
InOperando X-ray Studies of High-Performance Lithium-
Ion Storage in Keplerate-Type Polyoxometalate Anodes.

Item Type Article

Authors Lin, Chia-Ching; Hsu, Chi-Ting; Liu, Wenjing; Huang, Shao-Chu;
Lin, Ming-Hsien; Kortz, Ulrich; Mougharbel, Ali S; Chen, Tsan-
Yao; Hu, Chih-Wei; Lee, Jyh-Fu; Wang, Chun-Chieh; Liao, Yen-Fa;
Li, Lain-Jong; Li, Linlin; Peng, Shengjie; Stimming, Ulrich; Chen,
H.-Y.

Citation Lin, C.-C., Hsu, C.-T., Liu, W., Huang, S.-C., Lin, M.-H.,
Kortz, U., … Chen, H.-Y. (2020). In Operando X-ray Studies of
High-Performance Lithium-Ion Storage in Keplerate-Type
Polyoxometalate Anodes. ACS Applied Materials & Interfaces.
doi:10.1021/acsami.0c09344

Eprint version Publisher's Version/PDF

DOI 10.1021/acsami.0c09344

Publisher American Chemical Society (ACS)

Journal ACS applied materials & interfaces

Rights This is an open access article.

Download date 24/05/2023 07:59:06

Item License https://creativecommons.org/licenses/

Link to Item http://hdl.handle.net/10754/664849

http://dx.doi.org/10.1021/acsami.0c09344
https://creativecommons.org/licenses/
http://hdl.handle.net/10754/664849


In Operando X‑ray Studies of High-Performance Lithium-Ion Storage
in Keplerate-Type Polyoxometalate Anodes
Chia-Ching Lin,⧫ Chi-Ting Hsu,⧫ Wenjing Liu, Shao-Chu Huang, Ming-Hsien Lin, Ulrich Kortz,
Ali S. Mougharbel, Tsan-Yao Chen, Chih-Wei Hu, Jyh-Fu Lee, Chun-Chieh Wang, Yen-Fa Liao,
Lain-Jong Li, Linlin Li, Shengjie Peng, Ulrich Stimming, and Han-Yi Chen*

Cite This: https://dx.doi.org/10.1021/acsami.0c09344 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Polyoxometalates (POMs) have emerged as poten-
tial anode materials for lithium-ion batteries (LIBs) owing to their
ability to transfer multiple electrons. Although POM anode
materials exhibit notable results in LIBs, their energy-storage
mechanisms have not been well-investigated. Here, we utilize
various in operando and ex situ techniques to verify the charge-
storage mechanisms of a Keplerate-type POM Na2K23{[(MoVI)-
MoVI

5O21(H2O)3(KSO4)]12 [(VIVO)30(H2O)20(SO4)0.5]}·
ca200H2O ({Mo72V30}) anode in LIBs. The {Mo72V30} anode
provides a high reversible capacity of up to ∼1300 mA h g−1

without capacity fading for up to 100 cycles. The lithium-ion
storage mechanism was studied systematically through in operando
synchrotron X-ray absorption near-edge structure, ex situ X-ray diffraction, ex situ extended X-ray absorption fine structure, ex situ
transmission electron microscopy, in operando synchrotron transmission X-ray microscopy, and in operando Raman spectroscopy.
Based on the abovementioned results, we propose that the open hollow-ball structure of the {Mo72V30} molecular cluster serves as
an electron/ion sponge that can store a large number of lithium ions and electrons reversibly via multiple and reversible redox
reactions (Mo6+ ↔Mo1+ and V5+/V4+↔ V1+) with fast lithium diffusion kinetics (DLi

+: 10−9−10−10 cm2 s−1). No obvious volumetric
expansion of the microsized {Mo72V30} particle is observed during the lithiation/delithiation process, which leads to high cycling
stability. This study provides comprehensive analytical methods for understanding the lithium-ion storage mechanism of such
complicated POMs, which is important for further studies of POM electrodes in energy-storage applications.

KEYWORDS: polyoxometalate, lithium-ion batteries, electrode, anode materials, charge-storage mechanism

1. INTRODUCTION

Lithium-ion batteries (LIBs), which are the most promising
energy-storage devices, possess several advantages such as light
weight, high energy density (i.e., 150 and 650 W h L−1),1 no
memory effect, good cycling performance, and low self-
discharge rate, which enable their application in portable
electronics and electric vehicles.2 Several anode materials have
been explored, and they can be divided into three common
types based on the energy-storage mechanisms:3 (1)
intercalation-type (i.e., graphite,4 Li4Ti5O12 (LTO),5 TiO2,

6

V2O5,
7 and Nb2O5

8); (2) alloy-type (i.e., Sn9 and Si-based
materials);9,10 and (3) conversion-type (i.e., Fe3O4,

11 MnO,12

MoO2,
13 and VN14). Commercial graphite anodes suffer from

low theoretical capacity (≈372 mA h g−1), which severely
prevents their applications with high energy demands.15 Other
anode materials, such as LTO-based materials, that have
excellent cycle stability and high charge−discharge rates
conversely exhibit low capacity (<200 mA h g−1), low electrical
conductivity, and gassing issues.16 Although silicon-based
materials have been regarded as some of the most promising

anode candidates owing to their superior theoretical capacity
(≈4200 mA h g−1), the Li−Si alloying process causes a large
volume change, which leads to significant performance
degradation during cycling.17,18 Furthermore, conversion
materials exhibit high capacity up to 1000 mA h g−1; however,
volume expansion results in severe capacity fading.
Polyoxometalates (POMs) are known as a class of anionic

polynuclear transition-metal oxides, and they have emerged as
potential electrode materials for energy-storage devices such as
LIBs, sodium-ion batteries, and supercapacitors owing to their
ability to undergo fast redox reactions and transfer multiple
electrons per molecule.19−22 Several POMs and POM-based
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composites have been studied as anodes for LIBs, which
exhibit high reversible capacities ranging from 286 to 1300 mA
h g−1.22−33 Among these POM anode materials, Mo-based
POMs exhibit superior battery performance. Li et al. reported a
composite that combined a Mo-based Anderson-type POM,
Na3[AlMo6O24H6] (NAM), with ethylenediamine-function-
alized reduced graphene oxide (EDAG) as anodes for LIBs.27

The NAM−EDAG anode delivered a high reversible capacity
of up to 1000 mA h g−1 for more than 100 cycles with a high
Coulombic efficiency (∼100%) as well as excellent cycling and
rate performance. It showed that Mo ions in NAM were
reduced to the Mo0 metal phase after discharging to 0 V while
they were reoxidized to Mo6+ after charging to 3 V by ex situ X-
ray photoelectron spectroscopy (XPS) analyses, indicating that
NAM can serve as a conversion anode with six electron
transfers per Mo ion.27 Li et al. proposed that the lithium ions
can move between molecular-sized units and increase the
conversion efficiency owing to the cluster-like framework of
POMs, which leads to a conversion reaction with much higher
capacity than MoO3 and with more compact MoO6 linkage.

