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MXene-mediated regulation of local electric field surrounding
polyoxometalate nanoparticles for improved lithium storage
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ABSTRACT Due to their capability of reversibly accepting
multi lithium ions, polyoxometalates (POMs) have been
widely regarded as promising candidates for electrochemical
lithium storage. Nevertheless, the insulating nature of POMs
hinders fast migration kinetics of lithium within the bulk of
these materials. Herein, we propose the introduction of a local
electric field surrounding the POM nanoparticles consisting of
Mn and V where the concomitant Coulomb forces can accel-
erate the migration of lithium ions. After rationally hy-
bridizing POMs with MXene nanosheets, the imbalanced
charge distribution emerging at their interface produces the
local electric field, thereby leading to a 250-fold increase of
lithium diffusion coefficient. In this regard, a capacitive con-
tribution as high as 81.7% at 1.0 mV s−1 is observed. Moreover,
the POM nanoparticles could densely assemble on the surface
of MXene nanosheets, offering highly packed electrodes and
thus high volumetric capacities. Due to the improved lithium-
ion transfer kinetics, the POMs/MXenes composites are paired
with activated carbon to produce lithium-ion capacitors which
could offer a high energy density of 195.5 W h kg−1 and a large
power capability of 3800 W kg−1. The findings in this work
could build a clear relationship between materials with dif-
ferent conductivities for designing electrode materials.

Keywords: local electric field, polyoxometalate nanoparticles,
MXenes, lithium storage

INTRODUCTION
The serious resource and environmental issues caused by the
overconsumption of fossil fuels accelerate the construction of an
electrified society [1]. In this regard, lithium-ion batteries (LIBs)
and other lithium-based energy storage devices [2,3], for
example, lithium-ion capacitors (LICs), have been extensively
explored for energy storage and utilization [4,5]. These devices
are mainly based on the lithium intercalation chemistry on
graphite anodes [6,7]. However, such a mechanism could only
permit a low specific capacity and sluggish kinetics, prohibiting
the graphite-based anode to fulfill the increasing demand on
energy storage devices [8]. To address this issue, tremendous
efforts have been devoted to searching for anode materials with
alternative mechanisms [9]. Among all the potential candidates,
polyoxometalates (POMs) represent one of the most promising

candidates [10–14]. As a typical kind of molecular cluster,
POMs are generally made of more than three transition metal
oxyanions. Of particular note is that POMs could reversibly
accept multi lithium ions and electrons, affording a large specific
capacity for lithium storage [15]. In addition, the transition
metals within POMs could be regulated in a wide range, pro-
ducing various redox chemistry [16,17]. Because of these merits,
a myriad of POMs have been explored for reversible lithium
storage.

Despite their promising prospect for robust lithium storage,
POMs encounter a series of challenges for practical application.
One key aspect is their intrinsically insulating nature which
requires a relatively large number of conductive additives to
facilitate the charge transfer within the POM-based electrodes
[18,19]. As a result, the nanostructured POMs have been widely
assembled with various conductive substrates. Awaga’s group
[20] decorated (n-Bu4N)3[PMo12O40] POMs on the surface of
carbon nanotubes (CNTs) and realized a 23% increase in the
specific capacity. Song’s team [21] employed CNTs to thread the
POM nanocrystals where the composites afforded a specific
capacity of 850 mA h g−1 for over 100 cycles. In addition to
CNTs, graphene represents another widely used conductive
substrate to load POMs. Liu et al. [22] dispersed Na2H8-
[MnV13O38] POMs (VM POMs) on the surface of reduced
graphene oxide (rGO) and observed one order of magnitude
increased ion diffusion coefficient. Nevertheless, the funda-
mental mechanisms underlying the performance improvement
caused by these hybrid structures have seldom been elaborately
investigated. This results in insufficient utilization of POMs for
lithium storage. Recently, the local electric field generated
between components of different conductivities has been pro-
posed to effectively regulate the lithium storage performance
[23,24]. The key rule is the in-situ generated local electric field
leading to a Coulomb force for accelerating lithium diffusion. As
a result, the rich local electric field could promote the practical
performance of the electrodes.

