
Multilayer MXene framework for construction of hierarchical structure 
composites for high performance metal ion batteries

Peng Guo a,b,*, Lennart Singer a, Zhiyong Zhao c, Brian Hinz a, Tomasz Kędzierski d,  
Tobias König a, Ewa Mijowska d, Michael Zharnikov c , Peter Comba b,*, Rüdiger Klingeler a,*

a Kirchhoff Institute for Physics, Heidelberg University, Im Neuenheimer Feld 227, D-69120, Heidelberg, Germany
b Anorganisch-Chemisches Institut, Universität Heidelberg, Im Neuenheimer Feld 270, D-69120, Heidelberg, Germany
c Angewandte Physikalische Chemie, Universität Heidelberg, Im Neuenheimer Feld 253, D-69120, Heidelberg Germany
d Department of Nanomaterials Physicochemistry, Faculty of Chemical Technology and Engineering, West Pomeranian University of Technology, Piastów Av. 45, 
Szczecin, 70-311, Poland

A R T I C L E  I N F O

Keywords:
MXene
Hierarchical structure
Composite
Lithium ion battery
Molybdenum dioxide

A B S T R A C T

MXenes have become promising candidates for metal ion battery anodes. However, the achievable capacities of 
bare MXene-based electrodes are still limited. A promising strategy to overcome this issue and still exploit the 
unique properties of MXenes is to design composites of the MXenes and high-capacity conversion or alloy-type 
anode materials. Despite the growing interest in these kinds of MXene-based composites, the utility of multilayer 
MXene with its unique accordion-like structure is, even though it promises many advantages, such as a large 
surface area and a unique open structure, rarely reported. Here, we report on the preparation of hierarchical 
MoO2/C/V2C composites by an electrostatic interaction-assisted hydrothermal method and a post-annealing 
process. Our composites exhibit a unique hierarchical structure, where the MoO2 nanoparticles are confined 
and uniformly distributed in the open V2C/C layered framework. This architecture enables fast-ion and electron 
transfers and nicely accommodates the volume changes of MoO2 during cycling. Therefore, when used for 
lithium-ion batteries, the composites exhibit outstanding long-term cycling performance at high current densities 
of 1 and 2 A g-1. Our results demonstrate the benefits of using an accordion-like MXene host-framework for the 
composite formation and highlight the potential of such composites for high performance metal ion batteries.

1. Introduction

MXenes, a new class of two-dimensional materials, which was first 
reported by Gogotsi’s group[1], have attracted widespread interest in 
multiple fields such as energy storage, energy conversion and electro
magnetic interference shielding[2–5]. Particularly, high conductivity, 
excellent mechanical stability and variable surface chemistry make 
MXenes promising potential anode materials for metal ion batteries 
[6–10]. However, even though the capacity attained for recently re
ported MXene-based electrodes appears to be highly reversible, it is still 
limited. For instance, Ti3C2, Nb2C, and V2C exhibit reversible capacities 
of less than 400 mAh g-1 for lithium ion batteries (LIBs) and 300 mAh g-1 

for sodium ion batteries (SIBs) [11–13]. Other known high-capacity 
anodes like conversion and alloy-type materials on the contrary 
display insufficient cycling stability as they suffer from severe phase 
transformation and volume expansion during the cycling process, 

resulting in the pulverization of active materials and thereafter rapid 
capacity degradation. A promising strategy to simultaneously exploit the 
unique properties of MXenes and achieve high electrochemical capacity 
is to design composites of MXenes and high-capacity conversion or 
alloy-type anode materials, such as metal oxides, metal sulfides and 
silicon[14–18].

In order to fabricate such composite materials, exfoliated MXene 
nanosheets are generally adopted to form composites by in-situ growth 
or liquid assembly methods. In particular, within this strategy, Bashir 
et al. prepared an MXene-supported Si@V2C composite by a sonication- 
assisted method[19]. When used as anode material in lithium-ion bat
tery, this Si@V2C composite displayed a reversible capacity of 430 mAh 
g-1 after 150 cycles at 200 mA g-1. Another representative example is the 
study of Ai et al. synthesizing SnS nanoparticles anchored in Ti3C2 
nanosheet matrix composites via an electrostatic attraction method[20]. 
The resulting composite electrode showed a specific capacity of 646 
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mAh g-1 at the current density of 100 mAg-1 after 100 cycles. A few 
further examples can be found in the recent review by Bi et al. [21]