27

Song and Streb et al. utilized a sonication-driven strategy to
prepare 1D periodically patterned TBA-PMo11V/CNT (TBA
= [N(CH2CH2CH2CH3)4]

+; PMo11V: [PMo11VO40]
4−; CNT:

carbon nanotube) composites which provided discharge
capacities of 850 mA h g−1 at 0.5 mA cm−2 after 100 cycles.34

Lan et al. synthesized three Mo-based POM composites with
different molecular structures: EMI-PMo12@rGO, EMI-
Mo72V30@rGO, and EMI-Mo132@rGO (EMI: 1-ethyl-3-
methylimidazolium; PMo12: [PMo12O40]

3− (Keggin-type
c l u s t e r ) ; M o 7 2 V 3 0 : [ K 1 4 [ K 1 0 ⊂ { ( M o V I ) -
MoVI5O21(H2O)3(SO4)}12{(V

IVO)30 (H2O)20}]]
20− (Kepler-

a t e - t y p e h o l l o w - b a l l s t r u c t u r e ) ; M o 1 3 2 :
[(NH4)20[MoVI72MoV60O372(CH3COO)30(H2O)72]]

22− (Kep-
lerate-type hollow-ball structure); and rGO: reduced graphene
oxide) and studied the effect of the molecular structure on
lithium-ion storage performance. Among these composites,
EMI-Mo72V30@rGO delivers a high reversible capacity of 1145
mA h g−1 at 100 mA g−1, with an excellent capacity retention
(ca. 100% after 500 cycles). It was suspected that the large void
space and surface area of the hollow-structured Mo72V30 might
effectively accommodate the lithium ions and buffer the
volume expansion; however, the charge-storage mechanism of
the key active material Mo72V30 is not clearly understood or
proved and that is fundamentally important and urgently
required for further utilization and design of high-performance
batteries based on such a high-capacity anode.
Here, in this study, we first reported the lithium-ion storage

m e c h a n i s m o f N a 2 K 2 3 { [ ( M o V I ) -
MoVI5O21(H2O)3(KSO4)]12[(V

IVO)30(H2O)20(SO4)0.5]}·
ca200 H2O, {Mo72V30}, by various in operando methods.
{Mo72V30} is a Keplerate-type metal oxide cluster with a
diameter of 2.1 nm that is constructed with 12{(MoVI)MoVI5}
pentagonal bipyramids and 30{VIVO} as linkers, as shown in
Figure 1. It has 20 open pore windows on the hollow-ball
structure, which is beneficial for lithium-ion transportation. We
revealed that a large amount of Mo and V ions with high
oxidation states in the {Mo72V30} molecular cluster allow for
multiple redox reactions, leading to its high capacity. The
electrochemical properties were carefully studied and the
lithium-ion storage mechanism of {Mo72V30} anodes was
clarified with various in operando/ex situ characterization
techniques, including in operando synchrotron X-ray absorp-
tion near-edge structure (XANES), ex situ X-ray diffraction

(XRD), ex situ extended X-ray absorption fine structure
(EXAFS), ex situ transmission electron microscopy (TEM), in
operando synchrotron transmission X-ray microscopy (TXM),
and in operando Raman spectroscopy. The lithium-ion
diffusivity was also evaluated via potentiostatic intermittent
titration technique (PITT) measurements. These techniques
are utilized to study the structural and morphological
evolutions, the interfacial change between the electrode and
electrolyte, and the dynamic process involved during
lithiation/delithiation processes. This work provides insights
into the charge-storage mechanism for such complicated
POMs through comprehensive analysis techniques, which are
important for further studies of POM electrodes in energy-
storage applications.

2. EXPERIMENTAL SECTION
2 .1 . Synthes i s o f {Mo7 2V3 0 } . Na2K2 3 { [ (MoV I ) -

MoVI
5O21(H2O)3(KSO4)]12 [(VIVO)30(H2O)20 (SO4)0.5]}·

ca200H2O, {Mo72V30}, was synthesized by a facile solution process
as described in the literature.35 First, VOSO4·5H2O (2.53 g, 10
mmol) was dissolved in 35 mL H2O, and the solution was then added
to a conical flask with 8 mL of 0.5 M H2SO4 solution mixed with
Na2MoO4·2H2O (2.42 g, 10 mmol). The conical flask with the
abovementioned dark purple mixture was sealed using a rubber
stopper and stirred at room temperature for 30 min. KCl (0.65 g, 8.72
mmol) was then added to the mixture, which was stirred for another
30 min. The obtained solution was kept in the flask with a rubber
stopper for 5 days; purple-black {Mo72V30} crystals were obtained by
filtration. After washing with cold water, the final products were dried
under air, and the yield was ∼1 g. Elemental analysis % calcd (found):
H 2.6 (2.0); Inductively coupled plasma (ICP) analysis % calcd
(found): V 8.55 (8.5), S 2.02 (1.8), Mo 36.0 (36.2), K 4.92 (4.9), Na
0.96 (1); M = 20,009.48 g/mol.

2.2. Material Characterization. A Fourier transform infrared
spectroscopy (FT-IR) spectrophotometer (Nicolet Avatar 370) was
utilized to detect the infrared spectra of {Mo72V30} using KBr pellets
and repeatedly scanned over the range of 4000−400 cm−1. The
identity of {Mo72V30} was also established using the UV−vis
spectrum, obtained using a UV−vis spectrophotometer (Varian
Cary 5000). The thermogravimetric analysis (TGA) measurement
of {Mo72V30} was recorded using a thermal analyzer (STA 449 F1
Jupiter) under 20 mL min−1 flow of argon and the temperature was
increased from 25 to 800 °C at a rate of 5 °C min−1. The surface
morphology of {Mo72V30} was characterized by field emission SEM
(FESEM, Hitachi SU8010). The Bruker D2 Phaser X-ray diffrac-
tometer was used to characterize the crystal structure of {Mo72V30} by
XRD measurement. Further details on the crystal structure
investigation of {Mo72V30} can be obtained from the Fachinforma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Ger-
many), on quoting the depository number CSD-433790. Elemental
analyses were performed using the Elementar Analysensysteme vario
EL III instrument. Raman microscopy (Labram HR800) with a 514

