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nic liquids into POM-based MOFs
to improve their conductivity for superior lithium
storage†
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Xiao-Li Wang,a Long-Zhang Dong, a Shun-Li Li*a and Ya-Qian Lan *a

Developing advanced anode materials with multi-electron reaction, adequate charge transport, and

suppressed volume changes is highly desirable in lithium storage. Both polyoxometalates (POMs) and

metal–organic frameworks (MOFs) are attractive candidates for anode materials because of strong multi-

electron redox properties of the former and high surface areas and controllable porosities of the latter.

However, the easy dissolution of POMs in an electrolyte and the intrinsically poor conductivity of MOFs

result in inferior rate performance and cycling capacity. In this paper, we skillfully encapsulate ionic

liquids (ILs) into polyoxometalate-based metal–organic frameworks (POMOFs) to fabricate a series of

ILs-functionalized POMOF crystals (denoted as POMs-ILs@MOFs), in which POMs are immobilized in

MOF cages to avoid the leaching of POMs. Also, an enhanced conductivity is obtained by the

modification of ILs. One of the POMs-ILs@MOFs crystals, PMo10V2-ILs@MIL-100, when used as the

anode material, shows superior cycling stability and high rate capability, which is proven to be the best

amongst those of all the reported MOF, POM, and POMOF crystal materials. The outstanding

performances are attributed to the hybrid behavior of a battery and a supercapacitor, which results from

the synergistic effects of ILs, POMs, and MOFs. Most importantly, we not only discover a series of new

anode materials but also propose a new strategy to improve the conductivity of MOFs and POMOFs,

which will guide the development of other electrode materials based on MOFs and POMOFs for

lithium storage.
Introduction

Environmental problems and energy shortage are two serious
issues related to human beings.1 Currently, the search for new
energy resources to replace traditional fossil energy has aroused
great attention. Lithium-ion batteries (LIBs) have been vastly
applied in consumer electronics and are regarded as one of the
best candidates for next-generation power sources.2,3 Graphite
is used as a commercial anode material for LIBs at present;
however, it has a low theoretical capacity of about 372 mA h g�1

because of its tightly stacked layered structure.4,5 Therefore,
great efforts have been made to develop other efficient anode
materials. Among the potential anode materials, transition
metal oxides,6–8 silicon,9,10 and amorphous phosphorus11 have
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received great attention. Nevertheless, the utilization of these
lithium storage anode materials has been limited due to the
slow lithium-ion (Li+) diffusion process. In comparison, super-
capacitors, which function based on the redox reactions of the
pseudocapacitive active materials or the formation of electrical
double-layer (EDL) capacitors, are also hampered in their
application in electrochemical devices because of their low-
energy density.12–14 Several alternative materials have been re-
ported and there is great interest to fabricate new anode
materials that combine the advantages of a battery and
a supercapacitor for LIBs.

Polyoxometalates (POMs) as early transition metal anionic
clusters have numerous applications in catalysis, magnetism,
electronics, and energy conversion.15 Particularly, the high
capability to accept a large number of electrons and the
reversible multi-electron redox properties make POMs potential
anode-active materials.16–18 However, when pristine POMs are
used as anode materials, their anion is prone to dissolve in the
electrolyte, which leads to an evident capacity degradation. To
overcome this obstacle, POMs are usually linked to some proper
substrates, such as metal–organic frameworks (MOFs), which
possess high surface areas and controllable porosities and
exibility. This strategy has aroused enormous research
J. Mater. Chem. A, 2018, 6, 8735–8741 | 8735
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attention19–22 and has been applied in gas storage, separation,
sensor, drug delivery, and energy storage.23–28 POMs can be
encapsulated into MOFs to fabricate POMOF materials, which
possess the properties of both POMs and MOFs and are
attractive candidates for anode materials in lithium storage.29

However, POMOFs have low cycling capacity and inferior rate
performance due to their poor conductivity.30 Recently, much
effort has been devoted to design some conductive MOFs, which
were used as the active electrode materials for EDL super-
capacitors with outstanding electrochemical performances.31,32