On the contrary, unexfoliated multilayer MXene with the unique 
accordion-like structure has, despite many promising advantages, rarely 
been reported as a host structure for composite formation. The main 
advantage of unexfoliated multilayer MXenes is their unique ‘open 
structure’, which arises due to the applied synthesis conditions[1]. Such 
attainable MXene structures ensure good contact between electrolyte 
and electrode, which is beneficial for fast electron and ion transfer. Also, 
in our opinion, the unexfoliated multilayer MXene structure is a suitable 
framework for the further composite formation with conversion and 
alloy-type anode materials, as the robust open structure promises to 
mitigate the strong volume expansion that occurs with pure 
conversion-type and alloy-type anode materials by their confinement 
into the hierarchical structure. A promising high-capacity candidate to 
be introduced into such a hierarchical structure is the conversion-type 
material molybdenum dioxide (MoO2) owing to its high theoretical ca
pacity (838 mAh/g), lower-cost molybdenum precursors compared to 
metal chalcogenides (e.g., Re2Te5, CoTe2, Bi2Te3, ReSe2, SnS2), and 
environmentally benign preparation via facile hydrothermal-annealing 
method[22–26]. Regardless of the unique benefits and promises of 
such composites, a big challenge that is not easily overcome was and is 
the uniform integration of MXenes with other materials present, due to 
the poor dispersibility of multilayer MXene in the solvent.

Here, we report the preparation of hierarchical MoO2/C/V2C com
posites by an electrostatic interaction-assisted hydrothermal method 
and a post-annealing process. We solved the problem of low dis
persibility of V2C-MXene and simultaneously modified the surface 
charge state of V2C-MXene for the optimized combination with MoO2 
through the usage of the cationic polydiallyldimethylammonium chlo
ride (PDDA). The resultant MoO2/C/V2C composites exhibit a hierar
chical structure, where MoO2 nanoparticles are confined in the open 
V2C/C layered structure. Thanks to this unique structure, when used for 
the lithium ion battery, the MoO2/C/V2C composites exhibit excellent 
electrochemical performance featuring superior rate capability and 
long-term cycling stability. In particular, the here presented MoO2/C/ 
V2C composites with molybdenum-source (NH4)6Mo7O24:V2C precursor 
mass ratios of 4:1 and 8:1 deliver high specific capacities of 603 and 420 
mAh g-1, respectively, after 400 cycles at a current density of 1000 mA g- 

1. These results confirm the great potential of multilayer MXenes as a 
host framework and demonstrate the applicability of this type of struc
ture for composite formation with other anode materials.

2. Experimental section

2.1. Synthesis of MoO2/C/V2C composites

V2C: V2C-MXene was synthesized by etching the aluminum layer out 
of the precursor (V2AlC: Jilin 11 Technology Co., Ltd) with the help of a 
mixed solution of LiF and HCl. The etching solution was prepared by 
dissolving 1 g LiF powder in a 9 M HCl solution followed by a 
magnetically stirring time of 2 h. The etching solution can in-situ form 
HF solution which exposure is very toxic and should be prepared in an 
HF lab. The precursor V2AlC was then immersed into the above solution 
and the mixture was transferred to a 50 ml stainless steel autoclave lined 
with PTFE and heated at 90 ◦C for 72 h. The precipitate (V2C-MXene) 
was collected after centrifugation, washed several times with water and 
ethanol until the pH value of the solution was above 5, and dried in an 
oven at 60 ◦C for 24 h.

V2C/PDDA: The positively charged V2C/PDDA was prepared by 
modifying V2C with PDDA (Aldrich, 20 wt% in water) solution. In detail, 
50 mg V2C was firstly dispersed in 30 mL water. Afterwards, 1 ml PDDA 
solution (20 wt%) was added dropwise to the above V2C solution under 
continuous stirring for 2 h.

MoO2/C/V2C: The MoO2/C/V2C composites were prepared via a 
hydrothermal and annealing process. 400 or 200 mg of (NH4)6Mo7O24 

was added to a V2C/PDDA solution under vigorous stirring. The pH 
value of the solution was adjusted to 1 by adding 9 M HCl. Afterward, 
the solution was transferred to a teflon-lined stainless-steel autoclave, 
sealed, and maintained at 200 ◦C for 12 h. The obtained precipitate was 
washed with water and centrifugated 3 times. Afterwards, the product 
was collected and dried in vacuum at 70 ◦C for 12 h. The product is 
denoted as MoO2/PDDA/V2C-1 or MoO2/PDDA/V2C-2, based on the 
mass ratio of the molybdenum source to V2C (8:1 or 4:1), respectively. 
The products were annealed at 400 ◦C with argon flow for 2 h. The 
annealed samples were collected and marked as MoO2/C/V2C-1 or 
MoO2/C/V2C-2 according to the mass ratio of the molybdenum source to 
V2C (8:1 or 4:1), respectively.

2.2. Synthesis of MoO2/C/V2C and MoO2/PDDA composites

The MoO3/V2C and MoO2/PDDA composites were synthesized with 
the same procedure as the MoO2/PDDA/V2C composites except for the 
addition of PDDA and V2C-MXene, respectively. The MoO3/V2C and 
MoO2/PDDA products were annealed at 400 ◦C with an argon flow for 2 
h and denoted as MoO3/V2C (annealed) and MoO2/C (annealed).