Figure 1. Polyhedral representation for the structure of the Keplerate-
type {Mo72V30} polyanion.
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nm excitation laser was employed to record the Raman spectra of
{Mo72V30}. The direct current polarization was measured using a
BioLogic potentiostat VMP3 at 3 V within a {Mo72V30} pellet-coated
Pt at the surface. The surface area of {Mo72V30} was determined by
the Brunauer−Emmett−Teller (BET) analysis from the N2
adsorption−desorption isotherms obtained at 77 K implemented
using the ASAP2020 instrument (Micrometric Corp.).
2.3. Battery Preparation and Characterization. The active

layers of anodes were prepared by mixing {Mo72V30}, carbon black
(Super P), and sodium carboxymethyl cellulose (CMC) as a binder in
DI water with a weight ratio of 70:20:10. Then, it was coated on Cu
foil and dried under 80 °C overnight. After drying, the coating was
punched into pieces with a diameter of 13.7 mm and then roll-
pressed, followed by drying at 110 °C under vacuum for 4 h. The
mass loading of the active material is about 1−2 mg cm−2; CR2032
coin cells were prepared under an argon atmosphere in a glovebox.
The {Mo72V30} anode was tested in a half-cell configuration with the
Li foil as the counter and reference electrodes. LIB cells were
assembled in a liquid electrolyte consisting of 1 M LiPF6 in a mixture
of ethylene carbonate (EC) and diethyl carbonate (DEC) with a
volume ratio of 1:1, in which 10 wt % fluoroethylene carbonate
(FEC) was added as an electrolyte additive and they were separated
by a Celgard 2500 battery membrane. Cyclic voltammetry (CV) and
galvanostatic charge/discharge (GCD) measurements were carried
out in a voltage range of 0.01−3 V versus Li/Li+. The specific
lithiation/delithiation capacities were calculated based on the weight
of the anode active material. High-resolution XPS (HR-XPS, ESCA
ULVAC-PHI PHI 5000 Versaprobe II) with an Al kα source was
performed to characterize the Mo and V bonding states of pristine
and cycled electrodes for {Mo72V30} half-cells. The ex situ XRD
patterns of {Mo72V30} electrodes were detected using the Bruker D2
phaser X-ray diffractometer. In operando Mo K-edge XANES was
performed using a CR2032 coil cell with a hole in the center, which
was taped with Kapton, under the fluorescent mode at beamline
SP12B1 at Spring 8, Hyogo Prefecture, Japan. The in operando V K-
edge was measured through a pouch cell with a hole, which was taped
with Kapton, under the fluorescent mode at beamline TLS 17C1 at
National Synchrotron Radiation Research Center (NSRRC) in
Taiwan. The XANES data were processed by utilizing the Athena
0.8.056/IFEFFIT 1.2.11 software. Ex situ Mo K-edge EXAFS was
measured through utilizing the scraped off powder-like active material

from the electrode, which was sealed with Kapton tape, under the
transmission mode at beamline TPS 44A1 at NSRRC in Taiwan. The
loading mass of the active material on the electrode was about 1 mg
cm−2, and the Mo content in the electrode was approximately 40%;
thus, the calculated edge jump (Δμx) was around 0.03, which was too
low to be detected through the transmission mode. Therefore, we
conducted the in operando Mo K-edge XANES under the fluorescent
mode. The EXAFS data were analyzed using the Artemis (version
0.9.26) software. The in operando Raman spectroscopy measurements
were performed by employing a CR2032 coin cell with quartz
windows using a Raman microscope (UniDRON system) with a
530.9 nm excitation laser and 1 mW power. Ex situ TEM was
performed using JEOL, JEM-ARM200FTH. In operando TXM was
also performed using a CR2032 coin cell with a hole, as mentioned
above, at beamline TLS 01B1 at NSRRC in Taiwan. The focused X-
rays illuminated the electrode in the coin cell through a capillary
condenser. Then, a Fresnel zone plate was used to record high-spatial-
resolution transmission X-ray images, which were captured using a
CCD camera. After the zone plate, a phase ring was installed at the
back focal plane of the zone plate to increase image contrast by optical
phase differences. A GCD test was carried out on the in operando coin
cells at a current density of 100 mA g−1 and within a voltage range of
0.01−3 V versus Li/Li+. A PITT test was measured on the BioLogic
potentiostat VMP3 with the potential step of 25 mV and the holding
time of 3600 s at each state. The electrodes assembled in the CR2032
cells were discharged from OCV to 0.01 V versus Li/Li+. The
electrochemical impedance spectroscopy (EIS) measurement was
measured on the BioLogic potentiostat VMP3 at OCV, 0.01, and 3 V
versus Li/Li+ from 1 MHz to 10 mHz.

3. RESULTS
3.1. Material Characterization. {Mo72V30} was synthe-

sized by a facile solution process and characterized with the
UV−vis spectrum, Raman spectroscopy, single-crystal and
powder XRD, TGA, FT-IR, scanning electron microscopy
(SEM), and XPS. The vibration peaks of {Mo72V30} are
presented in the Raman spectrum (λe: 514 nm) at 941 (w,
ν(VO)/ν(MoO)) and 872 (s, A1gObr) cm

−1, as shown in
Figure S1a. Figure S1b presents the UV−vis spectrum of
{Mo72V30} in H2O and the absorption bands observed at 512

Figure 2. (a) XRD patterns, (b) TGA spectra, and (c) FT-IR spectra of {Mo72V30} before and after drying treatment; (d) FESEM image, (e) Mo
XPS spectrum, and (f) V XPS spectrum of {Mo72V30} after drying treatment.
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(vs), 690 (w), and 846 (w) nm are similar to those in previous
studies.35 The powder XRD pattern of the as-synthesized
{Mo72V30} is shown in Figure 2a, and the reflections of the as-
synthesized {Mo72V30} agree with the one simulated from its
single-crystal XRD data (CSD-433790, presented in Table S1).
The as-synthesized {Mo72V30} was heated to 80 °C overnight
before preparing the electrodes for coin cell assembling.
Almost all reflections for the as-synthesized {Mo72V30} after
drying at 80 °C overnight disappeared except for the
reflections at 11°. This indicates that the long-term crystal
structure of {Mo72V30} becomes amorphous by removing
crystal water after drying, and this phenomenon can also be
observed from other POM electrodes in the literature.21,36