Nevertheless, these conductive MOFs are all two-dimension
materials, which are not suitable for the immobilization of
POMs. To circumvent these difficulties, it is necessary to adopt
other synthesis strategies to improve electronic conductivity of
POMOFs as anode materials for LIBs. For example, our group
has reported a novel nanocomposite based on POMOFs/RGO for
LIBs, which has enhanced battery performance.33 However, the
synthesis of graphene oxide (GO) was a complex process, the
homogeneity of this nanocomposite was out of control, and the
POMOFs/RGO were not in the crystalline form. Thus, the
method to prepare POMOF crystal materials having high
conductivity and controllable homogeneity, which can directly
determine electrochemical properties of the anode materials, is
very crucial. In this work, we utilize ILs to tune or enhance the
conductivity of POMOFs because of the high thermal and
chemical stability, high ionic conductivity, and wide redox
stability of ILs,34 which make them great potential guest mate-
rials. If ILs and POMs are encapsulated into MOF cages
simultaneously, the resulting anode materials are expected to
have high capacity, good cycling stability, and rate behavior.

Herein, we synthesized PMo10V2-ILs@MIL-100 crystals using
ferric chloride (Fe3+), benzene-1,3,5-tricarboxylic acid (BTC),
1-ethyl-3-methylimidazolium bromide (ILs), and H5PMo10V2O40

(PMo10V2) for the following reasons. (1) MIL-100 is synthesized
from the precursors of Fe3+ and BTC, which have high thermal
and chemical stability, high surface area, mesoporous cage
structure (z25 and 29 Å), and proper pentagonal and hexagonal
windows (z5.5 and 8.6 Å) (Fig. S1a†). MIL-100 can encapsulate
many guest POMs and ILs due to the suitable size of the cavities
and the mesoporous cage structure. (2) Keggin-type POMs such
as PMo10V2 are widely used as anode materials owing to the
proper size, high stability, water solubility, and reversible redox
property which is stronger than that of PMo12 because the V(V)
atoms in the cluster can increase the redox potential of the rst
electron transfer reaction.35 PMo10V2 can be conned into the
mesoporous cage of MIL-100 owing to the fact that the size of
PMo10V2 (z10.47 Å) (Fig. S1b†) is bigger than the window size
of the cage. PMo10V2 is inserted into the cages of MIL-100 to play
the role of a bridge and then ILs are prone to disperse into the
mesoporous cages of MIL-100 and react with PMo10V2 to form
PMO10V2-ILs by an ion exchange procedure.36 (3) ILs, especially
the imidazolium ILs, possess high ionic conductivity and wide
redox stability, which makes them attractive to improve the
conductivity of POMOFs.34 ILs in the POMOFs can not only
enhance the contact between the electrolyte and the electrode
but also improve the ionic and electronic conductivity of
POMOFs and avoid the formation of thick solid-electrolyte
8736 | J. Mater. Chem. A, 2018, 6, 8735–8741
interphase (SEI) lm.37 Thus, the PMo10V2-ILs@MIL-100 crys-
tals when used as an anode material for LIBs can achieve a high
reversible capacity of 1248 mA h g�1 aer 100 cycles at 0.1 A g�1,
an excellent rate capability of 480 mA h g�1 at 2.0 A g�1, and
a very long lifetime of 400 cycles with about 600 mA h g�1

retained at 1.0 A g�1. It is worth to mention that the perfor-
mances of PMo10V2-ILs@MIL-100 crystals are the best amongst
all of the reported MOF-, POM- and POMOF-based crystal
materials and comparable to the most excellent anode
electrodes.

Besides, the lithium storage behavior of PMo10V2-ILs@MIL-
100 and PMo10V2-ILs@HKUST-1 crystals is investigated by
cyclic voltammetric (CV) measurement. It is observed that both
samples show the hybrid behavior of a battery and a super-
capacitor, and the larger mesoporous cages and the larger
surface area of MIL-100 are benecial to improve the contri-
bution of capacitance. Although the synthesis of PMo10V2-
ILs@MIL-100 crystals is complex and ionic liquids are not
cheap, the most important purpose of this work is to provide
a new strategy to improve the conductivity of MOFs and
POMOFs and enhance their hybrid behavior, which will also
guide the development of other electrode materials based on
MOFs and POMOFs for lithium storage.

