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S
ince the emergence of lithium-ion
batteries (LIBs), efforts to design and
explore new electrode materials with

high electrochemical performance have not
stopped.1�4 Recently, the burgeoning mar-
ket for small mobile devices and the devel-
opment of electric vehicles require further
enhancement in terms of energy and power
density of the LIBs. However, due to the
relatively low theoretical capacity of gra-
phite, the current commercial LIBs have
reached their performance limit. As a result,
there is an immediate need to develop
anode materials capable of delivering high-
er energy density and longer cycling life. To
this end, transition metal oxides especially
Co3O4 have been focused on as promising
anode materials for LIBs because of their
high electrochemical capacities.5�8 Unfor-
tunately, the poor electrical conductivity
and the huge volume change associated
with Liþ insertion/extraction of the transi-
tion metal oxides stand in the way of their

commercialization. There are different ap-
proaches to circumvent these issues: one
solution is to fabricate hierarchical porous
structures composed of nanosized building
blocks, such as pompon-like Co3O4 porous
spheres,9 nanosheet-assembled multishelled
Co3O4 hollow spheres,10 and mesoporous
Co3O4 architectures.11 Other solutions are
coating/supporting transition metal oxides
with various carbon materials, because the
introduced carbonaceous materials can not
only provide continuous electron transport
channels but also buffer the volume change
during charge�discharge cycles.12�14 Al-
though the above approaches have been
proven more or less effective, there is still
plenty room for further improvement.
Metal organic frameworks (MOFs), a class

of crystalline inorganic�organic hybrid
materials, characterized by diverse skeletal
and well-defined pore structures with high
surface areas and largepore volume, are very
attractive for applications in catalysis,15,16
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ABSTRACT Hybridizing nanostructured metal oxides with multiwalled carbon

nanotubes (MWCNTs) is highly desirable for the improvement of electrochemical

performance of lithium-ion batteries. Here, a facile and scalable strategy to

fabricate hierarchical porous MWCNTs/Co3O4 nanocomposites has been reported,

with the help of a morphology-maintained annealing treatment of carbon

nanotubes inserted metal organic frameworks (MOFs). The designed MWCNTs/

Co3O4 integrates the high theoretical capacity of Co3O4 and excellent conductivity

as well as strong mechanical/chemical stability of MWCNTs. When tested as anode materials for lithium-ion batteries, the nanocomposite displays a high

reversible capacity of 813 mAh g�1 at a current density of 100 mA g�1 after 100 charge�discharge cycles. Even at 1000 mA g�1, a stable capacity as high

as 514 mAh g�1 could be maintained. The improved reversible capacity, excellent cycling stability, and good rate capability of MWCNTs/Co3O4 can be

attributed to the hierarchical porous structure and the synergistic effect between Co3O4 and MWCNTs. Furthermore, owing to this versatile strategy, binary

metal oxides MWCNTs/ZnCo2O4 could also be synthesized as promising anode materials for advanced lithium-ion batteries.
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gas adsorption and separation,17,18 drug delivery,19

and energy storage.20�22 Moreover, MOFs feature
exceptional specific surface areas and pore volume,
and using them as precursors/templates provides a
unique opportunity to develop a novel kind of highly
tailorable metal oxides.23�28 For example, Fe2O3@Ni-
Co2O4 nanoboxes,

25 NiFe2O4@Fe2O3 nanotubes,
26 and

symmetric porous ternary ZnxCo3�xO4 hollow poly-
hedra29 have been fabricated by choosing suitable
MOFs as templates, exhibiting enhanced electroche-
mical performance as anode materials for LIBs. Despite
the progress achieved to date, the generation of metal
oxides/multiwalled carbon nanotubes (MWCNTs) com-
posite from MWCNTs/MOFs has rarely succeeded due
to the chemically inert and highly hydrophobic nature
of pristine MWCNTs, making it difficult to deposit
materials on their surface directly.
Herein, MWCNTs/ZIF-67 has been successfully fabri-

cated based on a facile and scalable coprecipitation of
Co ions and 2-methylimidazolate in the presence of
MWCNTs, and then MWCNTs/Co3O4 is obtained by
thermal treatment of the as-synthesized MWCNTs/
ZIF-67. The Co3O4 polyhedra with MWCNTs inserted
turn out to be hierarchical porous structures consisting
of small nanoparticle building blocks. When applied as
anode materials for LIBs, MWCNTs/Co3O4 manifests
high capacity and excellent cycling stability and rate
capability. With the successful synthesis of MWCNTs/
Co3O4 as a starting point, this facile strategy can be used
togenerate binarymetal oxidesMWCNTs/ZnCo2O4with
superior lithium storage properties.