Figure 2b displays the TGA data of {Mo72V30}. The weight
loss below 200 °C is the evaporation of crystal water, and the
weight loss after 600 °C indicates the decomposition of
{Mo72V30}. The amount of crystal water decreases after the
drying treatment, as detected by TGA. Figure 2c shows the
FT-IR spectrum of the as-synthesized {Mo72V30}, which
exhibits the characteristic absorption bands: ν = 1618 (m),
(δ(H2O)) 1196 (w), 1130 (w), 1055 (w) (νas(SO4) triplet),
966 (s) (ν(VO)/ν(MoO)), 791 (vs), 633 (w), 575 (s),
and 451 (w) (δ(Mo−O−Mo)/νas(Mo−O−Mo)) cm−1, as
reported in the literature.35 After the drying treatment, the
characteristic absorption bands remain unchanged indicating
that the structure of the {Mo72V30} polyanion is unchanged.
Figure 2d displays the SEM image of {Mo72V30} powders that
shows irregular shape, and the particle size is around several
micrometers. The Mo 3d and V 2p XPS spectrum of
{Mo72V30} powders is shown in Figure 2e,f. The oxidation
states of {Mo72V30} after drying treatment are Mo6+ (3d3/2
binding energy of 235.6 ± 0.2 eV and 3d5/2 of 232.4 ± 0.2 eV)
and V4+ (2p3/2 binding energy of 516.2 ± 0.2 eV), as reported
in the literature.37,38 The direct current polarization test was

implemented to estimate the electronic conductivity of
{Mo72V30} through the Hebb−Wagner polarization method,39

as shown in Figure S1c. The electronic conductivity of
{Mo72V30} is about 2.65 × 10−7 S cm−1 which is higher than
that of the commercial LTO anode (10−8−10−13 S cm−1)40,41

but lower than that of graphite (9.5 × 10−1 S cm−1).42 Figure
S1d shows the N2 adsorption−desorption isotherms for
{Mo72V30} powder, and the BET surface area is around 0.19
cm2 g−1.

3.2. Electrochemical Characterization. To understand
the electrochemical performance of {Mo72V30} as an anode
material for LIBs, CV and GCD measurements were employed
in a half-cell configuration. The half-cells were first lithiated
from the open-circuit voltage (OCV) to 0.01 V versus Li/Li+

and subsequently, they cycled between 0.01 and 3 V versus Li/
Li+. The CV curves of {Mo72V30} anodes were carried out at a
scan rate of 0.1 mV s−1, as shown in Figure 3a. The higher
reduction current in the first cycle of the CV curves as
compared to the second cycle in the range of 0.01−0.5 V
might be attributed to the formation of solid−electrolyte
interphase (SEI) and irreversible insertion.43 The insertion of
Li+ into {Mo72V30} can be observed in the range of 0.3−1.3 V
and at the reduction peak of ∼0.01 V versus Li/Li+. The broad
region in the oxidation curve range from 0.75 to 2.0 V versus
Li/Li+ could be contributed from the deinsertion of Li+ from
{Mo72V30}.The broad potential range for Li+ insertion/
extraction in the CV curve can be ascribed to the random
distribution of free spaces in the highly disordered structures of
{Mo72V30} and the continuous redox reactions by the multiple
redox centers in one molecule.
Figure 3b displays GCD profiles of {Mo72V30} as an anode

in a half-cell configuration at a current density of 100 mA g−1

in the 1st, 2nd, and 100th cycles. It shows a steady curve with
several obscure plateaus in the potential range between 0.01

Figure 3. Electrochemical performance of {Mo72V30} anode in 1 M LiPF6/EC DEC:FEC (45:45:10) in a half-cell configuration with Li metal as
the counter electrode and reference electrode in a potential range of 0.01−3 V vs Li+/Li: (a) cyclic voltammograms at a scan rate of 0.1 mV s−1; (b)
GCD curves at a current density of 100 mA g−1; (c) rate performance at various current densities; (d) cycling performance and the Coulombic
efficiency at current density of 100 mA g−1.
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and 2.5 V versus Li/Li+ indicating the combination of
intercalation and capacitive-like storage behaviors with the
continuous insertion of Li ions. This results in a high reversible
capacity up to ca. 1300 mA h g−1, which is contributed from
the multiple redox centers in {Mo72V30}. This value is much
higher than the commonly used intercalation-type anode
materials, for example, graphite (theoretical capacity ≈ 372 mA
h g−1) and LTO (100−200 mA h g−1). The lithiation curve of
{Mo72V30} showed a nonobvious lithiation platform for the
first cycle. However, it exhibited an obvious and consistent
lithiation platform at 1.25 V in the 2nd and 100th cycle. It was
owing to the activation process after the initial few cycles. The
Li ion can insert into {Mo72V30} molecules more easily after
the activation process thus the capacity increased. This
activation process can be confirmed by the increase in the
Li-ion diffusion coefficient after several cycles, which will be
discussed later in the kinetic process analyses. Figure S2 shows
the dQ/dV versus voltage plots derived from the GCD profiles.
The high dQ/dV value in the 100th cycle compared to the 2nd
cycle can be observed in the range of 0.01−2 V (lithiation
process) and 1.5−3 V (delithiation process). Because there is
no extra characteristic peak generated, the increase in capacity

during the first 100 cycles is contributed by the surface
adsorption or the continuous intercalation. The reduction peak
of the dQ/dV plot at 1.25 V shifts to the higher potential after
100 cycles, indicating the increase in the Li-ion diffusion
coefficient. This phenomenon will also be discussed later.
Figure 3c displays the rate performance at different current
densities from 100 to 2000 mA g−1. The average specific
capacities are approximately 1290, 1273, 1187, 1098, and 979
mA h g−1 at current densities of 100, 200, 500, 1000, and 2000
mA g−1, respectively, suggesting that the {Mo72V30} anode can
provide good rate performance. The cycling performance of
the {Mo72V30} anode in LIB at a current density of 100 mA h
g−1 is shown in Figure 3d. The first lithiation and delithiation
capacities are 1578 and 1292 mA h g−1, respectively, with the
Coulombic efficiency of around 81.8%. The first irreversible
capacity might be attributed to the formation of SEI.43 After
100 cycles, the capacity slightly increased from 1292 (the
second reversible discharge capacity) to 1495 mA h g−1 with
the Coulombic efficiency of about 99.0%, indicating excellent
cycling stability and high reversibility. The slightly increased
capacity in the initial 50 cycles might be due to an
electrochemical activation process that creates the lithium-

Figure 4. (a) Normalized in operando synchrotron Mo K-edge XANES spectra of {Mo72V30} measured at different potentials vs Li/Li+ at a current
density of 100 mA g−1 (blue: the lithiation process; red: the delithiation process). (b) Normalized in operando synchrotron Mo K-edge XANES
spectra of {Mo72V30} in the first cycle at a potential of OCV (2.86 V), the first full lithiation (1L, 0.01 V), the first full delithiation (1D, 3 V), and
the second full lithiation (2L, 0.01 V), compared with MoO3, MoO2, and Mo metal foil reference materials. (c) Average Mo valence of {Mo72V30}
as a function of the potential. (d) Normalized in operando synchrotron V K-edge XANES spectra of {Mo72V30}. (e) Normalized in operando
synchrotron V K-edge XANES spectra of OCV, 1L, and 1C compared with V2O5, VO2, V2O3, and V metal foil. (f) Average V valence of {Mo72V30}
as a function of the potential.
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ion transportation channels in the anode materials.44,45 It was
quite astonishing to achieve the remarkable high capacity,
excellent stability, and rate capability for the pristine
{Mo72V30}. The reversible capacity of {Mo72V30} (∼1300
mA h g−1 at 100 mA g−1) is approximately three times higher
than that of the commercial graphite anode (372 mA h g−1).
Compared with other POM anodes,22−33 the {Mo72V30}
anode conducts much higher capacity and cycling stability,
indicating that it is a promising anode material for LIBs.
3.3. Charge-Storage Mechanism Studies. Owing to the