Experimental
Materials and synthetic procedures

Materials. All raw chemicals were obtained commercially
and used without additional purication. The PMo10V2

precursor was synthesized according to a procedure described
in the literature.38

Synthesis of MIL-100(Fe) crystals. FeCl3$6H2O (1.62 g) and
BTC (0.834 g) were dissolved in 30 mL of H2O. The mixture was
then transferred to a Teon-lined autoclave, and heated to
130 �C, and kept at this temperature for 72 h. The product was
ltered and washed with acetone.

Synthesis of PMo10V2@MIL-100 crystals. FeCl3$6H2O
(0.945 g), BTC (0.68 g), and PMo10V2 (2.036 g) were dissolved in
25 mL of H2O. The mixture was then heated to 130 �C and kept
at this temperature for 72 h in a Teon-lined autoclave. The
product was ltered and washed with ethanol and ether.

Synthesis of PMo10V2@HKUST-1 crystals. Cu(OAc)2$H2O
(0.2 g) and PMo10V2 (0.22 g) were dissolved in 10 mL of H2O.
BTC (0.14 g) was dissolved in 10mL of alcohol, and this solution
was added dropwise to the above mixture under continuous
stirring. The precipitate was collected by centrifugation and
washed with alcohol and deionized water.

Synthesis of PMo10V2-ILs@MIL-100 crystals and other
control samples. An excess of ILs was dissolved in 25 mL of H2O
and then, PMo10V2@MIL-100 (2.0 g) was dispersed into the
mixture. Aer that, the mixture was stirred at room temperature
for 24 h. Finally, the product was collected by centrifugation and
washed with diethyl ether. For comparison, PMo12-ILs@MIL-
100, PMo10V2-ILs@HKUST-1, and ILs@MIL-100 were synthe-
sized through the same method, except that PMo12@MIL-100,
PMo10V2@HKUST-1, and MIL-100 were used respectively to
replace PMo10V2@MIL-100.
This journal is © The Royal Society of Chemistry 2018
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Material characterization

The PXRD patterns were collected on a D/max 2500 VL/PC
diffractometer (Japan) equipped with graphite mono-
chromatized Cu Ka radiation (l ¼ 1.54060 Å). The FTIR spectra
were collected on a Nexus 670 spectrometer. TGA was carried
out by using a DSC 800 analyzer from PerkinElmer under a N2

ow with a heating rate of 10 �C min�1 from room temperature
to 700 �C. Nitrogen adsorption–desorption isotherms were
evaluated at 77 K on a Micromeritics ASAP 2050 system, while
the pore size distributions were calculated according to the
Barrett–Joyner–Halenda (BJH) method. The TEM and HRTEM
images were recorded on JEOL-2100F apparatus and JEOL JSM-
6700 M scanning electron microscope, respectively. The EDS
analyses were performed on a JSM-5160LV-Vantage typed
energy spectrometer. XPS measurements were conducted on
a scanning X-ray microprobe (PHI 5000 Verasa, ULAC-PHI, Inc.)
using excitation energy of 1486.6 eV (Al Ka) and the C 1s line at
284.8 eV as an energy reference.
Electrochemical characterization

To prepare a working electrode, active materials, carbon black,
and poly (vinylidene uoride) (PVDF) with a weight ratio of
7 : 2 : 1 were pasted on a piece of Cu foil. The loading of active
materials for the electrode was around 1 mg. The half-coin cells
were assembled in an argon-lled glove box with Li metal as
a negative electrode, a solution of 1 M LiPF6 in ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1 : 1 in volume)
as the electrolyte, and a Celgard 2400 membrane as a separator.
The galvanostatic charge/discharge measurement was con-
ducted on a LAND CT2001A multichannel battery between 0.01
and 3.0 V. Electrochemical impedance spectra (EIS) measure-
ments and CV were conducted on a CHI 660D electrochemical
workstation (Shanghai, China). The conductivity of the sample
pellets was measured with a two-probe method using Keithley
4200. The pellets of the samples were pressed at a pressure of
z1 GPa.
Results and discussion

The preparation process of PMo10V2-ILs@MIL-100 crystals is
illustrated in Scheme 1. We rst synthesized PMo10V2@MIL-100
using a facile hydrothermal method at 130 �C for 72 h using
a simple mixture of Fe3+, BTC, and PMo10V2. ILs were then
dispersed into the mesoporous cages of MIL-100 and reacted
Scheme 1 Schematic illustration of the synthetic process of PMo10V2-
ILs@MIL-100 crystals.