RESULTS AND DISCUSSION

The strategy for synthesizing MWCNTs/Co3O4 is
schematically depicted in Figure 1. First, electronega-
tive carboxylic groups (�COOH) are functionalized on
the MWCNTs' surface via acid treatment to serve as
nucleation centers for loading MOFs.30 Then, the treat-
ed MWCNTs are homogeneously dispersed in metha-
nol in the presence of Co(NO3)2 3 6H2O and PVP
through ultrasonic treatment, and Co2þ adsorbs onto
the functional groups of MWCNTs due to an electro-
static interaction. Subsequently, 2-methylimidazolate
methanol solution is added to allow for heterogeneous
nucleation, and the small ZIF-67 located on the surface
of MWCNTs serves as crystal nuclei for the growth of
ZIF-67 polyhedra in the stewing process. As a result, the

long MWCNTs are in situ self-inserted into the ZIF-67
crystal. Ultimately, MWCNTs/Co3O4 is obtained from
MWCNTs/ZIF-67 by conducting a calcinating process at
400 �C in air.
The phase identification of the MWCNTs/ZIF-67 is

examined by powder X-ray diffraction (XRD). As shown
in Figure S1 (Supporting Information), all diffraction
peaks with strong intensities match well with the
simulated ZIF-67,23 indicating the pure phase and high
crystallinity of ZIF-67. Furthermore, the broad peak
located at around 26.5� corresponds to the typical
(002) facet of the MWCNTs. The representative SEM
images ofMWCNTs/ZIF-67 are shown in Figure 2a andb.
They indicate that the MWCNTs/ZIF-67 nanocompo-
site consists of uniform MWCNT-inserted polyhedra
with a perfectly smooth surface and a size of approxi-
mately 500 nm. To give further insight into the mor-
phology and structure of the as-synthesized MWCNTs/
ZIF-67, TEM analysis has been carried out. Figure 2c
reveals that the homogeneously distributed ZIF-67 are
solid polyhedra intertwined with MWCNTs. The mag-
nified TEM image in Figure 2d confirms that the
intertwined MWCNTs are inserted in ZIF-67 polyhedra,
forming a novel MWCNTs/ZIF-67 nanocomposite.
The thermogravimetric (TG) curves in Figure S2

(Supporting Information) reveal the thermal behavior
of MWCNTs/ZIF-67 and MWCNTs. The MWCNTs/ZIF-67
could remain stable at about 350 �C. Subsequently,
there is a steepweight loss when the temperature rises

Figure 1. Schematic illustration of the procedure used to fabricate MWCNTs/Co3O4.

Figure 2. (a, b) SEM and (c, d) TEM images of the as-
synthesized MWCNTs/ZIF-67.
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to 400 �C, ascribed to the oxidation of the organic
linker into CO2 and H2O. On further increasing the
temperature, the MWCNTs begin to degrade at around
450 �C. For pure MWCNTs, almost no weight loss
associated with the decomposition of MWCNTs is
observedwhen the temperature is below 500 �C. These
results suggest that the MWCNTs can be well main-
tained at 400 �C, while the ZIF-67 can be completely
decomposed to oxides. On the basis of TG analysis,
400 �C is chosen as the calcinating temperature to
obtain the final products. To analyze the crystal struc-
ture of the annealed products, XRD measurement has
been performed (Figure 3). The characteristic broad
peak around 26.5 �C certifies the existence of MWCNTs
in the annealed products. All the other peaks can
be perfectly indentified as spinel Co3O4 (JCPDS
No.43-1003), and there are no additional peaks from
impurities, suggesting the high purity of Co3O4 and the
formation of the MWCNTs/Co3O4 nanocomposite.
Figure 4 shows the SEM images of the MWCNTs/