excellent electrochemical performance and unique features of
the {Mo72V30} anode, we conducted several in situ and ex situ
techniques to investigate the charge-storage mechanism. Lan et
al. utilized ex situ XPS measurement to investigate the
oxidation state of Mo and V in EMI-Mo72V30@rGO before
and after being lithiated to 0.01 V, and they found out that the
Mo can be reduced from Mo6+ to Mo4+ and V can be reduced
from V5+ to V2+. Our ex situ XPS results in Figure S3 also
indicate the valence change in Mo and V in {Mo72V30}, where
the oxidation states of Mo were partially reduced from Mo6+ to
Mo4+/Mo3+ after being lithiated to 0.01 V versus Li/Li+, and
the oxidation states of V were partially reduced from V5+/V4+

to V3+/V2+ after being lithiated to 0.01 V versus Li/Li+. After
being delithiated to 3 V versus Li/Li+, the oxidation states of
Mo and V returned back to the initial states (Mo6+ and V5+/4+).
However, the ex situ measurement cannot accurately determine
the valence number change because it is too sensitive to the
ambient air. Therefore, in operando XANES is necessary to
determine the exact redox reactions during cycling.
To investigate what oxidation states are involved and how

many electrons are transferred during the lithiation/delithia-
tion processes exactly, the in operando synchrotron Mo and V
K-edge XANES studies of {Mo72V30} were employed. Figure
4a displays the Mo K-edge XANES spectra of the {Mo72V30}
anode during the first lithiation, the first delithiation, and the
second lithiation processes at 100 mA g−1; it reveals a
systematic and reversible energy shift. In order to figure out the
valence change in Mo ions, MoO3, MoO2 powders, and Mo
metal foil were used as references (each of them was calibrated
by Mo metal foil), as shown in Figure S4. The XANES spectra
for the initial two cycles are shown in Figure 4b with the
potentials at OCV (ca. 2.86 V), the first full lithiation at 0.01 V
versus Li/Li+ (1L), the first full delithiation at 3 V versus Li/
Li+ (1D), and the second lithiation at 0.01 V versus Li/Li+

(2L). Owing to the low-edge jump, the self-absorption
phenomenon is not evident, as observed in Figure 4b. A
low-energy shift of the absorption curves during the lithiation
process can be observed, and the curve shifts back to the initial
position after the delithiation process. The energy edge of
OCV is close to that of MoO3, indicating that the valence of
Mo at OCV is close to Mo6+. When the electrode was lithiated
to 0.01 V versus Li/Li+, the energy edge moved to a lower
energy than the position of MoO2. It indicates that the valence
of Mo is lower than that of Mo4+. The energy edge of 1D shifts
back to the position of OCV, indicating that the reversible
reaction occurred during the first cycle. The XANES
absorption edge energy is proportional to the oxidation state
of Mo. Through linear combination fitting, the averaged
valence of the Mo ions in {Mo72V30} at different potentials can
be determined, as shown in Figure 4c. Similar to the XPS
result, the average valence of the {Mo72V30} electrode at OCV
is ca. Mo6+. After the first full lithiation process, the average
valence of Mo decreases to ca. Mo1+. This indicates that during

the lithiation process, the Mo ion in one {Mo72V30} molecule
can transfer ca. 360 additional electrons (assumed that all the
Mo6+ ions in {Mo72V30} are reduced to Mo1+). The average
valence of Mo in the following delithiation process increases
from Mo1+ to Mo6+. In the second lithiation process, the
average valence of Mo decreases from Mo6+ to Mo1+ again,
revealing that it is a highly reversible process. The in operando
synchrotron V K-edge XANES studies of the {Mo72V30} anode
during the first cycle at 100 mA g−1 were also conducted, as
displayed in Figure 4d. Owing to the low vanadium content in
{Mo72V30} and the low absorption edge energy of vanadium,
the curves are not smooth but enough for distinguishing the
energy shift. The pre-edge peaks can be detected clearly when
the V ions were at the high oxidation state; while the pre-edge
peaks became obscure after being lithiated to the low potential,
which means that the valence of V decreased. However, the
pre-edge peak became clear again after being delithiated to 3 V
versus Li/Li+, revealing a reversible energy shift after full
delithiation. The V K-edge XANES spectra of {Mo72V30} at 1L
and 1D states were compared with those of the references
(V2O5, VO2, V2O3 powders, and V metal foil), as shown in
Figure 4e. The energy edge of OCV is close to that of V2O5,
showing that the valence of V at OCV is close to that of V5+.
When the electrode was lithiated to 0.01 V versus Li/Li+, the
energy edge moves to a lower energy which is between V metal
foil and V2O3, indicating that the average valence of vanadium
is lower than V3+. Then, the energy edge shifts to higher energy
close to V2O5 at the full delithiation state indicating that V is
oxidized to higher valence (ca. V5+). Through linear
combination fitting, the averaged valence of the vanadium
ion in {Mo72V30} at different potentials can be determined, as
shown in Figure 4f. Similar to the XPS result, the average
valence of the {Mo72V30} electrode at OCV is ca. V4.7+. The
oxidation state of V in the {Mo72V30} electrode before cycling
was partially oxidized from V4+ to V5+, which may be attributed
to the oxidation reaction of {Mo72V30} during the electrode
preparation process. During the first lithiation process, the
average valence of vanadium decreased to ca. V1+. The valence
of V oxidized to V4.7+ after the first full delithiation process.
This result indicates that the V ion in one {Mo72V30} molecule
can transfer ca. 120 additional electrons (assumed that all the
V5+ ions in {Mo72V30} are reduced to V1+). Therefore, it
demonstrates that the lithiation/delithiation processes of the
{Mo72V30} anode are accompanied with several reversible
redox reactions from both Mo and V ions in the {Mo72V30}
molecule, which leads to high capacity and cycling stability, as
shown in Figure 3d.
According to the result obtained from the in operando

synchrotron XANES, we proposed the following redox
reactions of the {Mo72V30} molecule

{ } + +

↔ { }

+ −Na K Mo V 480Li 480e

Li Na K Mo V
2 23 72

VI
30
V

480 2 23 72
I

30
I

(1)

