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There is considerable scientific interest in the newly available family of MXenes material. An 

analog as graphene, this two-dimensional (2D) layered material with the structure of transition 

metal carbides or nitrides exhibits superior electronic conductivity, large interlayer spacing for 

highly efficient lithium ions diffusion pathways and environmental benignity, making it useful as 

energy storage material. However, the inferior capability to store lithium ions impedes its wide 

application in lithium-ion batteries. Therefore, a facile strategy for preparing Co
3
O

4
 nanoparticles 

incorporated with MXene nanosheets on Ni foams has been developed. Small-size Co
3
O

4
 

nanoparticles are uniformly distributed within the MXene nanosheets leading to the highly efficient 

lithium ions and electrons transmission, as well as the prevention for the restacking of MXene 

nanosheets and huge volume change of the Co
3
O

4
 nanoparticles. Under the cooperative effect of 

Co
3
O

4
 nanoparticles and MXene nanosheets, the Co

3
O

4
/MXene composite electrode with the 

mass ratio of Co
3
O

4
/MXene = 1:1 exhibits an excellent reversible capacity of 1005 mAh g

−1
 after 

300 cycles at the current density of 1  C, which significantly exceeds that of pristine Co
3
O

4
 

electrode. Though the current density climbs to 5  C, the composite electrode remains a stable 

capacity of 307 mAh g
−1

 after 1000 cycles. It is demonstrated that Co
3
O

4
/MXene composite 

electrode has the potential as an anode for the high-performance lithium-ion batteries.
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1 Introduction

Lithium-ion batteries (LIBs) have been regarded as one of the most promising candidates for non-recyclable 

fossil-fuel resources that cause long-term and devastating pollution to the environment. Nevertheless, the 

commercial graphite-based LIBs possessing a low theoretical capacity (372 mAh g
−1

) is no longer to fulfill 

the upsurging demand for energy resources and storage technologies. Hence, many progressive researchers 

have devoted to developing LIBs with high energy density and cycling stability. In this regard, transition metal 

oxides (TMOs: CuO, NiO, Fe
3
O

4
, TiO

2
, and Co

3
O

4
, etc.) are chosen to substitute the conventional graphite. 

Among them, Co
3
O

4
 has presented excellent characteristics. Firstly, its high theoretical capacity of 890 mAh 

g
−1

 is ascribed to 8 mol of Li-ion occupying per mole Co
3
O

4
 [1,2]. Moreover, the methods of synthesizing 

Co
3
O

4
 are facile, controllable, and low-cost, by which diverse nanostructured Co

3
O

4
 materials can be 

contrived such as nanowires, nanotubes, and nanoparticles. As a consequence, the performance of Co
3
O

4
-

based anodes can be enhanced by improved surface areas, electrical conductivity, mechanical strength, and Li-

ion diffusion efficiency of nanostructured Co
3
O

4
. However, the poor conductivity, the massive volumetric 

expansion of Co
3
O

4
 during the charge/discharge process, and severe agglomeration trends may cause the 

pulverization of anode materials and degeneration of the whole electrodes, even serious side reactions [2–4].

Therefore, to address these challenges, researchers often put forward the strategies in the respect of 

restructuring Co
3
O

4
 materials and compounding Co

3
O

4
 with other complementary materials. Commonly, the 

complemental materials involve carbon nanotube, graphene, and metal materials that feature high electrical 

conductivity and strong mechanical strength. Prof. Cheng and his research group designed an anode with 

Co
3
O

4
 anchored on graphene, which displayed excellent electrochemical performance with superior reversible 



capacity and excellent cycling stability and rate capability [5]. Li and co-workers also synthesized porous 

Co
3
O

4
 sheets on graphene foams, which exhibits excellent flexibility and mechanical strength with a high 

specific capacity of 790 mAh g
−1

 after 100 cycles at a current density of 0.1C [6].