Co3O4. It can be seen that the annealed products well
maintain size homogeneity and structural morphology
of MWCNTs/ZIF-67 even after a high-temperature
calcinating process. The increased surface roughness
and the tiny holes on the surface of MWCNTs/Co3O4

can be ascribed to the liberation of CO2 andH2Oduring
thermal treatment. In addition, the magnified SEM
image in Figure 4b indicates that the MWCNTs are
intertwined with the Co3O4 polyhedra. As revealed by
TEM images in Figure 5a and b, the MWCNTs/Co3O4

with MWCNTs inserted and intertwined has a hierarch-
ical porous structure, and each Co3O4 polyhedron is
composed of small building blocks with sizes of
5�10 nm. Figure 5c and d give the HRTEM images

recorded from the white-framed area marked in
Figure 5b. The measured d-spacings of two randomly
selected nanoparticles are 0.234 and 0.284 nm, cor-
responding well to the (222) and (220) planes of Co3O4,
respectively. All in all, the novel MWCNTs/Co3O4 com-
posite can be obtained by a simple calcination of the
MWCNTs/ZIF-67 precursor. The content of MWCNTs
in the MWCNTs/Co3O4 nanocomposite is estimated to
be ∼5.6% by TG analysis as presented in Figure S2
(Supporting Information).
N2 adsorption�desorption measurement has been

taken to characterize the specific surface areas and
pore size distribution of MWCNTs/Co3O4. As shown in
Figure S3a, a type IV isotherm with a distinct hysteresis
loop in the relative pressure region of 0.75 < P/P0 < 0.98
occurs for MWCNTs/Co3O4, indicating the mesoporous
characteristics. The Brunauer�Emmett�Teller (BET) sur-
face areas and total pore volume of MWCNTs/Co3O4 are
62.9 m2 g�1 and 0.31 cm3 g�1, respectively. The pore
size distribution calculated from the Barrett�Joyner�
Halenda (BJH) method shows that the MWCNTs/Co3O4

are hierarchical porous composites with a narrow distri-
bution centered at 3.5 nm, a wide distribution centered
around 15 nm, and also some macropores (Figure S3b,
Supporting Information). The small pores may come
from the liberation of gases during the oxidation
decomposition of organic linkers in the calcinating
process, while the large pores may be attributed to the
inner diameter of the MWCNTs and the connection of
adjacent small pores. The moderate surface areas en-
dow MWCNTs/Co3O4 with a large electrode/electrolyte
contact area, while the hierarchical porous characteris-
tics can facilitate the transport of Liþ and thepenetration
of electrolyte molecules as well as buffer the volume
change during the repeated Liþ insertion/extraction.
Motivated by the structural and compositional ad-

vantages of MWCNTs/Co3O4, cyclic voltammetric (CV)

Figure 3. XRDpatternof theas-synthesizedMWCNTs/Co3O4.

Figure 4. SEM images of the as-synthesizedMWCNTs/Co3O4.

Figure 5. (a, b) TEM and (c, d) HRTEM images of the as-
synthesized MWCNTs/Co3O4.
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and galvanostatic charge�discharge measurements
have been performed to evaluate their lithium storage
performance as anode materials. The first three con-
secutive CV curves ofMWCNTs/Co3O4 nanocomposites
are given in Figure 6a. In the first cathodic sweep, there
is only one intense peak around 0.84 V, corresponding
to the reduction of Co3O4 tometallic Co dispersed in an
amorphous Li2O matrix and the formation of a solid
electrolyte interface (SEI) film.14,31 This cathodic peak is
replaced by two broad peaks split near 1.1 V with
significantly decreased intensity in the subsequent
cycles, indicating the multistep reaction behavior dur-
ing the discharge process and the occurrence of some
irreversible transformation and structure modification
in the first cycle.14,32 During the anodic process, the

peak at 2.15 V represents the oxidation of Co to Co3O4

and the decomposition of the Li2Omatrix.31 Apart from
the first cycle, all peaks are stable and reproducible in
the following cycles, implying that theMWCNTs/Co3O4

nanocomposite exhibits good electrochemical reversi-
bility. On the basis of the above analysis and CV curves,
together with the previously reported storage me-
chanism of Co3O4,

11,14,31,32 the electrochemical reac-
tions involved in the charge�discharge process can be
expressed as follows:

Co3O4 þ 8Liþ þ 8e�T4Li2Oþ 3Co (1)

Figure 6b displays selected representative charge�
discharge profiles of MWCNTs/Co3O4 measured be-
tween 0.01 and 3 V at a current density of 100 mA g�1.