Based on this equation, ca. 480 electrons transfer in one
{Mo72V30} molecule, and a theoretical capacity of 754 mA h
g−1 can be estimated. However, the experimental values exceed
the expected value. This is similar to the results reported by
Awaga et al. with TBA3[PMo12O40]/RGO electrodes.46 Dunn
et al. proposed a theory that the excess capacity is due to the
interfacial lithium-storage mechanism, that is, the capacitive
behavior, which consists of the non-Faradaic capacity, electrical
double-layer capacitance, and pseudocapacitance.47 Therefore,
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we also simulated the capacitive behavior using Dunn’s
method. Figure 5a displays the CV curves measured at
different scan rates ranging between 0.1 and 5 mV s−1. The
capacities calculated from CV curves at scan rates ranging
between 0.1 and 5 mV s−1 are similar to the capacities obtained
from GCD with the current densities between 100 and 2000
mA g−1. Therefore, we analyzed the surface-limited capacitive
and diffusion-controlled process via CV curves between 0.1
and 5 mV s−1. The CV peak current (i) obeys the power-law
relationship with scan rate (v): i = avb, where a and b are
adjustable parameters.48 When b = 1, the capacitive current is
proportional to the scan rate (v), indicating that the reactions
are surface-limited processes. When b = 0.5, it means that the
reactions are the diffusion-controlled process.26 The adjustable
parameter b can be measured from the slope of the linear plot,
as shown in Figure 5b. It is worth noting that the b value at
0.34, 1.28, and 1.44 V versus Li/Li+ was calculated to be 0.67,
0.63, and 0.64, respectively. This indicates a combination of
diffusion-controlled and surface-limited storage processes. A
closer examination of voltammetric scan rate dependence can
help distinguish quantitatively the capacitive contribution to
the current response. The current response from the CV curves
at a fixed potential can be separated by two mechanisms:
surface-limited capacitive effects (Faradaic pseudocapacitance
and/or non-Faradaic double-layer effect) and diffusion-
controlled process49

= +i V k v k v( ) 1 2
0.5

(2)

where k1v and k2v
0.5 correspond to the current contribution

from surface-limited capacitive effects and diffusion-controlled
process, respectively. Therefore, it is possible to determine the
current response resulted from surface-limited capacitive and
diffusion-controlled process by determining k1 and k2. In
Figure 5c, the voltage profile of the capacitive current response
is shown by the shaded area in comparison with the total
measured current on a typical CV for {Mo72V30} at a scan rate

of 0.1 mV s−1. The result shows that the capacity of the
capacitive-controlled process is approximately 39.0%, which
contributed the excess capacity beyond the theoretical capacity
estimated by eq 2. Furthermore, with the increase in the scan
rate, the effect of capacitive-controlled process enlarges, as
shown in Figure 5d. At a scan rate of 5 mV s−1, the role of
capacitive contribution further increased to 82.7%. It
demonstrates that surface-limited capacitive behavior domi-
nates the charge-storage process, especially at high scan rates
which leads to the excellent rate capability. In brief, the
observed high capacity in experiments can be well-explained by
the contribution from both the multiple valence change in
Mo/V and the capacitive contribution.
Ex situ XRD measurements were conducted to observe the

change in the crystal structure of the {Mo72V30} electrode
during the lithiation/delithiation process, as shown in Figure 6.
The cell was first lithiated from OCV to 0.01 V versus Li/Li+

and then delithiated to 3 V versus Li/Li+ at a current density of
100 mA g−1. After cycling, the two broad peaks at around 11.4

Figure 5. (a) CV curves of {Mo72V30} at different scan rates from 0.1 to 5 mV s−1. (b) b-value determination of 0.34, 1.28, and 1.58 V cathodic
current and 1.44 and 2.8 V anodic current. (c) Estimation of pseudocapacitive-controlled charge-storage contribution at a 0.1 mV s−1 scan rate. (d)
Comparison of the pseudocapacitive-controlled ratio for different scan rates 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 mV s−1.

Figure 6. Ex situ XRD spectra of {Mo72V30} electrodes before cycling,
after lithiated to 0.01 V vs Li/Li+, and delithiated to 3 V vs Li/Li+.
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and 28.6° disappeared, and there was no significant reflection
or shift, indicating that the crystal structure of the {Mo72V30}
electrode was more amorphous and remained in the
amorphous state through the lithiation/delithiation processes.
It demonstrates that the lithiation/delithiation reactions in the
amorphous {Mo72V30} electrode are independent from its
crystal structure. This statement is consistent with the other
POM cathode, K7[NiV13O38], reported by Ni et al.36

According to the ex situ XRD results, the crystal structure of
the {Mo72V30} electrode lacked a long-range order after the
lithiation/delithiation process. The EXAFS analysis, which is a
useful tool for investigating short-range-order structures, was
utilized to gain insight into the molecular structure of
{Mo72V30} before and after cycling. The ex situ Mo K-edge
EXAFS results of the {Mo72V30} electrodes at OCV, 1L, and
1D were recorded under the transmission mode. The k3 χ(k)
functions obtained from Mo absorption spectra are shown in
Figure S5. Figure 7a shows the corresponding Fourier
transform (FT) spectra (the k range is approximately 3.0−
10.0 Å−1), which provide a radial distribution of the nearest
neighbor atoms around the Mo atoms. The complex
{Mo72V30} molecule was simplified to a [Mo6O21]

6−

polyoxomolybdate unit to analyze the local structure, as
shown in Figure 7b. The structural parameters obtained by
fitting the experimental EXAFS data are summarized in Table
S2, and the fitting curves are shown in Figure S6. In Figure 7a,
two main peaks are observed at 1.2 and 1.9 Å in the {Mo72V30}
electrode at OCV. The peaks are contributed by the Mo−O
bonds. These two distances are denoted in the molecular
structure of [Mo6O21]

6− shown in Figure 7b. The distance in
the Fourier transformation is approximately 0.5 Å, which is
shorter than that in the molecular structure owing to the phase
factor.50 According to Figure 7b, there are three Mo−O bonds
with a distance of 1.7 Å, two Mo−O bonds with a distance of 2
Å, and one Mo−O bond with a distance of 2.4 Å. Therefore,
the coordination numbers at OCV shown in Table S2 are as
expected. After the first lithiation process, the intensities of the
peaks at 1.2 and 1.9 Å decreased and increased, respectively.
This implies that the coordination numbers of the first and
second Mo−O bonds decreased and increased, respectively, as
shown in Table S2. This result reveals that the lithium ions
formed ionic bonds with the oxygen atoms. Thus, the valence
of Mo decreased, which caused the Mo−O bond length to
increase during the lithiation process. After the first delithiation
process, the FT−EXAFS curve and the coordination number
returned to the original state (the same as those at OCV). This

demonstrates that the molecular structure of {Mo72V30}
remains stable and the change in the Mo−O bond length is
reversible during the lithiation/delithiation process.
The in operando Raman spectra of the {Mo72V30} electrode