Herein, the POM nanoplates consisting of V and M are loaded
on Ti3C2X nanosheets for lithium storage. The hybridization of
two types of two-dimensional (2D) nanostructures could pro-
duce rich interfaces. Because of the excellent conductivity of
MXenes, a larger local electric field is afforded compared with
other conductive substrates, for example rGO, being employed.
As a result, the as-obtained composites offer a decent lithium
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storage performance with a large specific capacity of 600 and
370 mA h g−1 at the current density of 100 and 1000 mA g−1,
respectively, and an excellent pseudocapacitive contribution of
81.7% at a scan rate of 1.0 mV s−1, superior to the POM alone
and POMs/rGO composites. Moreover, the composites could be
directly packed into a highly compacted structure when har-
vesting, allowing a volumetric capacity as high as 410 mA h cm−3

at a current density of 1000 mA g−1 after 2000 cycles. After
pairing with activated carbon (AC) to produce the LICs, a
promising electrochemical performance is obtained. The finding
in this work may inspire a new route to design novel electrode
materials for energy storage applications.

EXPERIMENTAL SECTION

Materials preparation
VM POMs were synthesized according to a previously reported
method with minor modification [22]. First, 0.52 mol of NaVO3
was dissolved in 1000 mL of water along with adding 40 mL of
HNO3 (1.0 mol L−1) solution and 40 mL of MnSO4 (1.0 mol L−1)
solution. Then, 80 mmol of Na2S2O8 was introduced. After that,
the mixed solution was heated to 70°C to gradually evaporate
extra water till the volume of the mixed solution was reduced to
600 mL. The precipitate was removed and the remained solution
was aged for 3–4 days to precipitate out the orange crystals,
which are the VM POMs. To prepare the Ti3C2X nanosheets
[25,26], 2.0 g of Ti3AlC2 powder (11 technology Co., LTD,
China) was dispersed in 40 mL of HCl (9 mol L−1) solution and
then 2.0 g of LiF was introduced to trigger the etching process
for 28 h at 35°C. Then, the supernate was removed after cen-
trifuging at 3500 r min−1 for 10 min. After re-dispersion of the
sediment in deionized water, another centrifugation and
supernate removal were conducted. The dispersion, centrifuga-
tion, and supernate removal processes were repeated until the
pH of the supernate reached 6.0. Finally, the precipitate was re-
dispersed in water to produce the aqueous dispersion of MXenes
for subsequent use.

rGO was prepared via the following steps. (1) Pre-oxidization
of graphite: 6.0 g of graphite, 4.2 g of K2S2O8, and 6.2 g of P2O5
were added to 300 mL of concentrated H2SO4. After heating at
80°C for 5.0 h under continuous stirring, the mixed solution was
cooled down to room temperature naturally, and 2000 mL of
deionized H2O was added to the above dispersion. The pre-
oxidized graphite was obtained through vacuum filtration and
subsequent drying. (2) Preparation of graphene oxide (GO):
2.5 g of the pre-oxidized graphite was added to 300 mL of
concentrated H2SO4 in an ice bath, 10 g of KMnO4 was slowly
added to the solution and then the solution was stirred at 35°C
for 4 h. Then, 2000 mL of deionized H2O and 15 mL of H2O2
(35%) were slowly added to the mixed dispersion. The obtained
slurry was then centrifuged and washed repeatedly with dilute
HCl (VH2O:VHCl = 10:1), and then GO was obtained by washing
with deionized water until the pH reached 7. (3) Reduction of
GO: 0.15 g of GO and 75 mL of ethylene glycol (C2H6O2) were
mixed and sonicated for 1.0 h, and then, heated at 160°C for
17 h in a hydrothermal vessel. The as-collected precipitate was
washed repeatedly with acetone, ethanol, and water, and then
dried at 65°C for 12 h to produce rGO.

To prepare the VM POMs/MXenes, 50.0 mL of VM POM
dispersion (10 mg mL−1) was prepared, and then mixed with
100 mL of MXene dispersion (5 mg mL−1). After stirring for

48 h, the product was collected by freeze-drying. The mass ratio
of VM POMs to MXenes in the composite was set as 1:1. The
VM POMs/rGO was prepared using the identical procedure
except replacing the MXenes with rGO.