Figure 6. (a) Representative cyclic voltammograms (CVs) of theMWCNTs/Co3O4 at a scan rate of 0.1mV s�1 between 0.01 and
3 V vs Li/Liþ. (b) Charge�discharge voltage profiles of theMWCNTs/Co3O4 for the first, second, and 10th cycles in the voltage
range 0.01�3 V at a current rate of 100mA g�1. (c) Capacity and Coulombic efficiency vs cycle number of theMWCNTs/Co3O4

at a current rate of 100mAg�1. (d) Capacity vs cycle number of the Co3O4 at a current rate of 100mAg�1. (e) Rate capability of
the MWCNTs/Co3O4. (f) Electrochemical impedance spectra (Nyquist plots) of Co3O4 and MWCNTs/Co3O4 at full charge state.
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There is a long flat voltage plateau at 0.85 V in the
first discharge curve, followed by a gradually decrease
until the end of the discharge. The discharge voltage
plateau becomes steeper and shifts close to 1.25 V in
the subsequent cycles, probably due to the structural
and compositional variation of the electrode materials
in the initial cycle,33 which is consistent with the CV
curves. The first discharge and charge capacities are
1171mAhg�1 and812mAhg�1 based on the totalmass
of the composite electrode, corresponding to an irrever-
sible capacity loss of 30%, which is probably ascribed
to the formation of SEI films, some undecomposed
Li2O phase, and the irreversible decomposition of the
electrolyte.34

Figure 6c depicts the charge�discharge capacities
versus cycle number profiles of MWCNTs/Co3O4 at a
current density of 100 mA g�1. The composite elec-
trode exhibits a capacity rise in the first 20 cycles. Such
a capacity rise could be due to the improvement of Liþ

accessibility and accommodation behavior in the com-
posite electrode, the transformation of the crystalline
structure to an amorphous structure of MWCNTs/
Co3O4, and the formation of a gel-like surface film
during the initial activation process.12,35 Then the
capacity slowly decreases and stabilizes at 821 mAh g�1

in the 40th cycle, which is attributed to the stable
formation of a gel-like film and the fulfillment of phase
and structure transformations of the electrode materi-
al. After that, the discharge capacity stabilizes at
around 820 mAh g�1 in the following 60 cycles, and
a high capacity of 813 mAh g�1 is still achieved in the
100th cycle. Furthermore, from the fifth cycle onward,
the Coulombic efficiency of the MWCNTs/Co3O4 is
above 95%, indicating the excellent reversible Liþ

insertion/extraction of the composite electrode. Note
that due to the low content of MWCNTs in the
MWCNTs/Co3O4 nanocomposite and the small specific
capacity of MWCNTs in the same voltage range (∼130
mAh g�1, Figure S5, Supporting Information), the
contribution the MWCNTs make to the capacity of
MWCNTs/Co3O4 is negligible, while for Co3O4 derived
from ZIF-67 (Figure S4, Supporting Information), the
specific capacity exhibits a continuous decline and de-
creases from the initial 1049 mAh g�1 to 118 mAh g�1

after 100 cycles (Figure 6d). These results indicate
that the cycling life can be remarkably improved by
inserting MWCNTs in Co3O4.
The rate capability of the MWCNTs/Co3O4 at pro-

gressively increased current densities is shown in
Figure 6e. The MWCNTs/Co3O4 exhibits decent capa-
city retention with average discharge capacities of 913,
971, and 882 mAh g�1 at 100, 200, and 500 mA g�1,
separately. Even at ahigh current density of 1000mAg�1,
a discharge capacity of 514 mAh g�1 could still be
delivered. After that, the discharge capacity resumes
well to 879 mAh g�1 when the current density is
lowered to 100 mA g�1. The excellent cycling and rare

performances render MWCNTs/Co3O4 as promising
anode materials for future LIBs.
To probe the kinetic properties of MWCNTs/Co3O4

and Co3O4, electrochemical impedance spectroscopy
(EIS) measurements have been conducted. Both plots
in Figure 6f are composed of a semicircle at the high to
medium frequencies followed by a sloped line at low
frequencies. The semicircle is associated with the
charge transfer resistance at the interface between
electrode and electrolyte, and the sloped line is as-
cribed to the diffusion resistance related to the Liþ