This journal is © The Royal Society of Chemistry 2018
with PMo10V2 to form PMO10V2-ILs by the ion exchange proce-
dure. The crystal structure of PMO10V2-ILs@MIL-100 reveals
that every trinuclear iron cluster is bridged by six BTC ligands to
generate a 3D network (MIL-100) and PMO10V2-ILs are immo-
bilized into the mesoporous cage of MIL-100 (Fig. S2a†). The
MOFs and the POMs of the POMOFs may have great effects on
the performances of LIBs. We utilized the same strategy to
prepare other analogs of POM-ILs@MOFs and ILs@MOFs
crystals, including PMo12-ILs@MIL-100 (Fig. S2b†), PMo10V2-
ILs@HKUST-1 (Fig. S2c†), and ILs@MIL-100 crystals, for
comparison. The structure of PMo12-ILs@MIL-100 crystals and
ILs@MIL-100 are similar to that of PMo10V2-ILs@MIL-100
crystals, except that PMo10V2 is replaced by PMo12 or without
PMo10V2. However, compared with PMo10V2-ILs@MIL-100
crystals, PMo10V2-ILs@HKUST-1 crystals have the same
internal material (PMo10V2-ILs) but different external structure
(HKUST-1).

Powder X-ray diffraction (PXRD) was used to analyze the
crystalline structure of the MIL-100, PMo10V2@MIL-100, and
PMo10V2-ILs@MIL-100 crystals. The crystalline structure of
MIL-100 and PMo10V2@MIL-100 is in agreement with the cor-
responding simulated patterns,39 demonstrating that they have
been synthesized successfully (Fig. 1a). The XRD patterns of
PMo10V2-ILs@MIL-100 and PMo10V2@MIL-100 crystals are
similar, which indicates that the diffusion of ILs into MIL-100
does not break the structure of POMOFs. The Fourier-
transform infrared (FTIR) spectra of PMo10V2-ILs@MIL-100
crystals and other samples are shown in Fig. 1b. The bands at
1708 and 1366 cm�1 in MIL-100, PMo10V2@MIL-100, and
PMo10V2-ILs@MIL-100 crystals are attributed to the stretching
vibrations of n(C]O) and n(C–O) originated from the aromatic
groups. For the PMo10V2, PMo10V2@MIL-100 and PMo10V2-
ILs@MIL-100 samples, four characteristic bands centered at
1057, 961, 865, and 776 cm�1 are ascribed to P–Oc, Mo]Ot, Mo–
Ob–Mo, and Mo–Oe–Mo stretching vibrations, respectively.40–42

Particularly, the bands at 3144 and 1582 cm�1 in PMo10V2-
ILs@MIL-100 are attributed to n(C–H) and n(C]N) stretching
vibrations in the ILs, respectively, indicating that ILs have been
successfully encapsulated into PMo10V2@MIL-100. The N2

adsorption–desorption isotherms and pore size distributions of
MIL-100, PMo10V2@MIL-100, and PMo10V2-ILs@MIL-100 crys-
tals are shown in Fig. S3.† The surface area and the BJH pore
size distribution also reect the surface area and volume
changes during the encapsulation process. The thermogravi-
metric analysis (TGA) analyses of MIL-100, PMo10V2@MIL-100,
and PMo10V2-ILs@MIL-100 crystals are displayed in Fig. S4.†