Materials characterization
To acquire the crystal structures of different samples, X-ray
diffraction (XRD) patterns were recorded on an X’ Pert PRO
MPD diffractometer equipped with Cu Kα radiation (λ =
l.5406 Å). A series of imaging instruments, including JEOL SM-
7900F scanning electron microscopy (SEM), JEM-2010 trans-
mission electron microscopy (TEM), FEI Talos 200S scanning
TEM (STEM), and MultiMode SPM atomic force microscopy
(AFM) were used to observe the morphology of the as-obtained
materials and elemental mapping were conducted on a DI
MULTIMODE system. A HORIBA HR800 spectrometer was
employed to detect the Raman spectra of the materials using an
excitation laser of 512 nm. To analyze the chemical bonding, X-
ray photoelectron spectroscopy (XPS) was measured on an
Escalab 250XI system with Al Kα radiation (Thermo Fisher
Scientific). The thermal gravimetric analysis (TGA) curves were
obtained on a thermal gravimetric analyzer (PerkinElmer TGA
4000) with a heating rate of 10°C min−1 in nitrogen. The element
contents were collected using Agilent 710 inductively coupled
plasma-atomic emission spectrometry (ICP-AES). The electrical
conductivity was tested using the two-probe method.

Electrochemical measurements
To carry out the electrochemical measurements, the working
electrodes were firstly prepared using the following procedure.
The active material, carbon black, and sodium carboxymethyl
cellulose (CMC) at a mass ratio of 8:1:1 were grinded with the
assistance of deionized water to produce a slurry. The as-pre-
pared slurry was then coated on the metal-foil current collectors
and vacuum dried at 100°C for 12 h, after which the electrodes
were produced. A typical CR2032 coin-cell was assembled by
pairing the working electrode with Li foil as the counter and
reference electrodes with 1 mol L−1 LiPF6 in dimethyl carbonate
(DMC), ethylene carbonate (EC), and ethyl methyl carbonate
(EMC) (1:1:1 vol%) and 2.0 wt% fluoroethylene carbonate (FEC)
as the electrolyte. The galvanostatic charge and discharge (GCD)
profiles and cyclic stabilities were recorded using a NEWARE
BTS-5V Measurement System while cyclic voltammetry (CV)
curves and electrochemical impedance spectroscopy (EIS) were
obtained on an IVIUMn STAT electrochemical workstation. The
Li+ diffusivities of the VM POMs/MXenes electrode were mea-
sured by galvanostatic intermittent titration technique (GITT)
with a pulse current of 200 mA g−1 and a 15 min rest interval.

Density functional theory (DFT) calculation
For a reliable calculation, the Perdew-Burke-Ernzerhof (PBE)
functional under the generalized gradient approximation (GGA)
was set as the base [27,28]. The projector augmented wave
(PAW) method was used in the Vienna ab initio simulation
package (VASP) [29]. The Monkhorst-Pack scheme of k-points
mesh was set to 3 × 3 × 1. The plane-wave cutoff energy was set
to be 450 eV. The convergence threshold for the self-consistent
field was set to 10−4 eV for the electronic relaxation and
0.02 eV Å−1 for the maximum forces of each atom. The DFT-D3
method was used to consider the van der Waals interactions.
Here, the 2D transition metal carbide, Ti3C2, was constructed by

SCIENCE CHINA Materials ARTICLES

November 2022 | Vol. 65 No. 11 2959© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022



sandwiched Ti and C atom layers, which consists of three Ti
layers and two C layers, forming edge-shared octahedral struc-
tures. rGO was modelled by loading oxygen-containing func-
tional groups on graphene nanosheets. According to the
experiment results, we can see that VM POM has a layered
structure and is mainly composed of multiple duplicate mole-
cular clusters of Na2H8[MnV13O38]. Therefore, to simulate VM
POMs, Na2H8[MnV13O38] was first obtained according to the
previous results of powder XRD data and the optimized struc-
ture with lattice parameters a = 10.80 Å and c = 20.73 Å was well
fit with the powder diffraction pattern.