diffusion in the electrode. It can be clearly seen that
both MWCNTs/Co3O4 and Co3O4 exhibit similar diffu-
sion resistance, but the charge transfer resistance
of MWCNTs/Co3O4 is much smaller, which indicates
that the inserted MWCNTs could boost the electronic
conductivity and enable much easier charge transfer
at the electrode/electrolyte interface. Thus, the im-
proved electronic conductivity is considered to be a
key factor in improving the electrochemical perfor-
mance of Co3O4.
Our protocol can be further extended to the fabrica-

tion of MWCNTs/ZnCo2O4 (Figures S9 and S10, Sup-
porting Information) using heterobimetallic MWCNTs/
ZIF-67 (Zn, Co) as precursor (Figures S6�8, Supporting
Information). SEM images in Figure 7a and b reveal that
MWCNTs/ZnCo2O4 with a uniform distribution has the
same morphology as MWCNTs/Co3O4. The surface of
the ZnCo2O4 polyhedra is rough and intertwined with
MWCNTs. The TEM images (Figure 7c and d) further
characterize the detailed morphology and structure of
MWCNTs/ZnCo2O4. They indicate that ZnCo2O4 poly-
hedra with hierarchical porous structure contain

Figure 7. (a, b) SEM; (c, d) TEM; and (e) HAADF-STEM images
of the as-synthesized MWCNTs/ZnCo2O4; (f, g) element
mappings of the as-synthesized MWCNTs/ZnCo2O4.
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MWCNTs, confirming the successful synthesis of
MWCNTs/ZnCo2O4 composites. Moreover, the element
mappings in Figure 7f and g demonstrate the homo-
geneous dispersion and coexistence of Zn and Co
through the whole selected MWCNTs/ZnCo2O4 parti-
cle. The energy-dispersive X-ray spectroscopy (EDS)
spectrum has been used to determine the Zn/Co
atomic ratio in the MWCNTs/ZnCo2O4 composite. It
shows strong signals of C, O, Co, and Zn elements
(Figure S10c, Supporting Information). Calculated from
the EDS result, the ratio of Zn/Co is about 1:1.91, in
close agreement with the expected stoichiometric
ratio of the ZnCo2O4 phase.
The electrochemical properties of MWCNTs/

ZnCo2O4 are examined by galvanostatic charge�
discharge measurement. Figure 8a shows the cycling
performance of MWCNTs/ZnCo2O4 at 100 mA g�1.
It is found that during the whole charge�discharge
process, the discharge capacity ofMWCNTs/ZnCo2O4 is
stable near 760 mAh g�1, and a capacity of 755 mAh
g�1 could be achieved even after 100 cycles, indicating
the excellent capacity retention of MWCNTs/ZnCo2O4.
The rate capability of MWCNTs/ZnCo2O4 is depicted
in Figure 8b. As can be seen, the average discharge
capacity of MWCNTs/ZnCo2O4 decreases from 839 to
526mAh g�1 as the current density gradually increases
from 100 to 1000 mA g�1. After enduring various
charge�discharge rates, the composite electrode
recovers its capacity to 745 mAh g�1 with the rate
back to 100 mA g�1 and maintains this value with little
increase up to 100 cycles.
The superior electrochemical performance of

MWCNTs/MCo2O4 (M = Zn, Co) is believed to originate
from its hierarchical porous structure and the syn-
ergistic interaction of MCo2O4 and MWCNTs: (i) the

nanosized building blocks could improve the kinetics
of charge transfer and shorten the Liþ diffusion dis-
tance; (ii) the addition ofMWCNTsmayprotectMCo2O4

from aggregation and disintegration as well as partially
buffer the stress induced by the volume change during
cycles; (iii) the MWCNTs in MCo2O4 improve the con-
ductivity of the composite and thus enhance the
electron transfer rate; (iv) the hierarchical porous
structure enhances the electrode/electrolyte contact
area, provides abundant channels for electrolyte pene-
tration, and also relaxes the stress and alleviates the
structure decomposition induced by Liþ insertion/
extraction. All the above factors contribute to the
enhanced lithium storage performance of MWCNTs/
MCo2O4.