Recently, there is considerable scientific interest in the newly available family of MXenes material. An analog 

as graphene, this two-dimensional (2D) layered material with the structure of transition metal carbides or 

nitrides exhibits superior electronic conductivity, large interlayer spacing for highly efficient Li
+
 diffusion 

pathways, and environmental benignity, making it useful as energy storage materials [7]. Gogotsi et al. 

discovered a novel 2D transition-metal carbide Ti
3
C

2
T

x
 (one type of MXene), where T represents the 

functional groups (-OH, –F, and –O) on the surface. They applied it in transparent and flexible energy storage [

8–10]. Their MXene was obtained by removing a group element (IIIA or IVA) layer using HF from the 

original MAX phases [11], where M is a transition metal, A is an A group of the element, X is C or N. After 

etching, the MXene was delaminated into few layers leaving large intercalation spacing to enhance Li
+
 

diffusion. Long-term cycling stability and excellent rate capability were demonstrated by numerous excellent 

work [12,13]. However, due to their ordinary theoretical capacity of 126.4 mAh g
−1

 at 1 C [14], the challenges 

remain for their practical applications of energy storage in the near future.

To reveal the importance of introducing MXene as a substitute for graphene in transition metal oxides to 

promote the electrochemical performance in LIBs, we reported a facile fabrication strategy involving coating 

the Ni foams with Co
3
O

4
/MXene mixed suspension layer by layer used as an anode for LIBs (Scheme 1). 

Four distinguishing features were achieved for this Co
3
O

4
/MXene composite electrode: (i) The large 

interlayer spacing of MXene nanosheets allows the Co
3
O

4
 nanoparticles to distribute uniformly, functioning 

as a flexible buffer to restrain the volume expansion. (ii) The intercalation of Co
3
O

4
 in MXene nanosheets 

prevents not only the agglomeration of Co
3
O

4
 nanoparticles but also the stacking of MXene nanosheets. (iii) 

The MXene provides a 3D framework to enhance electrons and Li
+
 transmission efficiency. (iv) The mass 

loading of anode materials on Ni foam increases significantly due to the considerable Co
3
O

4
 nanoparticles 

attached to the MXene nanosheets, which offers a large surface area in the nanoscale. Therefore, the 

Co
3
O

4
/MXene composite acting as an anode for LIBs delivered 1005 mAh g

−1
 capacity after 300 cycles at 

the current density of 1 C and remained a stable capacity of 307 mAh g
−1

 at the current density of 5 C after 

1000 cycles, displaying outstanding electrochemical performance with superior reversible capacity and 

excellent cycling stability and rate capability.

alt-text: Scheme 1

Scheme 1



2 Experimental section

2.1 Delamination of MXene

To prepare a homogeneous delaminated Ti
3
C

2
T

x
 suspension, 2 g Ti

3
AlC

2
 powders (200 mesh, 11 Technology 

Co., Ltd) were slowly added to the prepared suspension in which 2 g LiF mixed with 40 mL HCl (9 M) in a 

Teflon beaker with stirring for 30 min. Then, the above suspension was kept at 35 °C under magnetic stirring 

for 24 h. The resultant suspension was washed using deionized (DI)istilled water accompanied by sonication 

for 10 min and centrifugation (3500 rpm, 10 min) for many times to remove the residual impurities and HF 

until the pH of supernatant approaching 6. Moreover, the sediment was dispersed in ethanol that functioned as 

an intercalation agent and sonicated for 1.5 h followed by centrifugation (10000  rpm, 10 min). Finally, the 

homogeneous delaminated Ti
3
C

2
T

x
 suspension was prepared by repeatedly collecting the supernatant after 

centrifugation (3500 rpm,10 min) in which the above sediment was mixed with 20 mL deionized water (DI) 

water under sonication for 20 min.

2.2 Synthesis of Co3O4 nanoparticles

The Co
3
O

4
 nanoparticles were synthesized with reference to Prof. Peng's method [ 9 ]. 797  mg 

Co(CH
3
COO)

2
·4H

2
O (Aladdin Industrial Corporation, China) was dissolved in 16 mL DI water followed by 

stirring, which afterward was slowly dropped into the 160 mL ethanol and stirred for 2 h. The uniform mixture 

was poured into a 200 mL Teflon-line steel autoclave and heated at 120 °C in a muffle furnace for 8 h. The 

black precipitate was obtained by centrifugation using ethanol for four times. Eventually, Co
3
O

4
 nanoparticles 

were sent into a vacuum oven and kept at 80 °C for 12 h.

