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ABSTRACT: Polycrystalline LiFe(MoO,), is successfully
synthesized by solid-state reaction and examined as anode
material for lithium-ion batteries in terms of galvanostatic
charge—discharge cycling, cyclic voltammograms (CV),
galvanostatic intermittent titration technique (GITT), and
electrochemical impedance spectroscopy (EIS). The LiFe-
(M00,), electrode delivers a high capacity of 1034 mAh g~' at
a current density of 56 mA g~' between 3 and 0.01 V,
indicating that nearly 15 Li* ions are involved in the
electrochemical cycling. LiFe(MoO,), also exhibits a stable
capacity of 580 mAh g™ after experiencing irreversible capacity
loss in the first several cycles. Moreover, the Li-ion storage
mechanism for LiFe(MoQ,), is suggested on the basis of the
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ex situ X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) at different insertion/extraction
depths. A successive structural transition from triclinic structure to cubic structure is observed, and the tetrahedral coordination
of Mo by oxygen in LiFe(MoOy,), changes to octahedral coordination in Li,MoQ;, correspondingly. When being discharged to
0.01 V, the active electrode is likely to be composed of Fe and Mo metal particles and amorphous Li,O due to the multielectron
conversion reaction. The insights obtained from this study will benefit the design of new anode materials for lithium-ion batteries.
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Bl INTRODUCTION

With the growing demand for advanced portable electronic
devices and electric vehicles, research on lithium-ion batteries
has become mainstream in the field of clean and renewable
energy.”” The limited theoretical capacity of graphite (372
mAh g™') as anode material has prompted an intensive search
for alternative materials that can intercalate more lithium ions
at low gpotential, such as MnO,’ Fe304,4 SnOZ,5 GeOZ,6 and
TiO,.”® Molybdenum has been considered as one of the
prospective anode materials due to its high flexibility in
accepting a wide range of oxidation states from 0 to +6.” For
example, MoOj as a well-known anode material exhibits a high
capacity of 940 mAh g".'* Some complex molybdenum oxides,
such as CoMoO,, ZnMoO,, or FeMoQO,, can also show a
reversible capacity of more than 500 mAh g™".'" On the basis of
the conversion mechanism, Mo®" ions in both MoO; and
MMoO, will convert to Mo metal nanoparticles durin% deep
discharge, and MoQ, reforms upon charging to 3 V.'*!
Utilization of cathode materials as negative electrodes is
found to be very interesting in recent research.'”'® LiFePO,
exhibits an initial discharge capacity of about 650 mAh g~', and
Fe and Li;PO, nanograins are formed when discharged to 0.005
V.'* A purely capacitive energy storage behavior is suggested in
the Fe/Li;PO, nanocomposites, different from the traditional
secondary batteries. Li,FeSiO, can also deliver an initial
discharge capacity of 880 mAh g' and stabilize at nearly 500
mAh ¢!, much higher than that of commercial graphite.
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Transition metal nanoparticles, Fe, and silica are found to be
the final products at the discharge potential of 0 V. The Li
storage mechanism in Li,FeSiO,, however, needs more detailed
experiments.13

LiFe(MoQ,),, which belongs to triclinic symmetry (space
group Pl), is composed with separated layers of [LiOg]
monocapped trigonal bipyramids and [FeOg] octahedra and is
connected by layers of isolated [MoO,] tetrahedra."* Move-
ment of Li* ions along a one-dimensional channel direction is
expected during the electrochemical cycles. A recent study on
the Polyanion-type LiFe(MoO,), as cathode finds a reversible
capacity of 180 mAh g in the voltage window of 3.0—1.0 V."
One interesting feature is that the electrochemical process
involves two redox couples: Fe**/Fe** and Mo*/Mo®" at 2.6
and 1.8 V,'* respectively. Note that polyanion-type compounds
usually show good cycling performance because the strong
binding energy of polyanion could stabilize the crystal
structure.'®"” The second discharge plateau at 1.8 V via
Mo®/Mo*, however, might suggest the instability of [MoO,]
tetrahedra and a complete structural transition is expected,
especially at low discharge potential.

In this work, we, for the first time, report a comprehensive
study on the electrochemical properties of LiFe(MoO,), as
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anode in the voltage window of 3.0—0.01 V by galvanostatic
charge—discharge cycling, CV, GITT, and EIS. The electro-
chemical process is also explained on the basis of the
conversion mechanism by ex situ X-ray diffraction (XRD)
and high-resolution transmission electron microscopy
(HRTEM). Our study provides significant insight into the
design of and research on the new anode material with
multielectron reaction mechanism.