The scanning electron microscopy (SEM) and the trans-
mission electron microscopy (TEM) images reveal that all MIL-
100 (Fig. S5a and b†), PMo10V2@MIL-100 (Fig. S5c and d†), and
PMo10V2-ILs@MIL-100 (Fig. 1c and d) crystals have a uniform
octahedron geometry with a size of approximately 300 nm. For
the PMo10V2@MIL-100 and PMo10V2-ILs@MIL-100 crystals,
compared with MIL-100, there is no obvious change aer the
encapsulation of PMo10V2 or the graing of PMo10V2-ILs. Fig. 1e
displays the corresponding energy dispersive X-ray spectroscopy
(EDS) elemental mapping images of PMo10V2-ILs@MIL-100
crystals, which reveal that Fe, Mo, O, N, C, V, and P elements
J. Mater. Chem. A, 2018, 6, 8735–8741 | 8737
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Fig. 2 (a) CV profiles of PMo10V2-ILs@MIL-100 crystals at a scan rate
of 0.1 mV s�1. (b) Galvanotactic charge–discharge curves of PMo10V2-
ILs@MIL-100 crystals as anodes for LIBs for different cycles at 0.1 A g�1.
(c) Charge/discharge capacity and coulombic efficiency of PMo10V2,
PMo10V2@MIL-100, ILs@MIL-100, and PMo10V2-ILs@MIL-100 crystals
at 0.1 A g�1. (d) Rate performance of PMo10V2-ILs@MIL-100 crystals
from 0.1 A g�1 to 3 A g�1. (e) Cycling performance of PMo10V2-ILs@-
MIL-100 crystals at 1.0 A g�1 after a few cycles at 0.1 A g�1.

Fig. 1 (a) XRD patterns of simulated MIL-100, MIL-100, PMo10V2@-
MIL-100, and PMo10V2-ILs@MIL-100 crystals. (b) FTIR spectra of
PMo10V2, MIL-100, ILs, PMo10V2@MIL-100, and PMo10V2-ILs@MIL-100
crystals. (c) SEM image of PMo10V2-ILs@MIL-100 crystals. (d) TEM
image of PMo10V2-ILs@MIL-100 crystals. (e) STEM image of PMo10V2-
ILs@MIL-100 crystals and the corresponding mapping images of Fe,
Mo, O, N, C, V, and P.
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are distributed on the surface of PMo10V2-ILs@MIL-100 crystals
uniformly.

The surface morphology and crystal structures of PMo12-
ILs@MIL-100 (Fig. S6a and b†) and PMo10V2-ILs@HKUST-1
(Fig. S6c and d†) are similar to those of PMo10V2-ILs@MIL-
100, while PMo10V2-ILs@HKUST-1 has a bigger size compared
with PMo10V2-ILs@MIL-100. The corresponding EDS elemental
mapping images of PMo12-ILs@MIL-100 and PMo10V2-
ILs@HKUST-1 crystals are also shown in Fig. S7 and S8.†

X-ray photoelectron spectroscopy (XPS) is an efficient way to
investigate the status of the surface atoms in crystals. Fig. S9†
reveals the compositions and element valences of PMo10V2-
ILs@MIL-100 crystals before and aer discharge at 0.01 V. The
XPS spectra of both samples indicate the existence of C, Fe, Mo,
P, V, and O (Fig. S9a and f†). The peaks at 284.63, 285.8, and
288.6 eV correspond to the C–C/C]C, C–N, and HO–C]O,
respectively (Fig. S9d†).16 The presence of a C–N group in the
obtained crystals implies the existence of ILs in the PMo10-
V2@MIL-100 crystals. The O 1s signal can be deconvoluted to
531.23 eV (COOH), 532.15 eV (C]O), and 533.01 eV (C–O)
(Fig. S9e†).16 Before the test, the Mo 3d core-level spectrum
features two signals at binding energies of 232.5 and 235.85 eV,
8738 | J. Mater. Chem. A, 2018, 6, 8735–8741
corresponding to the Mo 3d3/2 and Mo 3d5/2 spin–orbit states of
PMo10V2 (Fig. S9b†),17 respectively, indicating the presence of
PMo10V2 in the crystals. Aer discharge, some of Mo6+ are
reduced to Mo4+ as it can be seen by the appearance of Mo4+

peaks at the binding energy of 231.9 eV (Fig. S9g†).33 In addi-
tion, as it can be seen in Fig. S9c,† the Fe 2p spectra have two
different peaks of Fe 2p1/2 (725.4 eV) and Fe 2p3/2 (712.1 eV),
demonstrating the existence of Fe3+.43 Aer discharge, other two
different peaks can be observed at 720.5 eV and 707.9 eV, cor-
responding to Fe0 state (Fig. S9h†).44