2.3 Fabrication of Co3O4/MXene composite electrodes

50 mg as-prepared Co
3
O

4
 nanoparticles were dispersed in 5 mL ethanol under sonication for 20 min. Then, 

5  mL MXene suspension (10  mg/mL) was added into the above suspension with stirring for 6  h. The 

Co
3
O

4
/MXene composite electrodes were fabricated by dropping the uniform Co

3
O

4
/MXene suspension onto 

Schematic illustration for the synthesis procedure of Co3O4/MXene composite.



the Ni foams (13 mm diameter). In order to obtain the composite electrodes with required mass loading, the 

above steps were repeated at different times. The composite electrodes were dried in vacuum at 60 °C for 12 h 

and 120 °C for another 3 h. After cooling down to the room temperature, these electrodes were sent to the 

glove box to be assembled into the coin cells. To investigate the effect of different ratios of Co
3
O

4
 and MXene 

on the electrochemical performance of LIBs, the ratio was designed, including Co
3
O

4
/MXene = 1:2, 1:1, 2:1, 

and 4:1, labeled as COMX0.5, COMX1, COMX2, and COMX4, respectively. The average mass loading of the 

active material (Co
3
O

4
) is around 0.8–1 mg cm

−1
 and the specific data for different composite electrodes is 

provided in . Besides, the control groups were obtained by individually dropping the pure Co
3
O

4
 and 

pure MXene suspension on the Ni foams.

2.4 Materials characterizations

The crystal structures of Co
3
O

4
 nanoparticles, MXene nanosheets, and Co

3
O

4
/MXene composite were 

investigated by an X-ray diffractometer (XRD, D8 Advance, Bruker) using a Cu Kα radiation source from 3° 

to 80°. Besides, the Raman spectrometer (Jobin YvonXploRA, HORIBA Scientific) was applied to 

characterize the structure and composition using a 532 nm laser. The microstructure and element distribution 

of all samples were analyzed by a scanning electron microscope (SEM, Hitachi Regulus 8230) and 

transmission electron microscopy (TEM, FEI Talos F200x) with energy-dispersive X-ray spectroscopy (EDS).

2.5 Electrochemical measurements

Two-electrode 2032 coin-cells, in which the Co
3
O

4
/MXene composite electrodes played a role as working 

electrodes, and the metallic lithium foil acted as both the counter electrode and reference electrodes, were 

assembled in an argon-filled glove box (Vigor Sci-Lab). Furthermore, the separator (Celgard 2325) and the 

electrolyte of 1 M LiPF
6
 dissolved in a mixture of dimethyl carbonate (DMC) and ethylene carbonate (EC) 

(1:1 w/w) were employed. Galvanostatic charge-discharge cycling tests were conducted on a battery tester 

(Neware CT - 4008) with the voltage ranging from 0.01 V to 3.0 V versus Li
+
/Li at various current densities. 

Both cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests were conducted on an 

Autolab electrochemical workstation (PGSTAT302N). The CV curves were obtained at 0.1 mV s−1
 over the 

same potential range (0.01–3V) while the EIS was tested over a frequency range of 100 kHz to 0.01 Hz with 

an ac voltage amplitude of 2 mV.

3 Results and discussion

To further illustrate the crystal structure and morphology of the samples, the XRD patterns of Co
3
O

4
/MXene 

composite, Co
3
O

4
 nanoparticles, and MXene nanosheets, are presented in Fig. 1a. The prominent diffraction 

peaks at 18.9°, 31.2°, 36.8°, 38.5°, 44.9°, 55.6°, 59.5°, and 65.3° are respectively indexed to the (111), (220), 

(311), (222), (400), (422), (511), and (440) planes of Co
3
O

4
 nanoparticles (PDF No. 43–1003). A prominent 

peak at 5.504° is associated with the MXene phase (002), authenticating the successful delamination of 

MXene nanosheets, as shown in Fig. 1b [11,15,16]. The characteristic peaks of both Co
3
O

4
 and MXene are 

exhibited in the XRD pattern of Co
3
O

4
/MXene composite. Interestingly, the central peak (002) of MXene 

down-shifts to a smaller angle of 2θ = 4.31° indicating the expansion of the MXene nanosheets along the c-

axis with the increased interlayer spacing of 2.05 nm according to Bragg's equation [17–19]. Both the intensity 

Table S1



weakening and down-shift of (002) peak are attributed to the intercalation of Co
3
O

4
 nanoparticles between the 

MXene interlayers [11,16]. The resultant larger MXene interlayer spacing is beneficial for not only 

accommodating the huge volume change of Co
3
O

4
 nanoparticles but also improving the Li

+
 diffusion 

efficiency with more electrolyte reaching Co
3
O

4
 nanoparticles.