B EXPERIMENTAL SECTION

Polycrystalline LiFe(MoO,), was synthesized by solid-state reaction.
Stoichiometric amounts of Li,CO, (Aldrich 99%), Fe,O, (Aldrich
99%), and MoO; (Aldrich 99.5%) were mixed together according to
Li/Fe/Mo = 1:1:2 using ethanol in an agate mortar for 2 h and then
pressed into a pellet. After calcinations in air for 24 h with an
intermediate grinding, the resulting yellow powder LiFe(MoO,), was
obtained. The XRD pattern was recorded in the 26 range of 10—50° at
a scanning rate of 2°/min using Bruker D8 with Cu Ka source. The
particle sizes and morphologies of the obtained samples were observed
using a Hitachi SU8020 type scanning electron microscope (SEM).
The microstructure was studied using an FEI Tecnai G2 type
transmission electron microscope (TEM).

Electrochemical experiments were carried out using 2032-type coin
cells. A typical electrode was composed of LiFe(MoO,), active
material (70 wt %), carbon black conductive additive (20 wt %), and
polyvinylidene fluoride binder (PVDF, 10 wt %) dissolved in N-
methylpyrrolidone (NMP). First, the slurry mixture was pasted on a
copper foil and dried at 120 °C for 12 h in a vacuum oven. Each
electrode, 8 X 8 mm” in size, contained about 3 mg of active material.
Then, the cathode and anode electrodes were separated by Celgard
2400 membrane. The electrolyte was 1 M lithium hexafluorophos-
phate (LiPFy) dissolved in ethylene carbonate (EC), dimethylcar-
bonate (DMC), and ethyl methyl carbonate (EMC) with EC/DMC/
EMC = 1:1:8 by volume ratio. Galvonostatic charge—discharge cycling
was performed on a Land-2001A (Wuhan, China) automatic battery
tester. Data of cyclic voltammetry (CV), GITT, and EIS were recorded
on a VSP multichannel potentiostatic—galvanostatic system (Biologic,
France). CV curves were collected at a scanning rate of 0.1 mVs™". For
the GITT measurement, the battery cell was discharged with a
constant current flux for a given time followed by an open-circuit stand
for a specified time interval. The impedance spectra were recorded by
applying an AC voltage of S mV in the frequency range from 1 MHz to
1 mHz.

B RESULTS AND DISCUSSIONS

Figure 1 shows the XRD pattern for the as-prepared
LiFe(MoQ,), by solid-state reaction. All the diffraction peaks
can be indexed on the basis of space group P1, and no impurity
phase can be found. The lattice constants are calculated to be a
= 67811 A, b = 7.1802 A, ¢ = 72904 A, a = 90.77°, =
110.40°, and y = 105.12°, which are consistent with the
previous report.'* The sample is well-crystallized, as shown in
the inset of Figure 1, with the average particle size of 3—5 ym
after solid-state reaction.

Galvanostatic charge—discharge cycling for as-prepared
LiFe(MoQ,), is carried out in the voltage range of 3—0.01 V
at a current density of 56 mA g™, as shown in Figure 2. Two
flat plateaus can be observed in the first discharge curve, located
at 2.57 and 1.74 V, corresponding to the two reduction
reactions of Fe**/Fe?* and Mo®/Mo™*, respectively.15 At low
voltage, the discharge curve becomes smooth, with no sign of
plateaus, and the first discharge capacity can reach 771 mAh
g_l. After the first discharge, the flat plateaus at 2.57 and 1.74 V
disappear in the following cycles, suggesting an irreversible
structural transition. Note that the second discharge capacity

shows a high capacity of 1034 mAh g™, which corresponds to
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Figure 1. X-ray diffraction pattern of LiFe(MoO,),. (Inset) SEM
image of the as-prepared material.
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Figure 2. Galvanostatic charge—discharge curves of LiFe(MoO,),

between 3.0 and 0.01 V at a constant current density of 56 mA g~ .
(Inset) Cycle performance and Coulombic efficiency for 30 cycles.

an insertion of nearly 15 Li* ions and is consistent with the
theoretical capacity of LiFe(Mo0O,), based on the conversion
mechanism. The higher capacity of the second discharge than
that of the first discharge can be attributed to the incomplete
electrochemical reaction because of the large particle size and
inadequate contact with electrolyte. The cycle performance and
Coulombic efficiency of LiFe(MoQ,), are also displayed in the
inset of Figure 2. The capacity drops at the beginning and
stabilizes at about 580 mAh g™" after 30 cycles. The irreversible
capacity loss in the first several cycles is observed due to the
formation of solid electrolyte interfacial layer (SEI) and the
decomposition of electrolyte. The poor electrical/ionic
conductivity of resultant during the electrochemical process
may also cause the irreversible lithium loss."*'? To improve the
irreversible capacity, methods such as surface modification
using carbon or graphene'® >******! are proposed because the
active materials somehow cannot effectively release the large
strain caused by volume expansion. Carbon/graphene coating
would also decrease the resistance for lithium ion to reach the
core of active materials.
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Figure 3 shows the CV plots of LiFe(Mo0Q,), electrodes at a
scan rate of 0.1 mV s~ vs Li/Li* between 3 and 0.01 V. There
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Figure 3. Cyclic voltammograms of LiFe(MoO,), electrode at a scan
rate of 0.1 mV s,