The electrochemical properties of PMo10V2-ILs@MIL-100
crystals were rst analyzed by CV over a voltage range of 0.01–
3.0 V at a scan rate of 0.1 mV s�1 (Fig. 2a). For the initial
discharge cycle, a reduction peak at about 0.6 V is attributed to
the formation of SEI lms, which are protective layers formed
on the electrode of LIBs as a result of electrolyte decomposi-
tion.45 The peak is slightly shied to the right (about 0.683 V) in
the subsequent cycles aer the SEI lms are formed. Aer the
rst cycles, two obvious cathodic peaks at about 1.34 and 1.62 V
and two anodic peaks at about 1.47 and 2.44 V are observed,
which may be attributed to the reduction and oxidation of Mo
and Fe, respectively (the XPS results in Fig. S9†).33,43 It is
signicant to note that the CV curves of the following cycles
almost overlap, which indicates the excellent cycle stability of
the PMo10V2-ILs@MIL-100 crystals.
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) CV curves of PMo10V2-ILs@MIL-100 crystals at various scan
rates from 0.1 to 10mV s�1. (b) b-value determination for cathodic and
anodic peaks. (c) Capacitive-controlled charge storage contributions
separated with cyclic voltammogram at 1 mV s�1 scan. (d) Normalized
contribution ratio of capacitive (blue) and diffusion-limited (red)
capacities at various scan rates.
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The cycle performances of PMo10V2-ILs@MIL-100 crystals
and other samples between 0.01 and 3 V at 0.1 A g�1 are dis-
played in Fig. 2c. PMo10V2-ILs@MIL-100 crystals display an
initial discharge capacity of 1665.5 mA h g�1 and a high
reversible capacity of 1114.9 mA h g�1 (Fig. 2b and c).
By contrast, the control samples merely deliver initial
discharge capacities of 1070.2 mA h g�1 (PMo10V2@MIL-100),
1376.5 mA h g�1 (ILs@MIL-100), 1031.4 mA h g�1 (PMo10V2),
and 1259 mA h g�1 (MIL-100) (Fig. S10†). The initial coulombic
efficiency of PMo10V2-ILs@MIL-100 crystals is 66.94%, which is
much higher than that of PMo10V2@MIL-100 (49.2%),
ILs@MIL-100 (44.5%), PMo10V2 (12.56%), and MIL-100
(12.91%). In the subsequent cycles, PMo10V2-ILs@MIL-100
crystals maintain their capacity advantage over the control
samples and a reversible capacity of 1258.5 mA h g�1 is achieved
aer 100 cycles (Fig. 2c), which is more than twice that of
ILs@MIL-100 (581.4 mA h g�1), three times larger than that of
PMo10V2@MIL-100 (310.5 mA h g�1), and signicantly larger
than that of MIL-100 (75.7 mA h g�1) and PMo10V2