Raman spectra ( Fig. 1 c) provides additional information about the surface structure of the Co
3
O

4
/MXene 

composite. The characteristic bands of both Co
3
O

4
 nanoparticles and MXene nanosheets were exhibited in the 

composite. There are two board peaks around 1350 cm
−1

 (D band) and 1585 cm
−1  (G band) for graphitic 

carbon. The I
D

/I
G

 ratio for Co
3
O

4
/MXene composite about 0.73 is slightly larger than that of pristine MXene 

nanosheets, implying the attenuated graphitization degree of carbon due to the incorporation of Co
3
O

4
 

nanoparticles [ 20 , 21 ]. Four peaks around 193, 483, 515, and 692 cm
−1

 (labeled with green circles) in the 

spectrum of the composite are respectively indexed to the F
2g

, E
g
, F

1

2g
, and A

1g
 Raman-active modes of the 

crystalline Co
3
O

4
 [ 22–24 ]. By comparison, the characteristic peaks corresponding to MXene are labeled with 

yellow triangles. The band at 153 cm
−1

 is related to the Ti-O stretching vibration indicating the oxidation of 

MXene [ 25 , 26 ]. In addition, the peaks located at 198 and 714 cm
−1

 correspond to A
1g

 symmetry out-of-plane 

oscillations of Ti and C atoms, while the peaks around 268, 397, and 605 cm
−1

 resulting from the oscillations 

of E
g
 group, including in-plane (shear) modes of Ti, C, and surface functional group atoms, [ 21 , 27 , 28 ].

Fig. 2  shows the morphology of the pure MXene nanosheets and the Co
3
O

4
/MXene composite on Ni foams. 

As displayed in  Fig. 2 a, MXene nanosheets are stacked together with a fluctuant plane, revealing that the 

flexible MXene could release the strain caused by the volume expansion of Co
3
O

4
 nanoparticles during the 

lithiation process. Moreover, the distinct interlayer spacing and the irregular arrangement demonstrate the 

successful delamination of the MXene nanosheets. The large interlayer spacing is desired to increase the mass 

loading of active materials and provide more room to accommodate the expansion of active materials. The 

composite electrode was prepared by coating the Co
3
O

4
/MXene mixture on the Ni foam, as shown in  Fig. 2 b. 

The Co
3
O

4
/MXene mixture covers the surface of the Ni foam along with the skeleton as well as partially fills 

alt-text: Fig. 1

Fig. 1

(a) XRD patterns of Co3O4/MXene composite with the ratio of Co3O4/MXene =  2:1 (COMX2), Co3O4  nanoparticles, and 

MXene nanosheets. (b) XRD patterns and (c) Raman spectra of COMX2 and MXene nanosheets.



the hole enclosed by the frames, which implies the sufficient contact between the active material with the 

current collector. In the larger magnification (Fig. 2c and d), Co
3
O

4
 nanoparticles are distributed within the 

MXene nanosheets, which can be considered as encapsulated by the MXene nanosheets. In comparison with 

COMX1, there are more agglomerations for COMX4 due to the higher percentage of the Co
3
O

4
 nanoparticles 

leading to the uneven distribution, as displayed in .

Fig. 3  displays the TEM images of Co
3
O

4
/MXene composite with the ratio of Co

3
O

4
/MXene  =  1:1 

(COMX1). Corresponding to the SEM images, the high-magnification TEM images in  Fig. 3 a and b also show 

the Co
3
O

4
 nanoparticles encapsulated by MXene nanosheets and demonstrate the uniform distribution of 

Co
3
O

4
 nanoparticles within the MXene nanosheets. In  Fig. 3 c and d, the discernible shape of the Co