2.3. Material characterization

X-ray diffraction (XRD) measurements were conducted on a Bruker 
AXS D8 Advance Eco diffractometer using Cu Kα radiation with a step 
size of Δ(2Θ) = 0.02◦ Scanning Electron Microscopy (SEM), Trans
mission Electron Microscopy (TEM) and high-resolution TEM (HRTEM) 
were performed using a ZEISS Leo 1530 SEM and a Tecnai F30 TEM (FEI 
Corporation, USA) at an acceleration voltage of 200 kV, respectively, to 
study the morphology of the materials. Elemental mapping was per
formed on a Scanning Transmission Electron Microscope (STEM) unit 
with a high-angle annular dark-field (HAADF) detector (FEI, Tecnai 
F30), operating at an acceleration voltage of 200 kV. X-ray photoelec
tron spectroscopy (XPS) measurements were conducted using a MAX 
200 (Leybold-Heraeus) spectrometer equipped with a hemispherical 
analyzer (EA 200; Leybold-Heraeus) and a Mg Kα X-ray source. The XP 
spectra were acquired in normal emission geometry with an energy 
resolution of ~0.9 eV. The binding energy (BE) scale of the spectra was 
referenced to the Au 4f7/2 peak at 84.0 eV.

2.4. Battery assembly and electrochemical measurements

To prepare the working electrodes, the active material (V2C-MXene 
composite) was mixed with carbon black and polyvinylidene difluoride 
(PVDF, Solvay Plastics) at a mass ratio of 7:2:1 and dissolved in 1- 
methyl-2-pyrrolidone (NMP, Sigma Aldrich) by magnetic stirring for 
at least 12 h[27]. After removing most NMP in vacuum, the mixed slurry 
was then applied on circular Cu meshes (diameter 10 mm for the mea
surements inside the coin cell and 16 mm for the EL-CELL). The prepared 
electrodes were then dried at 80 ◦C under vacuum, mechanically pressed 
at 10 MPa, and then dried again, which resulted in an average mass 
loading of the electrodes of about 2–3 mg cm-2[28]. The electrochemical 
performance of the fabricated electrodes was evaluated using coin cells 
(type 2032). A three-electrode PAT-Cell from EL-CELL was used for 
potentiostatic electrochemical impedance measurements (PEIS) [29]. 
For the coin cell preparation, two layers of glass microfibre separator 
(WhatmanGF/D) soaked with 130 µl of a 1 M solution of LiPF6 in 
ethylene carbonate (EC)/dimethyl carbonate (DMC; 1:1 by volume; 
LP30, Merck) and a lithium foil (Sigma Aldrich) pressed on a nickel plate 
were used. All cell assemblies were performed in a glove box under 
argon atmosphere (O2/H2O < 0.1 ppm). All electrochemical measure
ments were carried in the voltage range from 0.01 to 3 V with a VMP3 
potentiostat (BioLogic) at room temperature. For the PEIS measure
ments, the small disturbance of 10 mV in the frequency range from 200 
kHz to 1 mHz was selected. To ensure time invariance of the measure
ment as well as a steady state, a 24 h OVC (open circuit voltage) was 
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performed before the PEIS measurement, and a second control PEIS 
measurement was carried out directly afterwards.

3. Results and discussion

3.1.1. Morphology and structure of MoO2/C/V2C-1 and MoO2/C/ 
V2C-2 composites

The synthesis procedure of MoO2/C/V2C composites is shown in 
Fig. 1a. Firstly, multilayer V2C-MXene was synthesized via an etching 
process with a mixed solution of HCl and LiF from commercial V2AlC. 
Next, PDDA, a typical cationic polyelectrolyte in aqueous solution, was 
introduced. The subsequent combination of PDDA and V2C by the 
electrostatic force leads to two advantageous effects: firstly, the V2C 
dispersion is stabilized in aqueous solution and, secondly, for the sub
sequent treatment, V2C becomes positively charged on the surface. The 
stability of the synthesized multilayer V2C-MXene and V2C/PDDA dis
persions in water was evaluated (Fig. 1b-d). After 12 h, most V2C-MXene 
agglomerated and precipitated, and very little V2C was dispersed, 
demonstrating the poor aqueous dispersibility of multilayer V2C-MXene 
(right in Fig. 1b). In contrast, the presence of PDDA in V2C/PDDA sta
bilizes the V2C-MXene in an aqueous solution via electrostatic interac
tion, resulting in enhanced aqueous dispersibility of V2C/PDDA (left in 
Fig. 1b). The stability of dispersion was maintained even after 48 and 72 
h (Fig. 1c, d). This improvement makes it possible to preserve the hi
erarchical structure from multilayer V2C-MXene and integrate it with 
MoO2 for high-performance lithium storage. Next, the positively 
charged V2C/PDDA was combined with isopolymolybdate anions 
Mo7O24

6- from the molybdenum source (NH4)6Mo7O24 by electrostatic 
interaction[30,31]. After the hydrothermal reaction, the MoO2/PD
DA/V2C-1 and MoO2/PDDA/V2C-2 composites, based on the mass ratio 
of the molybdenum source to V2C (8:1 or 4:1), respectively, were ob
tained. The composites were then converted to MoO2/C/V2C-1 and 
MoO2/C/V2C-2 via an annealing process.

