expected, the prepared Ni3S2 NS@CC/Ni

nanoporous anode delivers a high capacity of 2.31 mAh/cm2 at

1mA/cm2 and 1.68 mAh/cm2 at a high rate of 8mA/cm2.

Considering that charges in the conductor mainly distribute on

the external surface, developing a current collector with highly

conductive surface is vitally meaningful for high performance en-

ergy storage systems [38]. In this condition, the CC/Ni compos-

ite current collector was rationally designed and prepared through

a facile electrodeposition method by directly depositing robust

metallic Ni thin layer onto the carbon cloth, as the schematic

illustration shown in Fig. 1. To demonstrate its real impact on

the electrochemical performance, as a proof-of-concept case, Ni3S2
nanosheets were electrodeposited to the CC/Ni composite current

collector to obtain Ni3S2 NS@CC/Ni nanoporous electrode for fur-

ther measurements.

Fig. 2a shows the top-view scanning electron microscope (SEM)

images of the CC/Ni composite current collector. Distinctly, the

metallic Ni on the surface displays a dense and homogeneous pro-

trusion morphology, which results from the inadequate growth of

metallic Ni along the spiral dislocation. The cross-section SEM im-

Fig. 2. (a) Top-view and (b) cross-section SEM images of CC/Ni composite current

collector. (c) XRD pattern of CC/Ni composite current collector. (d) Comparison of

electronic conductivity of CC and CC/Ni current collectors. (e) SEM image and high-

resolution SEM image (insert) of Ni3S2 NS@CC/Ni electrode. (f) Photograph of the

Ni3S2 NS@CC/Ni electrode illustrating the flexibility.

age of CC/Ni shown in Fig. 2b manifests that the thickness of

metallic Ni layer is approximately 100nm. More importantly, it can

be discovered that the exposed Ni cross-section layer still in close

contact with the carbon cloth even after cutting, proving the strong

bonding force of metallic Ni layer with carbon substrate. Fig. 2c

shows the XRD pattern of CC/Ni composite current collector. The

three obvious diffraction peaks at 2θ =44.5°, 51.8° and 76.3° cor-

respond to the (220), (200) and (111) lattice planes of metallic Ni

(PDF#04-8050), respectively [39]. In addition, a broad peak can be

found at around 26°, which is related to the characteristic peak of

carbon cloth component. The ingeniously designed rough metallic

Ni surface on CC can not only enhance the electronic conductiv-

ity of the current collector, but also benefit to the further bond-

ing with active materials. Fig. 2d compares the electronic conduc-

tivity of the CC and CC/Ni current collectors measured by digital

four-probe meter. Excitingly, the CC/Ni composite current collec-

tor delivers significantly improved electronic conductivity of 51.7

S/cm compared to that of CC (25.7 S/cm). Ni3S2 nanosheets were

then electrodeposited to the CC/Ni to obtain Ni3S2 NS@CC/Ni elec-

trode. Fig. 2e shows the SEM image of the electrode. Obviously,

the Ni3S2 active material shows 3D interconnected porous network

with nanosheet structure evenly spread on the composite CC/Ni

composite current collector, which is conductive to shorten the Li+

transport distance, provide more active sites for Li+ insertion, alle-

viate the volume expansion and improve the Li+ diffusion kinetics.

Additionally, the as-prepared Ni3S2 NS@CC/Ni electrode manifests

exceptional flexibility, as the optical image illustrating the bending

test shown in Fig. 2f.

The component and crystal structure of the Ni3S2 NS@CC/Ni

electrode were further confirmed by transmission electron mi-

croscopy (TEM) technique. The TEM image shown in Fig. 3a man-

ifests obvious contrast difference between light and dark. High-

resolution TEM (HRTEM) image was provided to intensively iden-

tify the difference. As shown in Fig. 3b, the external lattice spac-

ing of 0.237 and 0.281nm can be assigned to the (003) and (110)

crystal planes of Ni3S2, while the inner lattice spacing of 0.167

and 0.203nm is related to the (200) and (111) crystal planes of

metallic Ni [10]. Meanwhile, the lattice spacing of 0.335nm cor-

responds to the (002) crystal plane of CC substrate. Fig. 3c shows

the selected area electron diffraction (SAED) pattern of the Ni3S2
NS@CC/Ni electrode which shows obvious polycrystalline charac-

teristic, corresponding well with the TEM result. Then, energy dis-

persive X-ray (EDX) energy spectra of TEM was performed to con-

firm the element distribution of Ni, S and C elements. As shown in

Figs. 3d–g, Ni and S elements are homogeneously distributed, in-

dicating the presence of Ni3S2. Besides, the content of Ni element
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Fig. 3. (a) TEM image, (b) HRTEM image, and (c) SAED pattern of Ni3S2 NS@CC/Ni.