3
O

4
 

nanoparticles seems to be diamonds with an ultra-small size of 5–15 nm. Co
3
O

4
 nanoparticles with tiny sizes 

are beneficial for the efficient diffusion of Li-ion through electrodes and the smaller relative swelling stress 

created during the lithiation process. In addition, the ultrathinthickenss of  MXene nanosheets encapsulating 

the Co
3
O

4
 nanoparticles approaches 6 nmare approaching transparent in TEM images suggesting the 

delaminated few-layers of MXene. Meanwhile, these MXene nanosheets are flexible with clearly visible 

wrinkles on the surface. Observed by the high-resolution TEM (HRTEM), the lattice fringe spacings of 

different crystals were calculated in  Fig. 3 e and f. The lattice fringe spacings of 0.430, 0.279, 0.255, and 

0.204 nm are assigned to the (111), (220), (311), and (400) planes of Co
3
O

4
, respectively, which is consistent 

Fig. S1

alt-text: Fig. 2

Fig. 2

SEM of (a) MXene nanosheets and (b–d) Co3O4/MXene composite on Ni foam with the ratio of Co3O4/MXene  =  1:1 

(COMX1) with various magnifications.



with the characteristic peaks in XRD patterns of Co
3
O

4
/MXene composite. The EDS element mapping (Fig. 3

g) was conducted to investigate the element distribution in the Co
3
O

4
/MXene composite. The Co

3
O

4
 

nanoparticles are confirmed by the element O and Co while the element C and Ti demonstrate the existence of 

MXene nanosheets. It is observed that Co and Ti elements overlap and match well, strongly authenticating a 

homogeneous distribution of Co
3
O

4
 nanoparticles within MXene nanosheets. To obtain a high-performance 

composite electrode, the MXene nanosheets are applied to not only relieve the volume expansion of active 

materials but also increase the electronic and ionic conductivity of the whole electrode by facilitating the 

transportation of electrons and reducing the Li
+
 diffusion barrier. Hence, the excellent distribution of Co

3
O

4
 

nanoparticles within MXene nanosheets indicates the high-performance of the composite electrode.

To probe the electrochemical performance of the Co
3
O

4
/MXene composite electrodes, the cyclic voltammetry 

(CV) was performed at a scan rate of 0.1 mV s−1
 over a voltage range of 0.01–3 V (vs. Li/Li

+
), as shown in  

Fig. 4 a. According to the CV profiles, the lithiation and delithiation processes of Co
3
O

4
 show a multiple 

electrochemical reaction behavior [ 22 ]. During the first cathodic scan, there is a shoulder peak around 1.4 V 

corresponding to the reduction procedure from Co
3
O

4
 to CoO accompanying with the production of Li

2
O 

alt-text: Fig. 3

Fig. 3

(a–d) High-magnification TEM and (e–f) HRTEM images of Co3O4/MXene composite with the ratio of Co3O4/MXene = 1:1 

(COMX1). (g) EDS mapping of the as-obtained COMX1 sample.



(Equation (1)). After that, a strong and sharp peak appearing at 0.85 V is attributed to the reduction of Co
2+

 to 

Co
0
 and the formation of solid electrolyte interphase (SEI) films (Equation (2)). This reduction peak shifts 

right to 0.90 V in the following cycles, which indicates not only the irreversible formation of most SEI films 

but also the activation process of the electrode leading to the more uniform distribution of Co in the Li
2
O 

matrix and higher transmission efficiency of Li-ions [22,28]. Besides, there is a small and broad peak near 

0.61 V that is ascribed to the insertion of Li
+
 in the MXene nanosheets following Equation (3) [29]. It is more 

clear to find this reaction peak in the CV curves of the pristine MXene electrode in . Compared with 

the pristine MXene electrode, the CV curves of the Co
3
O

4
/MXene composite electrode exhibit a 10-fold 

increase in current intensity, which implies that Co
3
O

4
 nanoparticles dramatically improve the capacitance 

while the pure MXene is less relevant to the contribution of the capacitance enhancement. During the anodic 

scan, two distinct peaks are locating at 1.59 and 2.14 V, which are related to the oxidation transformation from 

metallic Co to Co
3
O

4
 by two reversed steps, respectively. The subsequent CV plots maintain an almost 

identical shape that reveals the distinguished reversibility of the electrode. After the first cycle, the CVs of the 

Co
3
O

4
/MXene composite electrode coincide well to the following cycles, suggesting a good stability and 

electrochemical reversibility of the composite anode. The corresponding electrochemical reaction equations 

are shown as follows:

Fig. S2a

(1)

(2)

(3)

alt-text: Fig. 4
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(a) Cyclic voltammetry curves for the initial three cycles for the Co3O4/MXene composite electrode (COMX1). (b) 

Charge/discharge profiles of the COMX1 electrode with the initial three cycles at the current density of C/20 (C = 890 mA g−1
). 