According to the experimental characterization, MXenes and
VM POMs can form heterostructures by overlapping each other.
In order to simplify the calculation, we cut along the c direction
and got a layer structure of Na2H8[MnV13O38], and a molecular
cluster was finally selected to interact with Ti3C2 in a single cell.
A molecular cluster of Na2H8[MnV13O38] consisted of 13 dis-
torted edge-shared VO6 octahedra surrounding a central MnO6
octahedron. To investigate the interaction between Ti3C2 and
Na2H8[MnV13O38], the charge density difference was analyzed by
the equation:

= , (1)
total Ti C POMs3 2

where ρtotal, ρTi3C2
and ρPOMs are the charge densities for total

adsorbed systems, Ti3C2 and Na2H8[MnV13O38]. The charge
density difference of the POMs/rGO composite was obtained by

replacing the charge density of MXene with that of rGO in
Equation (1).

RESULTS AND DISCUSSION
Fig. 1a illustrates the fabrication process of the VM POMs/
MXenes composites. To obtain rich interfaces, POMs with a 2D
structure, specifically, nanoplate, are selected. The POMs used in
this work mainly consist of V and Mn, and were prepared
according to a previous report [30]. The detailed structure of
VM POMs is revealed in Figs S1 and S2. Powder XRD shows
that VM POM particles possess good crystallinity (Fig. S1a),
whose cellular structure chart was inserted in Fig. S1a. TGA
reveals that the VM POMs contain 12 crystalline H2O molecules
per molecule which could be completely removed by heating up
to 250°C, accounting for a weight loss of ~12.9 wt%, as illu-
strated in Fig. S1b. ICP-AES analysis reveals the molar ratio of
Mn:V:Na is 1:12.8:2.2 in VM POMs, indicating a composition of
1 Mn, 13 V, and 2 Na atoms. High-resolution XPS (HRXPS) of
V 2p demonstrates that the ratio of VIV:VV in VM POMs is close
to 3:10 (Fig. S1c) [22,31]. As a result, the formula of VM POMs
can be determined as Na2H8[MnV13O38]·12H2O. The VM POMs
feature nanoplate morphology under SEM observation in
Fig. S2a, which was further confirmed by TEM characterization
(Fig. S2b). The HRTEM image of the nanoplate shows a lattice
fringe spacing of 0.25 nm (Fig. S2c), corresponding to the (002)
plane of VM POMs. MXene nanosheets used here are the most

Figure 1 (a) The schematic illustration of fabricating the VM POMs/MXenes composites. (b, c) SEM images of VM POMs/MXenes at different magni-
fications. (d) TEM image of VM POMs/MXenes. The HAADF TEM image of the composite (e) and the related elemental mappings of V (f), Mn (g), Ti (h),
and C (i).
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typical one, namely, the Ti3C2X nanosheets which were obtained
through etching the Ti3AlC2 MAX phase in an aqueous solution
of HCl containing LiF [32,33], as reflected in Figs S3 and S4. The
as-prepared MXene nanosheets are highly dispersible in water as
shown in Fig. S3a and the XRD patterns reveal that Ti3AlC2
MAX was completely etched to generate Ti3C2X MXenes
(Fig. S3b). Then, the two aqueous dispersions of VM POM
nanoplates and MXene nanosheets were mixed and stirred for
48 h. The VM POMs/MXene composites were obtained after a
subsequent freeze-drying process. The whole materials synthesis
was carried out at ambient conditions without complex equip-
ment, thus holding promising prospects for the mass produc-
tion. An interesting finding in this work is the highly stacked
structure of the as-obtained product. Specifically, the VM POM
nanoplates firmly adhere to the surface of MXene, which are
then stacked heavily into a compact structure, as revealed by
SEM (Fig. 1b). Such a structure may allow the as-prepared
materials a large density that secures a high volumetric perfor-
mance. Specifically, the tap density and coating density could be
as high as 1.3 and 1.49 g cm−3, respectively. From the side view
of the heavily stacked particles (Fig. 1c), the flat sheet structure is
largely tortuous compared with the original MXene nanosheets,
suggesting the stacking of the components with different sizes.
Fig. 1d reflects the TEM image of VM POMs/MXene compo-
sites. The transparent sheet under the electron beam indicates
the ultrathin thickness and the VM POMs are uniformly deco-
rated on the surface of MXenes. In contrast to the bare MXene
nanosheets (Fig. S4a), the composite is less smooth. Moreover,
the element distribution under high-angle annular dark-field
(HAADF) imaging, as shown in Fig. 1e–i, reveals the highly
uniform distribution of V (Fig. 1f), Mn (Fig. 1g), Ti (Fig. 1h),