(d–g) EDX elemental mapping images of the Ni3S2 NS@CC/Ni electrode.

Fig. 4. (a) Survey XPS spectra, (b) Ni 2p high-resolution spectra, and (c) S 2p high-

resolution XPS spectra of Ni3S2 NS@CC/Ni electrode. (d) Schematic of the crystal

structure of Ni3S2.

was far more than S element, which maybe because of the pres-

ence of Ni layer on current collector. In addition, trace amounts of

C element can also be detected which is associated with the CC

current collector.

X-ray photoelectron spectroscopy (XPS) was employed to fur-

ther analyze the elemental composition and valence distribution of

the Ni3S2 NS@CC/Ni electrode. As displayed in Fig. 4a, S and Ni el-

ements can be clearly detected in the survey XPS spectrum of the

electrodes [33]. The high-resolution Ni 2p XPS spectrum in Fig. 4b

can be divided into two peaks, where the spin-orbit splitting bind-

ing energies at 855.7 eV and 873.3 eV correspond to Ni 2p3/2 and Ni

2p1/2 characteristic peaks, respectively, while the peaks at 861.2 eV

and 878.8 eV are related to the satellite peaks of Ni [12]. Two peaks

at 163.3 eV and 168.6 eV are observed in the high-resolution S 2p

XPS spectrum (Fig. 4c) which can be assigned to S 2p1/2 and S

2p3/2 peaks. In addition, it should be mentioned that Ni3S2 owns

preferable electronic conductivity compared to other metal sulfide.

This can be explained by the intrinsic crystal structure of Ni3S2
component. As shown in Fig. 4d, obviously, there is continuous Ni-

Ni bonding networks throughout the structure, indicating the in-

herent metallic characteristic.

The binder-free Ni3S2 NS@CC/Ni electrodes were paired with

metallic Li to evaluate their lithium storage performance. Fig.

5a shows the CV curve of Ni3S2 NS@CC/Ni electrode with a

scan rate of 0.1mV/s. During the first cathodic scan, peaks at

0.96V and 0.82V can be individually attributed to the forma-

tion of solid electrolyte interface (SEI) and initial embedding of

Li+ to form LixNi3S2 (Ni3S2 + xLi+ +xe− → LixNi3S2) and metallic

Ni (LixNi3S2 + (4-x)Li+ + (4-x)e− →3Ni+2Li2S). During the reverse

anodic scan, the peaks observed at 1.01,1.39 and 2.00V is attributed

to the partial decomposition of SEI and multistep extraction of Li+

(3Ni+2Li2S→Ni3S2 +4Li+ +4e−), and the obvious peak at 0.2V

maybe relates to the CC [40,41]. It is worth noting that the sub-

sequent discharge processes are somewhat different from the ini-

tial cycle due to the needless of SEI formation. Importantly, the CV

curves for the second and third sweep cycles coincide well, indi-

cating the highly reversible Li+ insertion/extraction chemistry. The

cycling performance of the electrode at 1mA/cm2 was shown in

Fig. 5b. Excitingly, the binder-free Ni3S2 NS@CC/Ni electrode ex-

hibits good cycling stability and high initial areal specific capac-

ity (2.32 mAh/cm2) due to the excellent structural stability and

more exposed active sites. Even after 400 cycles, the electrode can

still reach a reversible capacity of 1.63 mAh/cm2 with a Coulom-

bic efficiency of 99.5%. It should be noted that the capacity de-

cay mainly occurs in the front 50 cycles, which may be ascribed

to the partial flaking of Ni3S2 during the initial 50 cycles stem-

ming from the high areal mass loading. The initial three charge-

discharge curves of the electrode shown in Fig. S1 (Supporting in-

formation) are well overlapped, demonstrating the brilliant elec-

trochemical stability. Fig. 5c compares the cycling performance of

the prepared Ni3S2 NS@CC/Ni electrode with other reported NixSy-

based anodes with different structure designs and current collec-

tors [42–47]. Excitingly, the Ni3S2 NS@CC/Ni electrode exhibits the

highest areal capacity compared to the other NixSy-based anodes

(Table S1 in Supporting information). The rate capability of the

Ni3S2 NS@CC/Ni electrode was shown in Fig. 5d. Comfortingly, the

electrode achieves reversible capacities of 2.01, 1.85, 1.62 and 1.34

mAh/cm2 at current densities of 1, 2, 4 and 8mA/cm2, respectively.