Cycling performance of Co3O4/MXene composite electrode with different ratios of Co3O4/MXene = 1:1, 2:1, and 4:1 (labeled 

with COMX1, 2, and 4), compared with the pristine Co3O4  at the current rates of (c) C/5 and (d) 1 C, respectively. (e) Rate 

capabilities of COMX electrodes with different ratios and pristine Co3O4 . electrode. (f) Cycling performance of the COMX1 

electrode at the current rate of 5 C.



It is also in good agreement of the galvanostatic charge-discharge (GCD) profiles of the Co
3
O

4
/MXene 

composite electrodes for the initial three cycles at C/20 in Fig. 4b. In the first discharge profile, two 

conspicuous discharge plateaus are observed at ~1.54 and 1.01 V corresponding to the reduction of Co
3
O

4
 to 

metallic Co and the formation of Li
2
O, while two broad peaks appearing at 1.57–1.73 V and 2.1–2.3 V in the 

first charge profile are associated with the oxidation of the metallic Co accompanying the decomposition of 

Li
2
O to Li. Subsequently, the following cycles exhibit the discharge plateaus with higher voltages, which is 

consistent with the right shift of the reduction peak in the CV profiles. Moreover, as observed in Fig. 4b, the 

first discharge capacity approaches 2082 mAh g
−1

 and a charge capacity is around 1326 mAh g
−1

, which 

results in an initial coulomb efficiency of ~63.7%. On the other hand, the irreversible capacity loss accounts 

for 36.3%, mainly caused by the formation of SEI films, the irrecoverable conversion of Co
3
O

4
, and the 

partial residual Li
+
 in the active materials. Nevertheless, the following cycles exhibit both discharge and 

charge capacity exceeding the theoretical capacity of 890 mAh g
−1

. The larger capacity can be ascribed to 

small contributions from the MXene nanosheets, as shown in . More importantly, the extra Li-ion 

storage is attributed to the increased interfacial bonds acting as active sites, which are supplied by the grain 

boundaries of Li
2
O and Co generated during the discharge process [22].

Fig. 4c and d illustrates the cycling performance of the Co
3
O

4
/MXene composite electrode with different 

ratios of Co
3
O

4
/MXene = 1:1, 2:1, and 4:1 (COMX1, 2, and 4), compared with the pristine Co

3
O

4
 electrode 

at the current densities of C/5 and 1 C, respectively. Both tests were conducted with three initial cycles at the 

rate of C/20, aiming to activate and stabilize the batteries. In Fig. 4c, at an initial current density of C/20, 

COMX and pristine Co
3
O

4
 electrodes show similar initial Coulombic efficiencies between 61 and 65%. With 

fewer MXene nanosheets involved in the composite, the initial Coulombic efficiencies will increase because of 

the smaller surface area of the electrode, leading to the less irreversible formation of SEI films. It is further 

confirmed by the cycling performance of the pristine MXene electrode in , which shows the first 

discharge/charge capacities of 186.4/75.5 mAh g
−1

 resulting in an initial Coulombic efficiency of ~40%. The 

low reversibility of the pristine MXene electrode owes to the considerable functional groups such as –F and –

OH locating on its surface [24]. Therefore, the lower content of MXene nanosheets in composite results in 

higher initial Coulombic efficiency. After the three-cycle initialization, COMX1, COMX2, COMX4, and 

pristine Co
3
O

4
 electrodes exhibit the reversible capacities of 1155, 973, 886, and 996 mAh g

−1
, which 

remains the capacities of 1230, 1167, 932, and 918 mAh g
−1

 after 120 cycles at the rate of C/5, with the 

corresponding retention of 106%, 120%, 105%, and 92%, respectively. It is worth noting that except for the 

pristine Co
3
O

4
 electrode, all COMX electrodes increase the capacity by more than 100 percent after 120 

cycles, which is caused by the slow activation process for electrolyte ions diffusing through the COMX 

electrodes when the stacked MXene nanosheets are used [11]. It is further demonstrated in , where the 

pristine MXene electrode experiences a minor increase in the specific capacity over a long-term cycling life. 