CONCLUSIONS

In summary, hierarchical porous MWCNTs/MCo2O4

(M = Zn, Co) nanocomposite has been successfully
synthesized by thermal treatment of the MWCNTs/
ZIF-67 precursor. In this nanocomposite, the MWCNTs
are inserted in the MCo2O4 polyhedra, forming a hier-
archical porous structurewithnanosizedbuildingblocks.
Electrochemical measurements demonstrate that
MWCNTs/MCo2O4 exhibits superior lithium storage
performance in terms of specific capacity, cycling
stability, and rate capability. The excellent electroche-
mical performance is attributed to the rational combi-
nation of the advantages of the hierarchical porous
structure and the synergistic interaction between
MCo2O4 and MWCNTs. Our work presents a facile and
affordable general technique for the preparation of
other MWCNTs/metal oxide composites that hold
great promise in the field of energy storage and
electrical devices.

EXPERIMENTAL METHODS
Pretreatment of MWCNTs. A0.3 g amount of pristinemultiwalled

carbon nanotubes was soaked in a 50 mL mixture of nitric acid

and sulfuric acid (3:1) in a water bath at 80 �C for 3 h with stirring.
The resulting products were collected by filtration and washed
with deionized water several times, then dried at 80 �C overnight.

Figure 8. (a) Capacity and Coulombic efficiency vs cycle number of the MWCNTs/ZnCo2O4 at a current rate of 100 mA g�1.
(b) Rate capability of the MWCNTs/ZnCo2O4.
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Synthesis of MWCNTs/ZIF-67. In a typical procedure, 35 mg of
pretreatedMWCNTs and 175mgof PVPwere dissolved in 25mL
of methanol solution. After the MWCNTs were uniformly dis-
persed with the assistance of ultrasonication for 0.5 h, the
resultant solution was mixed with 498 mg of Co(NO3)2 3 6H2O.
Then the solution was stirred for 1 h at room temperature to
form a black solution, A. Subsequently, 765 mg of 2-methylimi-
dazole was dissolved in 25.0 mL of methanol to form a clear
solution, B, followed by the slow addition to solution A under
stirring for 30 min. Being kept still for 24 h, the obtained
precipitate was collected by centrifugation, washed thoroughly
with methanol several times to remove the surfactant and the
residual ions, and finally dried at 70 �C for 12 h. For comparison,
a ZIF-67 polyhedron was synthesized by a similar protocol
without the addition of MWCNTs.

Synthesis of MWCNTs/Co3O4. A porcelain boat loaded with the
powder of MWCNTs/ZIF-67 was placed in a muffle furnace and
then heated to 400 �Cwith a rampof 2 �Cmin�1 andmaintained
for 1 h. After that, the furnace was allowed to cool to room
temperature naturally. Last, the product was taken out and the
MWCNTs/Co3O4 was obtained. The same procedure was con-
ducted to convert ZIF-67 to Co3O4.

Materials Characterization. XRD patterns were collected on a
Bruker D8 Focus powder X-ray diffractometer using Cu KR
radiation. The morphology and microstructure of the samples
were investigated by a Hitachi S-4800 field emission scanning
electron microscope at an accelerating voltage of 10 kV.
Transmission electron microscopy (TEM), high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM), energy-dispersive X-ray spectroscopy (EDS) element
mapping and spectra were performed on a FEI Tecnai G2 S-Twin
instrument with a field emission gun operating at 200 kV.
Thermogravimetric analysis was performed in air from 25 to
800 �C with a heating rate of 10 �C min�1 by using an STA 449
Jupiter (NETZSCH) thermogravimetry analyzer. N2 adsorption�
desorption isotherms were obtained with a Micromeritics ASAP
2010 instrument at �196 �C. Prior to the measurement, the
sample was pretreated at 150 �C for 2 h under vacuum.

Electrochemical Measurements. The electrochemical behaviors
of the MWCNTs/MCo2O4 (M = Zn, Co) were examined by using
CR 2025 coin-type cells with pure lithium foil as the counter
electrode, a Celgard 2400 membrane as the separator, and 1 M
LiPF6 dissolved in ethyl carbonate and diethyl carbonate (1:1 in
volume) as the electrolyte. The working electrode was prepared
by compressing a mixture of the active materials, carbon black,
and poly(vinylidene fluoride) with a weight ratio of 70:20:10
onto a copper foil and drying in a vacuum oven at 80 �C for 12 h.
Then the cells were assembled in a glovebox filled with highly
pure argon gas. The cyclic voltammogram and electrochemi-
cal impedance spectral measurements were conducted on a
BioLogic VMP3 electrochemical workstation. The charge�
discharge performance was tested between 0.01 and 3 V using
the LANDCT2001Amultichannel battery testing systemat room
temperature.
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