The crystal structure and phase characteristics of composites and 
precursors are determined by XRD as shown in Fig. 2 and Figures S1, S2, 
respectively. After the etching process, the diffraction peaks corre
sponding to V2AlC significantly weaken and the new peak at 8.7◦

(Figure S1) ascribed to the interlayer ordering of the (002) planes of V2C 
shows the successful preparation of MXene[32,33]. The appearance of 
extra diffraction peaks neither ascribed to the MAX nor the MXene phase 
can be related to the impurity phase of Li3AlF6, which is formed during 
the etching process[34]. In the XRD patterns of the MoO2/PDDA/V2C-1 
and MoO2/PDDA/V2C-2 composites (Fig. 2), the V2C (002) diffraction 

peak shifts to 8.2◦ indicating an enlarged interlayer distance after the 
formation of the composites[35,36]. Besides, strong diffraction peaks at 
26.2◦, 36.8◦ and 53.6◦ are observed, which can be ascribed to the (110), 
(111) and (220) peaks of monoclinic MoO2 (ICSD code 80,830) [37]. 
After the annealing process, the MoO2 phase is maintained, and weak 
diffraction peaks at around 22.4◦, 23.7◦ and 33.6◦ signal the presence of 
MoO2.75 in MoO2/C/V2C-1 and MoO2/C/V2C-2[38]. Note the absence of 
the (002) peak associated with the V2C-MXene structure, which has also 
been reported in other works[20,31]. It might be the effect of the 
annealing process at high temperatures and indicates the lack of inter
layer order in the formed V2C-MXene. Additionally, compared to 
MoO2/C/V2C-1, the XRD pattern of MoO2/C/V2C-2 exhibits broader 
MoO2 diffraction peaks, which suggests poorer crystallinity or smaller 
crystallite sizes of the oxide subsystem. One might speculate that the 
higher content of V2C-MXene in the MoO2/C/V2C-2 composite leads to 
an increased depletion of the lattice oxygen atoms at high temperatures 
and hence results in this effect[39]. The synthesis process without the 
addition of V2C-MXene leads to the production of MoO2/PDDA and 
corresponding annealing to MoO2/C. The XRD patterns of these mate
rials exhibit distinct diffraction peaks, which closely match those of 
monoclinic MoO2 (Fig. S2a). On this basis, we conclude that PDDA also 
works as a reducing agent during the hydrothermal reaction. Consis
tently, the absence of PDDA results in the production of mixed phases of 
h-MoO3 and α-MoO3 in MoO3/V2C and the annealed MoO3/V2C com
posites (see Figure S2b). Moreover, the diffraction peak at 8.2◦ ascribed 
to the (002) plane of V2C vanishes after the annealing process, which is 
in line with the findings for MoO2/C/V2C.

SEM, TEM, HRTEM, and HRTEM energy dispersive spectroscopy 
(HRTEM-EDS) measurements were performed to investigate the 
morphology and the elemental distribution of the samples. As shown in 
Fig. 3a, compared to the densely packed V2AlC (Figure S3), the syn
thesized V2C exhibits the typical accordion-like morphology of MXenes 
with the multilayer structure. The framework given by this open struc
ture promises to provide sufficient channels for electrolyte penetration 
and to reduce the migration pathway for lithium ions[40,41]. The SEM 
images of the MoO2/C/V2C-1 composite (Fig. 3b) show that MoO2 
nanoparticles are distributed uniformly in and on the layered structure. 
The hierarchical structure in this composite is not clearly visible due to 
the presence of excessive MoO2. By comparison, the smaller amount of 
MoO2 in MoO2/C/V2C-2 allows to identify a more obvious hierarchical 
structure (Fig. 3c). To estimate the size and morphology of the formed 
MoO2, a view on the annealed MoO2/C composite shows a MoO2 
morphology of micro particles with a size of 10–20 μm (Figure S4). The 
fact that the rational design with PDDA is indispensable for an improved 

Fig. 1. (a) Schematic illustration of the preparation of MoO2/C/V2C composites. The right panel shows photographs of dispersions of pristine V2C-MXene (right 
beakers) and V2C/PDDA (left beakers) in water after 12 h (b), 24 h (c), and 72 h (d).
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combination of V2C-MXene with MoO2 is proven by the SEM images of 
the obtained MoO3/V2C (annealed) material (Figure S5), where only a 
mixture of MoO3 micro rods and accordion-like V2C is seen. This dem
onstrates that the layered structure of V2C-MXene cannot be effectively 
utilized to confine MoO2 without the addition of PDDA. TEM images of 
MoO2/C/V2C-1 in Fig. 3d-f are in agreement with the SEM results and 
show a hierarchical structure, where MoO2 nanoparticles of a size of 
around 20 nm are almost uniformly confined in the amorphous V2C/C 
matrix. The HRTEM image of MoO2/C/V2C-1 shows a lattice spacing of 
0.34 nm corresponding to the (110) plane of monoclinic MoO2 (Fig. 3 g), 
which is in accordance with the XRD results. HRTEM-EDS mapping 
(Figs. 3i-l) of the selected area in Fig. 3h (red rectangle) confirms the 
homogeneous distribution of Mo, O, V, and C, indicating sufficient 
loading of MoO2 nanoparticles in this hierarchical composite.