Likewise, there are almost identical trends for the cycling performance of COMX and pristine Co
3
O

4
 

electrodes at the rate of 1 C in Fig. 4d. Compared with the performance of the pristine Co
3
O

4
 electrode at C/5, 

the disadvantages of that at 1 C become more noticeable, which arises from the low electrical conductivity of 

the electrode. Among all the COMX electrodes, the COMX1 electrode shows the highest reversible capacity 

of 1005 mAh g
−1

 after 300 cycles at 1C. The higher percentage of MXene nanosheets in the composite leads 

to the high Li
+
 and electrons transmission efficiency between the electrodes. In contrast, the higher content of 

Fig. S2b

Fig. S2b

Fig. S2c



Co
3
O

4
 nanoparticles will not only have a negative effect on the electrical conductivity of the whole electrode 

but also increase the agglomeration probability of the nanoparticles leading to the uneven distribution Co
3
O

4
 

within the MXene nanosheets. However, if the ratio of Co
3
O

4
 nanoparticles and MXene nanosheets decreases 

to a specific value, the cycling performance cannot reach the expectation. For example, the cycling 

performance of the COMX0.5 electrode (Co
3
O

4
/MXene = 1:2) was tested at the current density of 1 C in 

. By contrast, the COMX0.5 electrode delivers a reversible capacity of 678 mAh g
−1

 after 300 cycles, 

which is much lower than that of the COMX1 electrode, which is reasonably ascribed to the restacking of 

MXene nanosheets with fewer Co
3
O

4
 nanoparticles as spacers. Indeed, Co

3
O

4
 nanoparticles play a critical 

role in separating the MXene nanosheets to prevent them from restacking. Hence, the synergistic effect of 

MXene nanosheets and Co
3
O

4
 nanoparticles in the COMX1 electrode fulfills its utmost efficiency.

Excellent rate performance of electrode demonstrates the capability of electrodes to support the fast charge and 

discharge. Fig. 4e shows the rate capability of the COMX and pristine Co
3
O

4
 electrodes at various current 

densities of C/5, C/2, 1 C, 1.5C, 2 C, 2.5C, to 3 C and then back at same rates. The COMX1 electrode delivers 

the capacities retentions of 100%, 87%, 82%, 75%, 72%, 65%, and 64%, at the current densities from C/5 to 

3 C, respectively. When the current densities return from 3 C to C/5, there is a little increase in the cycling 

performance due to the laggardly activated Li-ion transporting through the electrodes. Additionally, the 

COMX1 electrode remains the highest reversible capacities among all electrodes, which are further 

demonstrated in the Nyquist plots in . The addition of MXene nanosheets can effectively reduce the 

charge-transfer impedance of Co
3
O

4
 nanoparticlesthe compoaite electrode, which is consistent with the 

reduced diameter of the semicircle at the high-frequency region. Accordingly, the COMX1 has the smallest 

impedance around 35 Ω. Interestingly, when the current density increases to 5 C as illustrated in Fig. 4f, the 

COMX1 electrode can show a discharge capacity of 307 mAh g
−1

 after 1000 cycles, which implies the long-

term stability of the COMX1 electrode. Similarly, the pristine MXene electrode remains the capacity of 76% 

after 1000 cycles ( ). Therefore, the incorporation of MXene nanosheets with Co
3
O

4
 enhances the 

electrical conductivity of the electrode as well as stabilizes the electrode over the long-term cycling by 

relieving the stress arising from the expansion of active materials.

Typically, the capacity of the Co
3
O

4
/MXene composite electrode is mainly contributed by diffusion-controlled 

capacity from conversion and alloying reactions and capacitive capacity caused by surface charge transfer [30

]. To further understand the electrochemical kinetics of the COMX1 electrode for Li-ion storage, the 

corresponding CV curves at scan rates ranging from 0.2 to 2 mV s−1
 were carried out, as shown in Fig. 5a. 

The relationship between the current ( ) on scan rate ( ) can be expressed with Equations (4) and (5) [28].