and C (Fig. 1i), originated from the two components.
Then, the structural details of the composite were further

characterized by XRD and XPS spectra. The XRD pattern of the
composite (Fig. 2a) reveals the combined band of VM POMs
and MXenes, but with an essentially reduced intensity. This may
suggest that the stacking manner of VM POMs in the composite
is much different from that of the pure POMs. As revealed from
the VM POMs, the POMs are heavily stacked into a thick
nanoplate (Fig. S2). In the presence of MXene nanosheets, the
subunit of VM POMs uniformly adheres to the surface of
MXenes, giving an essentially decreased intensity. The XPS full-
spectra of the VM POMs/MXenes, MXenes, and VM POMs are
compared in Fig. 2b. Obviously, the signal from all the related
elements could be detected in the spectra. The comparison of the
detailed spectra of Mn (Fig. 2c) and V (Fig. 2d) reveals the shift
of binding energy [34,35], indicating the formation of chemical
bonds between the VM POMs and MXenes.

To evaluate the lithium storage performance, half-cells were
fabricated with VM POMs/MXenes as the working electrode and
the lithium foils as the reference and counter electrodes.
Meanwhile, the electrochemical performance of VM POMs and
MXenes was also measured. The GCD profiles of VM POMs/
MXenes are shown in Fig. 3a. By increasing the current density
from 0.1 to 4.0 A g−1, no obvious plateaus are observed in these
curves, indicating the excellent rate capability. The specific
capacity is 627, 512, 433, 371, 309, and 244 mA h g−1 at current
densities of 0.1, 0.2, 0.5, 1.0, 2.0, and 4.0 A g−1, corresponding to
volumetric specific capacity of 934, 763, 645, 553, 460, and
363 mA h cm−3, respectively, superior to other results reported
elsewhere (Table S1) [36–45]. Then, the rate performance of the
VM POMs/MXenes is shown in Fig. 3b. The specific capacity is

Figure 2 (a) XRD patterns and (b) XPS spectra of VM POMs, MXenes, and VM POMs/MXenes. HR XPS profiles of (c) Mn 2p and (d) V 2p of VM POMs/
MXenes and VM POMs.
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gradually decreased with the increase of the current densities.
Nevertheless, the corresponding specific capacity of the com-
posite is larger than that of the single components (Figs S5 and
S6). To unravel the lithium storage kinetics, the relationship of
current density (i) and the scan rate (ν) was determined using
the following equation [46,47]:
i = aνb. (2)

In this equation, both parameters of a and b are adjustable and
the value of b is widely used to determine the lithium storage
kinetics. Firstly, the CV curves of VM POMs/MXenes at dif-
ferent current densities were recorded in Fig. 3c and the peak
currents at different potentials were collected to calculate the b
value. The b value of 0.5 indicates a diffusion-controlled process,
while 1.0 means a surface-dominated manner. As shown in
Fig. 3d, the b values larger than 0.9 are delivered at potentials
ranging from 0.3 to 2.7 V vs. Li/Li+, suggesting surface-domi-
nated processes in a wide potential range. Then, the contribution
of the aforementioned two processes to the current is separated
using the following equation [48,49]:
i(V) = k1ν + k2ν1/2, (3)
where k1ν, k2ν, and i(V) represent a capacitive effect-induced
current, diffusion-controlled Li+ insertion process, and the total
current response, respectively, at a given potential V. Fig. 3e
exhibits the CV curve of the VM POMs/MXenes at a scan rate of