The TEM images of MoO2/C/V2C-2 (Fig. 4a-c) show a similar hier
archical structure of MoO2 nanoparticles constrained in the V2C/C 
framework. Here, the MoO2 nanoparticles (Fig. 4d) exhibit smaller sizes 
(~1–2 nm) than in MoO2/C/V2C-1, but also, in accordance with the XRD 
results, a poorer crystallinity. The uniform distribution of Mo, O, V, and 
C is verified by the HRTEM-EDS mapping of MoO2/C/V2C-2 in Figs. 4e-i.

Chemical states and compositions of V2C-MXene, MoO2/C/V2C-1 
and MoO2/C/V2C-2 were investigated by XPS. The wide-scan spectra of 
MoO2/C/V2C-1 and MoO2/C/V2C-2 shown in Figure S6 confirm the 
presence of Mo, O, V, and C in these composites in agreement with the 
results of the EDS elemental mapping. In the case of V2C-MXene, V, C, 
and O can be observed. The detected O 1 s can be assigned to the O- 
related termination as well as vanadium oxides on V2C-MXene[42]. The 
V 2p XP spectrum of V2C-MXene shown in Fig. 5b exhibits a super
position of two V 2p3/2,1/2 doublets and an O satellite peak. The first 
doublet, with the component peaks at ~513.4 and ~519.6 eV, corre
sponds to V2+(V − C bond). The second doublet, with the component 
peaks at ~516.1 and ~523.4 eV, is assigned to V4+, resulting from the 
surface oxidation of V2C-MXene[19,43]. The C 1 s XP spectrum of the 
V2C-MXene shown in Fig. 5c reveals the coexistence of four character
istic peaks at 282.1, 284.8, 287.6 and 290.1 eV corresponding to C − V, 
C − C, C − O and O − C–––O bonds, respectively[43,44]. The above re
sults confirm the successful preparation of V2C.

For MoO2/C/V2C-1 and MoO2/C/V2C-2, the characteristic peaks 

ascribed to C—V and O—C–––O bonds vanish, and the peak related to 
C—C becomes dominant in the C 1 s XP spectra. Moreover, only one 
weak doublet assigned to V4+ is visible in the V 2p XP spectra. A possible 
explanation for this is that the MXene structure (as seen in the SEM and 
TEM data for the MoO2/C/V2C composites) is more or less fully hidden 
behind the layer of MoO2 nanoparticles/amorphous carbon and there
fore not detectable by the surface sensitive XPS[15,45]. The Mo 3d XP 
spectra of MoO2/C/V2C-1 and MoO2/C/V2C-2 exhibit three Mo 3d5/2, 

3/2 doublets. The doublet with the component peaks at 229.1 and 232.4 
eV is, in good agreement with other reports, assigned to Mo4+[23,46]. 
The other two doublets, with the component peaks at 232.4 and 235.5 
eV, 230.9 and 233.8 eV, correspond to Mo6+ and Mo5+, respectively, 
indicate slight surface oxidation of MoO2[47,48].

3.2. Lithium-ion storage in the MoO2/C/V2C-1 and MoO2/C/V2C-2 
composites

CV and GCPL measurements shown in Fig. 6 elucidate the electro
chemical behavior and, in particular, the ability of the composite ma
terials under study to store lithium-ions. Figs. 6a, b present CV curves of 
the MoO2/C/V2C-1- and MoO2/C/V2C-2-based electrodes, respectively, 
obtained at a scan rate of 0.1 mV/s in the voltage range 0.01–3 V. The 
observed peaks show the fingerprints of the electrochemical reactions, 
including those in the MoO2 subsystem, which can be summarized as 
following[49]: 

xLi+ + xe− + MoO 2 ↔ LixMoO 2 (0< x<0.98) (1) 

MoO2 + (4 − x)Li+ + (4 − x)e− ↔ 2Li2O + Mo (2) 

As seen in Fig. 6a, the first cathodic sweep displays two distinct 
reduction peaks at 1.6 V and 1.3 V. These peaks correspond to the two- 
step lithium insertion into MoO2 (Eq. (1)), during which the phase of 
MoO2 transforms from monoclinic to orthorhombic and back to mono
clinic[24,50]. The reduction peak at 0.7 V can be ascribed to the for
mation of SEI, which is absent in the subsequent cycles[39]. Another 
reduction peak at around 0.4 V represents the conversion reaction from 
LixMoO2 to metallic molybdenum (Eq. (2)) [49]. Additionally, several 
reduction peaks at the potential over 2 V are visible, which disappear in 