Fig. 

S3

Fig. S4

Fig. S2c

(4)

(5)



Both a and b are tunable parameters, whose value could be determined by the intercept and slope of the plot (

 versus ), as illustrated in Fig. 5b. Generally,  represents an ideal diffusion-controlled 

intercalation procedure and  indicates the surface-induced capacitive procedure. According to Fig. 5b, b is 

equal to 0.79 and 0.78 for oxidation and reduction, respectively, implying the concurrence of two kinds of 

capacity contributions in the COMX1 electrode. Moreover, the proportion of two-kind contributions can be 

quantitatively confirmed by separating the current response ( ) at a fixed potential V into the capacitive 

process ( ) and the diffusion-controlled process ( ) following Equation (6) [24,31].

To determine the constant value of    and   , Equation  (6)  was transformed into Equation  (7)  by dividing the  

  at both sides [ 32 ]. Hence,    and    are determined by the slope and intercept of the plots of    and  

alt-text: Fig. 5

Fig. 5

(a) CV curves of COMX1 electrode at different sweep speeds of 0.2, 0.4, 0.8,1.2, 1.6, and 2.0 mV s−1
. (b) Plots of  versus 

 depending on reduction and oxidation peaks. (c) Separated diffusion and capacitive current at a scan rate of 1.2 mV s−1
. 

(d) The ratios of the diffusion and capacitive-controlled contributions at different scan rates.

(6)



.

With the explicit    and   , the contribution from the capacitive process (  ) and the diffusion-controlled 

process (  ) were calculated. For example, the typical voltage profile at the scan rate of 1.2 mV  s−1
 was 

shown in  Fig. 5 c, in which a dominating capacitive current (shadow region) accounts for ~74% compared with 

the total current, revealing that the electrode is inclined to surface-induced charge storage procedure. With the 

increasing sweep rate, the COMX1 electrode displays enlarged capacitive contributions of 54%, 63%, 70%, 

74%, 77%, and 79%, respectively ( Fig. 5 d). Interestingly, it is the surface-induced capacitive procedure that 

plays a significant role in the total current, which is ascribed to the tiny-size Co
3
O

4
 nanoparticles and stable 

composite structure. Moreover, the highly conductive MXene nanosheets favor the charge transfer kinetics in 

the composite electrode. Therefore, the dominating surface-induced capacitive procedure contributes to 

enhancing the rate capability of the COMX1 electrode, which also explains that the COMX1 electrode delivers 

a much larger capacity than the theoretical capacity.

4 Conclusion

In conclusion, the Co
3
O

4
/MXene composite electrodes can be prepared with high -performance for the 

enhanced lithium-ion batteries. The highly conductive MXene nanosheets not only serve as substrates for 

Co
3
O

4
 nanoparticles to relieve the stress, but also promote the electronic and ionic conductivity of the whole 

electrode. Moreover, the synergistic effect of MXene and Co
3
O

4
 results in excellent stability and 

electrochemical reversibility. In particular, for the ratios studied here the Co
3
O

4
/MXene composite electrode 

with the ratio of Co
3
O

4
/MXene = 1:1 delivered a superb reversible capacity of 1005 mAh g

−1
 after 300 cycles 

at the current density of 1 C and remained a high capacity of 307 mAh g
−1

 after 1000 cycles at a larger current 

density of 5  C. The facile preparation method and the excellent electrochemical performance of 

Co
3
O

4
/MXene composite electrodes promise it as a competitive anode for lithium-ion batteries.
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Graphical abstract

The scheme illustrates a facile strategy of mixing MXene nanosheets and Co3O4 NPs to form the Co3O4/MXene composite. 

The cComposite electrode with the mass ratio of Co3O4/MXene = 1:1 fabricated by this strategy delivers an excellent 

capacity of 1005 mA g
−1

mAh g
−1

 after 300 cycles at the current densities of 1 C (C = 890 mA g
−1

).

Highlights

• Co3O4 nanoparticles/MXene nanosheets composite was prepared on the nickel foams.

• MXene nanosheets acted as a buffer to accommodate the volume change of active materials as well as prevent the 

agglomeration of Co3O4 nanoparticles.

• MXene nanosheets were used to improve the conductivity of the electrode.
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