1.0 mV s−1 which offers a capacitive contribution of 81.7%. Even
at a scan rate as low as 0.2 mV s−1, the capacitive contribution
can still be as high as 68.5% (Fig. 3f). These results suggest that
the VM POMs/MXenes mainly adopt a pseudocapacitive effect
for charge storage, which is a highly demanded behavior for
power-type energy storage devices [50], for example LICs. In
contrast, the kinetics behavior of VM POMs exhibited in Fig. S7
is inferior to that of the composite [51]. To reveal the improved
performance experimentally, the Nyquist plots of the composite
and VM POMs were compared. As shown in Fig. S8, the com-
posite shows a much smaller transfer resistance and a smaller
circle at the high-frequency range. Then, the diffusion coeffi-
cients of Li+ (DLi+) of the two materials during charge and dis-
charge were acquired using the GITT [52]. The calculated values
are plotted as a function of the potential during charge and
discharge, as shown in Figs S9 and S10. The DLi+ values of VM
POMs/MXenes remain between 1.0 × 10−10–6.0 × 10−10 cm2 s−1

in the potential range of 0.0 and 2.7 V vs. Li/Li+ (Fig. S9a–c),
which is about 250-fold higher than that of VM POMs
(Fig. S10a–c). Moreover, the cycling performance of the com-
posite is also superior to that of the VM POMs. As shown in
Fig. 3g, the composite offers a capacity retention of almost 100%
after 2000 cycles, superior to VM POMs (Fig. S5d), MXenes
(Fig. S6c) and other related structures (Table S2) [53–56].

Figure 3 Lithium storage performance of VM POMs/MXenes. (a) GCD curves at various current densities. (b) Rate capability measured at the current
densities from 0.1 to 4.0 A g−1. (c) CV tests at varying scan rates from 0.2 to 1.6 mV s−1. (d) b-value analysis. (e) Evaluation of the capacitive current at a scan
rate of 1.0 mV s−1 and (f) capacitive contributions at different scan rates. (g) Cycling performance recorded at 1.0 A g−1 for 2000 cycles.
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The local electrical field at the interface plays a crucial role in
the boosted electrochemical performance where the larger dif-
ference in electrical conductivity between different components,
the better [24,57,58]. To verify this viewpoint, another POM-
based composite with a lower conductive 2D substrate, rGO, was
prepared using a similar procedure for electrochemical analysis.
The electrical conductivity of MXene nanosheets (1460 S m−1) is
two order of magnitude higher than that of rGO nanosheets
(16 S m−1). As shown in Figs S11 and S12, the VM POMs/rGO
shows an inferior performance to the VM POMs/MXenes. To
get an insight into the role of the local electric field, DFT cal-
culations were carried out. The charge density distribution
shown in Fig. 4a, b indicates that a more pronounced electron
transfer occurs at the interface of MXenes and VM POMs (6.6 e)
which may be associated with a larger difference in electric
conductivity. As a result, the positive and negative centers would
be built at different components. The larger charge density
difference was further confirmed in the curve of the planar-

averaged electron density difference (Δρ) in Fig. 4c. Obviously,
the electron density difference at the MXenes and VM POMs
interface of VM POMs/MXenes is larger than that of their rGO-
based counterpart. The essentially improved charge transfer
behavior facilitated by the highly conductive MXene nanosheets
is conducive to the local electric field effect, thereby significantly
accelerating the charge transfer [23,59].

In view of the enhanced rate capability and cycle stability, we
used VM POMs/MXenes as the anode and commercial AC as
the cathode to construct a full LIC, and the structural analysis
and electrochemical performances of the AC were provided in
our previous research [60]. To balance the charge between the
two electrodes, the optimized mass ratio of cathode/anode was
determined to be about 1.2. The pairing processes of anode and
cathode are shown in Fig. 5a, where the CV curve of the full
device is also offered. Obviously, a decent capacitive capability is
provided as reflected from the quasi-rectangle CV curves of the
full device. The highly symmetrical GCD curves were obtained

Figure 4 Theoretical calculations of the charge density distribution in (a) VM POMs/MXenes and (b) VM POMs/rGO. (c) The planar-averaged charge
density difference Δρ for VM POMs/MXenes and VM POMs/rGO.