Fig. 2. XRD patterns of MoO2/PDDA/V2C-1, MoO2/PDDA/V2C-2, MoO2/C/V2C-1, and MoO2/C/V2C-2. Vertical ticks represent the reference patterns of MoO2 and 
MoO2.75 according to ICSD codes 80,830 and 201,573, respectively. The black (002) label and the analogous yellow labels related to interplanar ordering in the 
MXene and MoO2 diffraction peaks, respectively.
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the following cycles and therefore indicate irreversible reactions. A part 
of these irreversible reactions might be caused by traces of MoO3, which 
originated from the partial oxidation in air on the surface of composites 
[51]. For the first anodic scan, two rather distinct oxidation peaks at 1.4 
V and 1.7 V are observed on the background of enhanced electro
chemical activity at ~1–2.2 V. The peaks are attributed to the LixMoO2 
delithiation process (Eq. (1)) [52]. In the second cathodic sweep, the two 
reduction peaks related to lithium insertion at 1.6 and 1.3 V are un
changed. The reduction peak related to the conversion reaction (Eq. (2)) 
at 0.15 V shows a potential shift compared with the first cycle. This is 
commonly observed in MoO2-based electrodes and attributed to struc
tural change during the conversion reaction[53]. Moreover, the increase 
in current density indicates a more complete conversion reaction and 
suggests the appearance of a known electrode activation effect[54]. The 
peaks in the second and fifth cycles are nearly overlapping, which im
plies good reversibility of the insertion and extraction of lithium ions.

The CV of MoO2/C/V2C-2 show a different behavior than those of 
MoO2/C/V2C-1, in particular the absence of the distinct feature associ
ated with the processes described by Eqs (1) and (2), which can be partly 
explained by the lower MoO2 content in the former composite material. 
Starting again with the first cathodic scan, the irreversible reduction 
peak at 2.7 V likely signals small electrochemical activity of MoO3, 

similar to that in the MoO2/C/V2C-1 electrode and in agreement with 
the existence of Mo6+ in the composite as demonstrated by the XPS data. 
The broad peak at around 1.26 V corresponds to the lithiation of MoO2 
to LixMoO2, the broad width of which is explained by the amorphous 
structure of the MoO2 nanoparticles in MoO2/C/V2C-2[33]. The broad 
reduction peak at 0.6 V indicates the formation of SEI and the conver
sion reaction of LixMoO2. In contrast to MoO2/C/V2C-1, only one 
oxidation peak at 1.52 V attributed to the delithiation process is 
observed during the first anodic scan. Upon further cycling, the CV 
profiles remain fairly consistent and steady in the fifth cycle, suggesting 
good reversibility and stability of lithium-ion transport.

The galvanostatic charge/discharge curves of both the MoO2/C/V2C- 
1 and MoO2/C/V2C-2 electrodes at a current density of 100 mA g-1 are 
shown in Figure S7. The MoO2/C/V2C-1 electrode delivers an initial 
discharge/charge capacity of 875/496 mAh g-1 with an initial 
Coulombic efficiency of 57% (Figure S7a). The capacity loss arises from 
SEI formation and the irreversible reaction(s) at high potential (>2.5 V). 
There are two faint plateaus at around 1.3 and 1.6 V in agreement with 
the CV curves. In contrast, a higher first cycle Coulombic efficiency of 
around 70% is achieved for the MoO2/C/V2C-2 electrode (Figure S7b), 
which exhibits an initial discharge/charge capacity of 1190/840 mAh g- 

1, thereby indicating a better synergistic effect of the components.

Fig. 3. SEM images of V2C (a), MoO2/C/V2C-1 (b), and MoO2/C/V2C-2 (c). TEM images (d-f), HAADF-STEM image (g), and HAADF-STEM-EDS mapping (h-l) of 
MoO2/C/V2C-1.
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Fig. 6c shows the cycling performance of the MoO2/C/V2C-1 and 
MoO2/C/V2C-2 electrodes at a current density of 100 mA g-1 for 100 
cycles. The corresponding data for pristine V2C, MoO2/PDDA/V2C-1 and 
MoO2/PDDA/V2C-2 are also presented for comparison. The pristine V2C 
electrode exhibits good capacity stability but features only low revers
ible capacity of 196 mAh g-1 after 100 cycles. In this pristine MXene, the 
performance is known to be limited by the lithium-ion insertion mech
anism and the existence of surface groups[55,56]. By comparison, the 
MoO2/PDDA/V2C-1 and MoO2/PDDA/V2C-2 electrodes show higher 

initial discharge/charge capacities but a fast drop to 170–180 mAh g-1 in 
the first 15 cycles. We attribute this strong fading to poor electro
chemical behavior of PDDA in these two composites, which diminishes 
the lithium storage performance of MoO2 [57]. This problem can be 
overcome by converting PDDA to amorphous carbon via an annealing 
process as evidenced by the cycling performance of our MoO2/C/V2C-1 
and MoO2/C/V2C-2 electrodes. Both electrodes exhibit enhanced 
lithium-ion storage performance compared to their untreated counter
parts. As shown in Fig. 6c, the MoO2/C/V2C-1 electrode shows a slight 

Fig. 4. TEM images (a-c), HRTEM image (d), and HRTEM-EDS mapping (e-i) of MoO2/C/V2C-2.