during the first lithiation process are shown in Figure 8. The

background profile was recorded with an active-material free
electrode, which was coated with carbon black (Super P) and a
sodium CMC binder in the electrolyte. In Figure 8a, the
characteristic peaks contributed by the carbon black, binder,
and electrolyte are indicated by stars (*). The characteristic
peaks of {Mo72V30} located at approximately 870 and 960
cm−1 are indicated by circles (•). The Raman band of free EC
(891 cm−1) can be observed at the background and OCV
electrodes. During the first lithiation process, a notable peak
shifts from 891 to 902 cm−1 in the voltage range of 0.5−0.01 V
(as shown in the orange region in Figure 8a), which
corresponds to the process of lithium-ion-coordinated EC,
indicating the formation of the SEI layer on the electrode
surface.51 The characteristic peak of {Mo72V30} at 870 cm−1 is
covered by the EC signal and it is difficult to distinguish.
Nevertheless, as shown in the green region in Figure 8b, the
characteristic peak of {Mo72V30} at 960 cm−1 can still be
observed on the electrodes, even after the first lithiation
process. This indicates that the molecular structure of

Figure 7. (a) Experimental Mo K-edge EXAFS spectra of the {Mo72V30} electrode at OCV, the first full lithiation, and the first full delithiation. (b)
Local structure of [Mo6O21]

6−.

Figure 8. (a) In operando Raman spectra of the {Mo72V30} electrode
during the first lithiation process (* electrolyte, • {Mo72V30}). (b)
Magnified view of (a).
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{Mo72V30} remains intact after the lithiation process. This
result is consistent with the abovementioned ex situ EXAFS
analysis.
The morphologies and microstructures of {Mo72V30} were

investigated by ex situ TEM to explore the molecular structural
transformation of {Mo72V30} during the lithiation/delithiation
process. Figure 9a shows the HRTEM image of {Mo72V30} at
OCV. The diameter of a single spherical {Mo72V30} molecule
is approximately 2.2 nm. The random arrangement and open
framework of {Mo72V30} molecules can facilitate electron/ion
transport; thus, {Mo72V30} molecules are beneficial for
lithium-ion storage. Figure 9b shows the HRTEM image of
the {Mo72V30} electrode after the first full lithiation process.
The diameter of {Mo72V30} molecules (∼2.5 nm) is slightly
larger than that at OCV. However, the volumetric expansion
caused by the lithium-ion intercalation is relatively small as
compared with other metal oxide anodes (e.g., SnO2:
∼300%;52 MoO3: 104%;53 and V2O3: 190%54). Figure 9c
displays the HRTEM of the {Mo72V30} electrode after the first
full delithiation process. The diameter of {Mo72V30} molecules
decreases to the original size. This demonstrates that the
lithium ions are inserted into the hollow-structured {Mo72V30}
molecule but do not undergo extreme volume expansion
during the lithiation process.
To gain additional insights into the volume changes of the

microscale particles that occur in the {Mo72V30} anode, we
conducted in operando synchrotron TXM measurement. Figure
10a shows the first and second GCD curves during TXM

measurement, and Figure 10b displays the corresponding
TXM images of a single microsized {Mo72V30} particle (but
not a single molecule) in the anode at different lithiation/
delithiation states. These TXM images display good contrast
between the {Mo72V30} particle and the electrode/electrolyte
interface because of their different atomic numbers. During the
two completed cycles of lithiation/delithiation processes, the
volume of the {Mo72V30} particle did not change significantly,
which can be attributed to its amorphous characteristics. The
lack of the long-range order in the {Mo72V30} particle can be
observed in the XRD patterns. This kind of amorphous
structure provides a high tolerance to the small volume
expansion of each single {Mo72V30} molecule. These results
provide the strong evidence for the excellent cycling stability of
the {Mo72V30} anode, as shown in Figure 3d.
The lithium-ion diffusion coefficient (DLi

+) was estimated
using the PITT method. This technique characterizes a battery
by small voltage steps, and the change in current is recorded.
The Li-ion diffusion coefficient (DLi

+) can be derived by55

π
= ·+D

I
t

Ld ln( )
d

4
Li

2

2 (3)

where I is the current, t is the step time, L is the diffusion
distance which can be calculated by L = VMnB/S, VM is the
molar volume of the electrode materials, nB is the number of
moles of the electrode materials in the sample, and S is the
cross-sectional area of the electrode sample and electrolyte.
This equation is based on Fick’s second law with the

Figure 9. HRTEM image of the (a) {Mo72V30} electrode before cycling, (b) {Mo72V30} electrode at the first full lithiation state, (c) {Mo72V30}
electrode at the first full delithiation state.

Figure 10. (a) GCD curves of the {Mo72V30} anode at a current density of 100 mA g−1 and (b) corresponding TXM images during cycling.
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hypothesis of one-dimensional transport and it was derived
based on the long-time approximation (t ≫ L2/DA

chem).55

Figure S7a shows the I−t plots during the first lithiation
process. It indicates that the current is stable after the holding
time of 3600 s. Figure S7b shows the ln(I)−t plots and the
fitting line from 1000 to 3600 s (t ≫ L2/DA

chem). The slope of
the fitting line represents d ln(I)/dt in eq 3. Figure 11a shows
the DLi

+ during the first and second lithiation and delithiation
processes based on eq 3, and the value of DLi

+ ranged between
10−10 and 10−11 cm2 s−1. Table 1 compares the DLi

+ of LIB

anode materials measured by PITT in the literature. The
{Mo72V30} anode has the same order of magnitude of DLi

+ with
Li4Ti5O12 and spherical graphite anodes, which exhibit
excellent high rate capacity. Furthermore, the {Mo72V30}
anode possesses higher DLi

+ than other metal oxides, graphite,
and silicon anodes. This high DLi

+ of the {Mo72V30} anode can
be attributed to the unique large hollow-structured molecule
and the absence of the long-range order. According to the
literature, the POM molecule undergoes redox reactions as a
cluster and not as a continuum, and therefore, the change in
the long-range crystal structure does not affect the cycling
stability of POM electrodes.36 Besides, those Li ions could
diffuse through the free space (vacancies or interstitial sites)
and open spatial channels in the amorphous {Mo72V30} anode
and thus shorten the diffusion path length and lead to high DLi

+

resulting in high rate capability.
The EIS measurement of the {Mo72V30} electrode was

carried out during the first two cycles and the 10th and 11th

cycles. The Nyquist plots of the {Mo72V30} electrode at
different cycles are shown in Figure S8 and they are composed
of a semicircle in the high-frequency domain and a sloping line
in the low-frequency domain. The semicircle is contributed by
the charge transfer resistance on the electrode/electrolyte
interface, and the sloping line is the Warburg domain, which is
dominated by the solid-state diffusion of lithium ions in
{Mo72V30}. The Warburg coefficient, AW, is defined as66