Figure 5 Electrochemical performance of the LIC with VM POMs/MXenes as the anode. (a) CV curves of the anode, cathode, and the LIC at a scan rate of
2.0 mV s−1. (b) GCD curves of the LICs at current densities ranging from 0.1 to 1.0 A g−1. (c) Ragone plot, and (d) cycling performance of the LIC.
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at a series of current densities ranging from 0.1 to 1.0 A g−1 as
shown in Fig. 5b. Meanwhile, the potential range of the anode
and cathode was simultaneously recorded using the three-elec-
trode split cell (Fig. S13) [56,61]. As shown in Fig. S14a, the
operating potential range of the anode and cathode is 0.2–2.4
and 2.6–4.0 V vs. Li+/Li, respectively. The well-matched rela-
tionship could be maintained at different current densities
because the potential profiles of both electrodes remain almost
undistorted as illustrated in Fig. S14b [62]. This observation
provides further evidence of the excellent pseudocapacitive
behavior of VM POMs/MXenes for lithium storage [63,64]. In
the full device, the charge transfer resistance is also quite low, as
shown in Fig. S14c. The Ragone plot of the LIC is drawn to
illustrate its practical performance. As exhibited in Fig. 5c, a high
energy density of 195.5 W h kg−1 is obtained at a power density
of around 380 W kg−1, while a decent energy density of
45.0 W h kg−1 is still delivered even at a large power output of
3800 W kg−1. Furthermore, the LIC exhibits a decent cycling
performance with a capacity retention of 80.0% after 1200 cycles
at a current density of 0.6 A g−1 (Fig. 5d), and the Coulombic
efficiency is nearly 100% during the cycling test.

CONCLUSIONS
In summary, the concept of local electric field has been firstly
applied to the POM-based anode material for lithium storage.
The 2D VM POM nanoplates were hybridized with MXene
nanosheets by simply mixing the dispersion of the two com-
ponents and aging for a while, creating rich interfaces. Due to
the significant difference of conductivity between composite
components, an obvious charge transfer occurs at the interfaces,
contributing to positive and negative centers locally. The local
electric field is then built, facilitating the charge transfer. As a
result, a substantially increased rate capability is produced with a
capacitive contribution as high as 81.7% at a scan rate of
1.0 mV s−1. In view of the high rate performance, a rate-capable
device, LIC, was built by using the VM POMs/MXenes as the
anode. The electrochemical characterization reveals the well-
matched electrodes at various current densities. The as-fabri-
cated LIC possesses excellent performance in terms of high
energy density (195.5 W h kg−1) and large power density
(3800 W kg−1). The investigation carried out in this work may
shed light on the role of enhanced charge transfer induced by the
local electric field and provides alternative ideas for designing
composite materials for energy storage applications.
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MXene辅助调控杂多酸纳米颗粒局部电场增强其锂
存储性能
晁会霞1, 李雅楠1, 卢玉坤1, 姚亚珍1, 朱一凡1, 杨浩1, 王凯2, 万弋1,
徐倩1, 关露1, 胡涵1*, 吴明铂1*

摘要 杂多酸(POMs)具有可逆接收/脱除多个锂离子的能力, 被认为是
具有广泛应用前景的电化学储锂材料. 然而, POMs的绝缘特性阻碍了
锂离子在其中的快速迁移. 鉴于此, 我们提出在由Mn和V组成的POMs
纳米颗粒周围引入局部电场, 通过同步产生的库仑力加速锂离子的迁
移. 将POMs与MXenes纳米片复合后, 界面处的不平衡电荷分布诱导产
生了局部电场, 使得锂扩散系数提高了250倍. 在1.0 mV s−1的低扫速下,
复合材料赝电容贡献高达81.7%. 此外, POMs的纳米颗粒可以在MXene
纳米片表面致密组装, 赋予电极材料高体积容量. 由于改善的锂离子传
输动力学, POMs/MXenes复合材料与商业活性炭组装的锂离子电容器
可输出195.5 W h kg−1的能量密度和3800 W kg−1的功率密度. 本研究为
高性能电极材料的设计提供了新思路.
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