Fig. 5. Mo 3d (a), V 2p (b), and C 1 s XP spectra of V2C-MXene, MoO2/C/V2C-1, and MoO2/C/V2C-2.
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capacity increase in the first 20 cycles, which is however followed by 
clear capacity fading in the next 20 cycles. Afterwards, the capacity is 
maintained in the subsequent 60 cycles. The capacity increase can be 
attributed to the progressive conversion reaction known as the electrode 
activation effect, where the produced metallic Mo activates more Lix

MoO2 to participate in the conversion reaction[54]. However, the ag
gregation of metallic Mo to form metal clusters would hinder this 
activation effect, causing a capacity drop. The good electrical contacts 
provided by constructing hierarchical structures with materials like 

graphene[53] and MXene, as shown here, can alleviate the aggregation 
and stabilize the cycling process. In the case of the MoO2/C/V2C-2 
electrode, the amorphous structure of MoO2 and the higher amount of 
MXene in the composites offer more complete conversion reactions and 
a better confinement effect. Compared to MoO2/C/V2C-1 this results in a 
drastically improved capacity retention of 99% (a reversible capacity of 
810 mAh g-1) after 100 cycles. Without the unique hierarchical struc
ture, the synthesized annealed MoO2/C and MoO3/V2C samples show 
fast capacity degradation and specific capacities of only 352 and 315 

Fig. 6. CV curves for the (a) MoO2/C/V2C-1 and (b) MoO2/C/V2C-2 electrodes for the first, second, and fifth cycle at a scan rate of 0.1 mV s− 1 and in a potential 
range of 0.01–3 V vs. Li/Li+. (c) Cycling performance at 100 mA g-1 and (d) rate performance at the current densities ranging from 100 to 2000 mA g− 1. In (c), the 
electrochemical performance of V2C-MXene, MoO2/PDDA/V2C-1 and MoO2/PDDA/V2C-2 are also shown for comparison.

Fig. 7. Long-term cycling performance and Coulombic efficiency of MoO2/C/V2C-1 and MoO2/C/V2C-2 at high current densities of (a) 1000 and (b) 2000 mA g-1.
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mAh g-1 are retained after 100 cycles (Figures S8 and S9).
The rate capabilities of the MoO2/C/V2C-1 and MoO2/C/V2C-2 

electrodes were also tested under different current densities ranging 
from 100 to 250, 500, 1000 and 2000 mA g-1 (see Fig. 6d). The MoO2/C/ 
V2C-1 electrode delivers average specific discharge/charge capacities of 
692, 638, 559, 446, and 224 mAh g-1, respectively. As the current 
density is returned to 100 mAg-1, the specific discharge/charge capacity 
quickly recovers to 670 mAh g-1. Similar but superior rate performance 
is observed for the MoO2/C/V2C-2 electrode, which shows higher 
average specific discharge/charge capacities of 840, 782, 714, 603 and 
401 mAh g-1, respectively, at the same current densities. Consequently, 
both electrodes display high reversibility and outstanding rate capa
bility, benefiting from the enhanced conductivity and the unique hier
archical structure of the MoO2/C/V2C composites.

Inspired by the outstanding cycling stabilities and rate capabilities of 
the MoO2/C/V2C-1 and MoO2/C/V2C-2 electrodes, the long cycling 
capability of the above two electrodes at a high current density of 1000 
and 2000 mA g-1 was investigated. As shown in Fig. 7a, the MoO2/C/ 
V2C-1 and MoO2/C/V2C-2 electrodes exhibit reversible capacities of 420 
and 603 mAh g-1, respectively, after 400 cycles at a current density of 
1000 mA g-1. Moreover, for these electrodes, capacities of 294 and 412 
mAh g-1 can still be achieved after 800 cycles at a high current density of 
2000 mA g-1, implying excellent long-term cycling stability. The initial 
capacity reduction followed by gradual increase at 2 A/g (Fig. 7) may 
stem from two key factors: 1) kinetic Limitations: High current density 
(2 A/g) initially hinders full Li+diffusion into the MoO2/C/V2C com
posite, causing incomplete conversion reactions and irreversible Li⁺ 
consumption for metastable SEI formation. 2) Progressive Activation: 
with cycling, the hierarchical V2C/C framework enables gradual opti
mization of ionic/electronic pathways (supported by EIS in Fig. 8a), 
while confined MoO2 nanoparticles achieve enhanced conversion reac
tivity (MoO2 ⇌Mo + Li2O), aligning with the delayed capacity rise 
observed in MoO2/graphene systems[53].