ω ω= Δ Δ = Δ Δ− −A R I/ /w e
1/2

m
1/2

(4)

where Re and Im are the real and imaginary components of the
impedance, respectively, and ω is the frequency. The time
constant for the finite diffusion process can be defined as

τ = [ ]A Q X E A2 d /dw t
2

w (5)

where Qt is the total charge involved in the charge/discharge
process and dX/dE is the derivative of the intercalation
isotherm with respect to E. In linear sweep voltammetry,
Qt(dX/dE) = ICV/v, where ICV is the voltammetric current and
v is the scan rate. τ can be calculated using Aw and ICV in the
range of the intercalation potentials. Finally, DLi

+ can be
determined as DLi

+ = L2/τ, where L is the diffusion distance
mentioned in the PITT analysis,67 as shown in Figure 11b. DLi

+

is approximately 10−9 to 10−12 cm2 s−1 and it increases from
the first cycle to the second cycle owing to the activation
process.
DLi

+ can also be calculated by utilizing the Randles−Sevcik
equation at 25 °C68−70

= ×I n C D Av(2.69 10 )p
5 3/2

0
1/2 1/2

(6)

where Ip is the peak current density (A), n is the electron
transfer number, C0 is the maximum Li+ concentration (C0 =
3.5 × 10−3 mol cm−3), D is the diffusion coefficient of the rate-
limiting species (Li+, cm2 s−1), A is the apparent surface area
(cm2), and v is the scan rate (V s−1). Figure S9 shows the I−
v1/2 plot and its fitting line. The slope of the fitting line can be
calculated using (2.69 × 105)3/2C0D

1/2A in eq 6. The DLi
+of

{Mo72V30} obtained via eq 6 is shown in Figure 11c, and the
value ranges from 10−9 to 10−10 cm2 s−1, which is similar to the
values obtained through the PITT and EIS methods. This
proves that the DLi

+ value of the {Mo72V30} anode obtained in
this study is reliable.

4. DISCUSSION
The {Mo72V30} anode exhibits excellent cycling stability, high
rate capability, and a high lithium-ion diffusion coefficient
(10−9 to 10−10 cm2 s−1). This is different from conventional

Figure 11. (a) Lithium-ion diffusion coefficient of {Mo72V30} during the lithiation and delithiation process measured using the PITT method. (b)
Lithium-ion diffusion coefficient of {Mo72V30} at the fully lithiated/delithiated states calculated by the EIS measurements. (c) Lithium-ion diffusion
coefficient of {Mo72V30} during the lithiation/delithiation processes calculated using the Randles−Sevcik equation.

Table 1. Li+ Diffusion Coefficient of LIB Negative Electrode
Materials Measured by PITT

electrode
Li+ diffusion Coefficient

(cm2 s−1) refs

Li4Ti5O12 3 × 10−12 56,57

Li4Ti5O12 thin film 10−10−10−11 58
TiO2 9.91 × 10−14 59
TiO2@C 3.87 × 10−13 59
α-Fe2O3/single-walled carbon
nanotube hybrid films

4 × 10−12 60

FeNb11O29 3.39 × 10−11−8.55 × 10−12 61
natural graphite 10−12−10−15 62
graphite 10−11−10−15 62
spherical graphite 10−9−10−10 63
Si 7.7 × 10−14 64
nano-Si 10−12 (by GITT) 65
{Mo72V30} 10−9−10−10 this

work
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conversion and alloying anode materials. In addition,
{Mo72V30} exhibits considerably higher capacity (1495 mA h
g−1 after 100 cycles) as compared to conventional intercalation
anode materials such as graphite and LTO. Moreover,
{Mo72V30} provides relatively high capacity and stability
without combining with graphene, carbon nanotubes, or
other high-cost ingredients as compared to other POM anodes
in the literature.22−33 These outstanding performances of
{Mo72V30} and the facile synthesis procedure make {Mo72V30}
an extremely promising candidate for LIB anode materials. The
schematic of the lithiation/delithiation reaction mechanism for
the {Mo72V30} anode is displayed in Figure 12a,b. Based on
the in operando XANES analyses, the Mo6+ and V5+/V4+ in the
{Mo72V30} molecule can be reduced to Mo1+ and V1+ during
the lithiation process; this results in the transfer of ca. 480
electrons per molecule. In addition to the multiple redox
reactions that occur during the lithiation/delithiation pro-
cesses, the hollow-ball structure provides a large surface and
space for lithium-ion storage and the large voids on the
molecule facilitate lithium-ion diffusion. Therefore, the
{Mo72V30} anode delivers high capacity, a high lithium-ion
diffusion coefficient, and high rate capability. Furthermore, the
results obtained from ex situ XRD and in operando Raman
spectroscopy prove that the {Mo72V30} anode remains
amorphous during the lithiation/delithiation processes. How-
ever, the molecular structure of the single molecule remains,
while the change in the bond length is reversible. Ex situ TEM
and in operando TXM analyses reveal that the single
{Mo72V30} molecule slightly expands after the lithiation
process. However, the entire microsized particle does not
undergo significant volume expansion. This indicates that the
absence of the long-range order of the amorphous {Mo72V30}
anode results in high tolerability for the volume expansion of
each single molecule. Thus, the {Mo72V30} anode exhibits
excellent cycling stability.

5. CONCLUSIONS

The Keplerate-type {Mo72V30} anode in LIBs exhibited a high
reversible capacity of ca. 1300 mA h g−1 at 100 mA g−1, a high
cycle stability of up to 100 cycles without fading, and a high
rate capability in a current density range of 100−2000 mA g−1.
These features revealed that {Mo72V30} is a promising anode

candidate for high-energy and long-cycle-life LIB applications.
In this work, the lithium-ion storage mechanism of the
{Mo72V30} anode during the lithiation/delithiation processes
was systematically investigated via in operando XANES, in
operando Raman spectroscopy, in operando TXM, ex situ XRD,
ex situ EXAFS, ex situ TEM, and kinetic process analyses. The
multiple and reversible redox reactions (Mo6+ ↔ Mo1+ and
V5+/V4+ ↔ V1+) and the open hollow-ball structure of the
{Mo72V30} molecule lead to a remarkably high capacity and
fast lithium-ion diffusion kinetics. The {Mo72V30} anode
remains amorphous during the lithiation/delithiation process,
while the {Mo72V30} molecule undergoes reversible structural
change (molecular size slightly increases during the lithiation
process). Additionally, no significant volume expansion of the
microsized {Mo72V30} particle can be observed during the
lithiation process. This is due to the unique molecular
structure and amorphous nature, which result in remarkable
cycling stability. These experimental analyses pave the way for
the further utilization of the Keplerate-type POM anodes in
energy-storage applications.
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