More importantly, when the current density is back to 1mA/cm2,

the reversible capacity returns to 1.90 mAh/cm2. Note that the rate

capability of the electrode stands out among the reported NixSy-

based anodes with various structures and current collectors (Fig.

S2 and Table S1 in Supporting information). The corresponding

charge-discharge curves at various current densities were shown

in Fig. 5e. It is obvious that the curve shape remains exactly the

same even at a high current density of 8mA/cm2, indicating the

fast reaction kinetics at high rates. The charge-discharge curves at

different cycles shown in Fig. S3 (Supporting information) mani-

fests almost coincide profile, demonstrating good cycling stability.

Fig. S4 (Supporting information) displays the cycling performance

of the Ni3S2 NS@CC/Ni electrode at a high rate of 4mA/cm2. The

electrode still shows a high areal specific capacity of 1.31 mAh/cm2

even after 500 cycles, achieving a capacity retention ratio of 76.6%.

Electrochemical impedance spectroscopy (EIS) was then em-

ployed to assess Li+ and electron transfer kinetics of the elec-

trodes. As shown in Fig. 5f, the Ni3S2 NS@CC/Ni electrode mani-

fests a small charge transfer resistance (Rct) of about 300 � before

cycling, indicating a rapid ion transport. After cycling for 400 cy-

cles, the Nyquist plot consists of two regions, where the first small

semicircle in the high frequency range represents the resistance of

SEI (RSEI) and the second semicircle is the Rct. Then, the values of

RSEI and Rct are measured as 50 � and 200 �, respectively, man-

ifesting improved Li+ and electron transfer kinetics even after cy-

cling due to the unique design of CC/Ni composite current collec-

tor. The post-mortem micro-structure of the Ni3S2 NS@CC/Ni elec-

trode was shown in Fig. 5g and Fig. S5 (Supporting information)

after 400 cycles. Gratifyingly, the Ni3S2 active material still main-

tains the original nanosheet structure without obvious shedding or

fragmentation, convincingly indicating the excellent structural sta-

bility of the electrode enabled by the designed CC/Ni composite

current collector. The practical feasibility was also demonstrated in

Ni3S2 NS@CC/Ni||LiFePO4 full cells. As shown in Fig. S6 (Supporting
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Fig. 5. (a) CV curves and (b) cycling performance of Ni3S2 NS@CC/Ni electrode. (c) Comparison of cycling performance of Ni3S2 NS@CC/Ni with other studies. (d) Rate

performance, and (e) corresponding charge-discharge curves of Ni3S2 NS@CC/Ni electrodes. (f) Nyquist plots of the Ni3S2 NS@CC/Ni electrodes before and after cycling. (g)

SEM image of Ni3S2 NS@CC/Ni electrode after cycling at 1mA/cm2.

information), the assembled full cell manifests stable cycling per-

formance with a high specific capacity of 1.56 mAh/cm2 after 80

cycles.

In summary, inspired by the “skin effect” in the conductor, a

highly conductive and stable 3D flexible CC/Ni composite current

collector was rationally designed and developed. Encouragingly,

the tiny metallic Ni protrusions are homogeneously and densely

distributed on the external CC substrate, which endows the 3D

flexible CC/Ni composite current collector with exceptional elec-

tronic conductivity and mechanical stability. Moreover, the metal-

lic Ni thin layer can strongly bond with the active components,

ensuring the structural integrity of electrodes upon cycling. More

importantly, the 3D network structure with large specific surface

area provides abundant space to alleviate the volume expansion

and more active sites for electrochemical reactions. As a result,

the designed Ni3S2 NS@CC/Ni anode exhibits brilliant cycling (2.32

mAh/cm2 at 1mA/cm2 and a high capacity retention of 69.4% af-

ter 400 cycles) and rate (1.68 mAh/cm2 at 8mA/cm2) performance.

This work offers a novel and universal approach to obtain highly

conductive and stable 3D flexible electrodes towards high perfor-

mance metal-ion batteries beyond LIBs.
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