To examine the kinetics and supposed kinetic disparities between 
MoO2/C/V2C-1 and MoO2/C/V2C-2, potentiostatic electrochemical 
impedance measurements (PEIS) were conducted. The resultant Nyquist 
plots, alongside the fits obtained using the Z Fit function of the EC-Lab 
(Bio-Logic) software, are depicted in Fig. 8a. These plots exhibit a 
depressed semi-circle in the high to medium frequency range, reflecting 
the charge transfer resistance followed by a steep rise in the low- 
frequency range, indicative of Li+ diffusion impedance. Quantitative 
analysis, accomplished by fitting the data with the corresponding 

equivalent circuit (see equivalent circuit depicted in Fig. 8a), allows to 
assess parameters such as electrolyte resistance (Re), charge transfer 
resistance between the electrolyte and electrode material (Rct), and 
double-layer capacitance (Cdl). Our analysis yields an electrolyte resis
tance of 2.5(8) Ω for MoO2/C/V2C-2 and 1.7(3) Ω for MoO2/C/V2C-1, 
and a rather small charge transfer resistance of 109(1) Ω and 133(1) Ω, 
as well as double layer capacity of 2.29(8) µF and 2.09(3) µF, respec
tively. The better high current capability (see Figure. 6) and the also in 
comparison lower charge transfer resistance values clearly display that 
MoO2/C/V2C-2 exhibits faster kinetics than MoO2/C/V2C-1. The faster 
kinetics likely originates from a better synergistic effect between the 
components in this composite and allows the conclusion that the MoO2 
to MXene ratio for fast kinetics and better electrochemical performance 
should rather be in the range of 4:1 than in the range of 8:1. More 
significantly, as depicted in Fig. 8b, the long-term cycling performance 
and rate capabilities of the MoO2/C/V2C composites notably exceed 
most previously reported for both MXene-based composites and MoO2 
composite anode materials. Our systematic study of the different elec
trode materials allows us to ascribe the superior battery performance of 
the here reported MoO2/C/V2C composites to the following two prop
erties: (1) The unique hierarchical structure strongly suppressing ca
pacity fading, and (2) the V2C/C framework enhancing the electric 
conductivity of the composites, thereby improving the kinetics of the 
electrochemical processes. This is straightforwardly attributed to the 
proper confinement of the MoO2 nanoparticles to accommodate the 
volume expansion during cycling and to alleviate metallic Mo aggre
gation. In addition, the hierarchical confinement structure provides full 
contact between electrode and electrolyte. Compared to well- 
established anode materials such as graphite and silicon-based coun
terparts, the current challenges of the MoO2/C/V2C composite primarily 
lie in the relatively high cost of raw materials (e.g., V2C MXene) its 
environmental -unfriendly synthesis processes synthesis process. How
ever, the hydrothermal method followed by annealing, as proposed in 
this work, offers a simplified and scalable preparation route for the 
MoO2/C/V2C composite. We acknowledge that further cost reduction of 
MXene materials and optimization of synthesis method are essential for 
large-scale production. Nevertheless, with the rapid development of 
MXene manufacturing technologies and economies of scale, we believe 
this composite holds promising potential for practical applications in 
next-generation lithium-ion batteries.

Fig. 8. (a) Nyquist plots for MoO2/C/V2C-1 and MoO2/C/V2C-2 measured after OCV. Solid lines display fits according to the equivalent circuit shown in the inset. (b) 
Comparison of the cycling performance at various current densities for the MoO2/C/V2C composites with those of the recently reported MXene-based composites and 
MoO2 composite anode materials [17,20,23,26,35,39,51–53,58–62].
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4. Conclusions

We report on the successful preparation of MoO2/C/V2C composites 
by an electrostatic interaction-assisted hydrothermal and a post- 
annealing process. In our process, the problem of the V2C dispersion 
in water is solved through the introduction of PDDA, providing the 
possibility to prepare highly functional composites of V2C with MoO2. As 
a result, our composite features MoO2 nanoparticles confined in the 
layered framework of V2C/C, derived from V2C/PDDA. Benefitting from 
this unique hierarchical structure, the MoO2/C/V2C composites exhibit 
outstanding lithium storage performance. The two MoO2/V2C/C-based 
electrodes with different MoO2/V2C ratios show reversible specific ca
pacities of 602 and 810 mAh g-1, respectively, at 100 mA g-1 after 100 
cycles. In particular, the two composites also exhibit superior long-term 
cycling performance with reversible capacities of 292 and 412 mAh g-1 

at a high current density of 2000 mA g-1 after 750 cycles. Moreover, 
excellent rate performance is obtained for the electrodes of these two 
composites. The data also suggest that the MoO2:V2C ratio and the size 
and crystallinity of MoO2 nanoparticles are important to further opti
mize the performance of the hierarchical composite materials. Notably, 
the design strategy and the synthesis route have great potential to be 
extended to construct other remarkable composites based on unexfo
liated multilayer MXene as host framework in combination with high 
capacity conversion-/alloy-type materials.
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