(242.3 mA h g�1).
More importantly, the PMo10V2-ILs@MIL-100 crystals also

display a superior rate performance (Fig. 2d). As the current
density increases from 0.1 to 0.2, 0.5, 1, 2, and 3 A g�1, the
charge capacity of PMo10V2-ILs@MIL-100 crystals decrease
slightly from 1032.8 to 929.2, 774.7, 633.6, 503.8, and
347.5 mA h g�1, respectively. The capacity could reach
1104.6 mA h g�1 when the current density is back to 0.1 A h g�1,
conrming the long-term stability of the PMo10V2-ILs@MIL-100
crystals. However, the performances of PMo12-ILs@MIL-100
crystals are poorer than those of PMo10V2-ILs@MIL-100 crys-
tals (Fig. S11a and b†), which is ascribed to the fact that
PMo10V2 has a stronger redox property because of the substi-
tution of two V(V) atoms by Mo(VI) atoms. The electrochemical
performances of the PMo10V2-ILs@HKUST-1 crystal electrodes
were also investigated (Fig. S11a and b†). The PMo10V2-
ILs@HKUST-1 electrode exhibits a similar stable cycling
behavior as the PMo10V2-ILs@MIL-100 electrode, while the
PMo10V2-ILs@HKUST-1 electrode shows much lower capacity
during cycling, which is attributed to the fact that compared with
HKUST-1, MIL-100 offers more space (Fig. S3a and b†) to hold
ILs, which enhances conductivity, and the larger mesoporous
cages (Fig. S12a and b†) improve the contribution of capacitance.
In addition, the electrode prepared from PMo10V2-ILs@MIL-100
crystals maintains a capacity of about 600 mA h g �1 aer 400
cycles at 1 A g�1 (Fig. 2e). PMo10V2-ILs@MIL-100 crystals exhibit
excellent performances as compared to all MOF-, POM- and
POMOF-based electrodes (Table S5†).

Electrochemical impedance spectra (EIS) of the PMo10V2@
MIL-100 and PMo10V2-ILs@MIL-100 crystals aer three cycles
were also collected (Fig. S13a†). According to the tting results,
the PMo10V2-ILs@MIL-100 crystals show a smaller resistance
than PMo10V2@MIL-100 (Table S1†) and the s value can also be
calculated from the slope (Fig. S13b†). At the third cycles, the
ratio of sPMo10V2-ILs@MIL-100/sPMo10V2@MIL-100 is 0.3318, corre-
sponding to DPMo10V2-ILs@MIL-100/DPMo10V2@MIL-100 z 9.08, con-
rming that the Li+ diffusion in PMo10V2-ILs@MIL-100 is faster
than that in PMo10V2@MIL-100 (details can be seen in ESI†).
This journal is © The Royal Society of Chemistry 2018
The conductivity of PMo10V2@MIL-100 and PMo10V2-ILs@MIL-
100 powder pellets was also measured with a two-probe method
used for a bulk powder. The bulk conductivity of PMo10V2-
ILs@MIL-100 (s ¼ 9.67 � 10�6 S cm�1) is 3.09 � 104 order of
magnitude higher than that of PMo10V2@MIL-100 (s ¼ 3.13 �
10�10 S cm�1) (Table S1†). All results indicate that the strong
immobilization of ILs into PMo10V2@MIL-100 not only avails
fast Li+ and electronic transport and electrochemical activity
during the Li+ insertion/extraction, but also results in the
favored interaction between the ILs and electrolyte, leading to
a better electrochemical performance of the PMo10V2-ILs@MIL-
100 crystals. To further investigate the electrochemical perfor-
mance of PMo10V2-ILs@MIL-100 crystals, SEM analyses were
performed to observe the morphology changes of the electrode
aer 100 cycles at 0.5 A g�1. As shown in Fig. S14,† there is no
signicant change in the morphology, which indicates the
stability of the electrode.

It is extremely surprising to obtain such high capacity for
PMo10V2-ILs@MIL-100 crystals. In addition, compared with
PMo10V2-ILs@HKUST-1 crystals, the practical capacity of
PMo10V2-ILs@MIL-100 crystals highly exceeds the theoretical
value (details can be seen in ESI†). The extra value may be
derived from Li+ intercalation into the mesoporous cages and
the surface of PMo10V2-ILs@MIL-100 crystals. To further
explain such high capacity, the capacitive effect of the battery
system was studied according to the CV curves of the PMo10V2-
ILs@MIL-100 crystals (Fig. 3a) and PMo10V2-ILs@HKUST-1
(Fig. S15a†) at different sweep rates from 0.1 to 10 mV s�1.
These results can be used to calculate the capacitance contri-
bution in the electrochemical process on account of a power law
i ¼ a � vb,46–49 where i represents the current, v stands for the
sweeping rate, and a and b are adjustable values. In general,
J. Mater. Chem. A, 2018, 6, 8735–8741 | 8739
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a b-value of 0.5 indicates that the electrochemical reaction is
mainly controlled by capacitance. A b-value of 1 means that it is
regarded as a behavior which is controlled by the diffusion of
Li+. When b-values are located between 0.5 and 1, both capaci-
tance and the diffusion of Li+ contribute to the electrochemical
process. As shown in Fig. 3b, the b-value is 0.811 for the
cathodic peaks and 0.721 for the anodic one, which demon-
strates a synergistic effect of capacitance and Li+ insertion/
extraction. Furthermore, the PMo10V2-ILs@MIL-100 exhibits
larger b-values in both cathodic and anodic scans in contrast to
that of PMo10V2-ILs@HKUST-1 crystals (Fig. S15b†), conrming
the improved rate performance and cycling capacity. The
contributions of the capacitance and intercalation capacity can
be further quantitatively calculated by the below equations:

i(v) ¼ k1v + k2v
0.5

or

i(v)/v0.5 ¼ k1v
0.5 + k2

By determining both k1 and k2 constants, we can analyze the
fraction of the current originated from surface capacitance and
Li+ diffusion at a given potential.33,50 As seen in Fig. 3c, the
capacitive-controlled capacity contributes about 66.03% of the
total Li+ storage for PMo10V2-ILs@MIL-100 crystals at 1 mV s�1

(the blue shaded area of the Fig. 3c). As the scan rate rises from
0.1 to 2 mV s�1, the effect of capacitive contribution gradually
increases (Fig. 3d) and a maximum value of 78.55% at 2 mV s�1

is obtained. However, as seen from Fig. S15c and d,† PMo10V2-
ILs@HKUST-1 crystals show a lower capacitive contribution
with a value of 51.05% at 1 mV s�1 and 65.75% at 2 mV s�1,
which conrms that the larger mesoporous cages of MIL-100
compared with those of HKUST-1 can be benecial in
improving the contribution of capacitance.

As illustrated in Scheme S2,† the improved performances
might be attributed to the synergistic effect of ILs, POMs, and
MOFs, as following: rst, the porous characteristics of MIL-100
can accommodate the volume expansion induced by the
intercalation/deintercalation of Li+ and alleviate the stress.
Second, the PMo10V2-ILs@MIL-100 crystals show a hybrid
behavior of a battery and a supercapacitor. The battery behav-
iors of PMo10V2 are achieved by the redox of Mo6+, V5+, and Fe3+.
At the same time, capacitive behavior also promotes the
performance, which is ascribed to the mesoporous cages and
the large surface area of MIL-100. Third, ILs in the MOFs can
not only enhance the contact between electrolyte and electrode
but also improve ionic and electronic conductivity due to the
fast charge and Li+ transport. Accordingly, PMo10V2-ILs@MIL-
100 crystal anode materials show excellent rate capability,
remarkable cycling stability, and long-term cycle life.
Conclusions

In summary, we have successfully fabricated a series of POMs-
ILs@MOFs crystals by encapsulating ILs within POMOFs.
Owing to the strong redox properties of POMs and the high
8740 | J. Mater. Chem. A, 2018, 6, 8735–8741
porosities of MOFs, POMs-ILs@MOFs crystals show the hybrid
behavior of a battery and a supercapacitor. In addition, ILs in
the MOFs can not only provide a rapid path for Li+ transfer but
also improve the electronic conductivity of POMOFs. Thus,
when PMo10V2-ILs@MIL-100 crystals are used as anode mate-
rials for LIBs, they deliver a high capacity of 1248 mA h g�1

at 0.1 A g�1 aer 100 cycles. The battery performances of
PMo10V2-ILs@MIL-100 crystals, including capacity, cycling
stability, and rate behavior, are signicantly improved
compared with those of the MIL-100, PMo10V2, PMo10V2@MIL-
100, and ILs@MIL-100 crystals and are the best amongst all of
the reported MOF-, POM- and POMOF-based crystal materials.
The new strategy introduced herein to improve the conductivity
of MOFs and POMOFs offers new prospects for the design of the
next generation of high-performance and sustainable energy-
storage devices based on different MOFs and POMOFs.
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