are two clear reduction peaks at 2.60 and 1.74 V in the first
cathodic scan, which is associated with the initial reduction of
Fe’* to Fe?* and Mo® to Mo*, respectively.”"** As the scan
voltage drops, two reduction peaks are observed at 0.76 and
026 V, due to the reduction to Fe’ and Mo® metal
nanoparticles and the formation of solid electrolyte interface
(SEI). In previous studies, similar reduction peaks below 1 V
have been found in some simple transition metal oxides such as
Fe;0,>* and MoO,>* with conversion reaction, which provides
a reversible electrochemical reaction of lithium ions. More
importantly, such low-voltage CV peaks maintains after the first
cycle, indicating that conversion mechanism will determine the
electrochemical behavior of the anode after the first cycle. In
the anodic scan, the reversible oxidation peak of Fe’ to Fe** and
Mo to Mo®" is around 1.45 V. However, the reduction peaks
between Fe and Mo are hard to distinguish because the Fe and
Mo oxides have similar oxidation/reduction peaks.”>~* In
addition, due to the unreacted LiFe(MoO,),, a pair of redox
peaks at 2.62 and 2.13 V is observed in the first anodic and
second cathodic scan, respectively, and result in a better
capacity for the second discharge cycle than for the first one.
The peaks at 2.60 and 1.74 V of the first cathodic scan
disappear in the following scans, implying a complete structural
transition of LiFe(MoQ,),. Moreover, the structure evolution
tends to stabilize after the initial cycle, as shown by the fifth CV
curve’s similarity to the second curve (Figure 3).

To examine the electrochemical kinetics behavior of the new
anode LiFe(Mo0O,),, GITT and EIS measurements are
employed.®® As shown in Figure 4, the GITT data of
LiFe(Mo0Q,), are collected at a current density of 56 mA g~*
and a time interval of 180 min. The average E, value in the
plateau region is smaller than 3 mV, which is approximated for
the material to obtain a quasi-steady state. Assuming one-
dimensional diffusion in a solid electrode on the basis of Fick’s
second law, the diffusion coefficient of Li* (D;;) could be
calculated using the formula®"
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Figure 4. GITT data of LiFe(MoO,), collected at a current density of
56 mA g~' and a time interval of 180 min. (Inset) Variation of D; as a
function of voltage in the first discharge.
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Where Vi (em? s7"), My (g mol™), mg (g), and S (cm?) are
the molar volume, the molecular weight, the mass, and the
active surface area, respectively. AE, and AE, represent the
total change of the cell voltage during the current pulse for the
time 7 and the change of the steady-state voltage of the cell for
the step at plateau potential, respectively. The inset of Figure 4
shows the variation of Dy as a function of voltage in the first
discharge. D;;- is found to strongly depend on the electro-
chemical process, and the minimal Dy ;+ values in different stages
correspond to the voltage plateaus of discharge process. Note
that the steady voltages after being discharged in GITT
measurement show a little difference from those in CV, which
might come from the electrode polarization and different
testing methods. The GITT technique is based on the
chronopotentiometry, and its steady voltage is obtained after
relaxation for a period of time, 7, while CV measurement
focuses on the dynamic behavior of lithiation/delithiation in
LiFe(Mo00Q,),.

As displayed in Figure S, the Nyquist curves are obtained in
the different stages of first discharge process, and the fitted
equivalent circuits are inserted in Figure S, where R| is the
series resistance of the electrodes, electrolyte, and the current
collectors, R; is the resistance of the SEI film, R is the charge-
transfer resistance between electrode/electrolyte interface, CPE
is the constant phase element, and W is the Warburg
impedance associated with the diffusion of the lithium ions.
In the high-to-medium frequency region, the Nyquist plots of
the open circuit and 1 Li* jon intercalation show one arc that
corresponds to R, and can be well fitted by model 1 (Figure S
inset). In contrast, two arcs contributed by R; and R and fitted
by model 2 (Figure S inset) are obtained in the following
Nyquist plots with more Li* ion insertion. The resistance
parameters are calculated and listed in Table 1. R; and R, are
increasing at the initial intercalation due to the formation of SEI
film. However, when 15 Li* ions are inserted into LiFe-
(Mo0Q,),, both R; and R, decrease dramatically. This
phenomenon has also been observed in other conversion-
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Figure 5. Nyquist plots of LiFe(MoO,), obtained in the different

stages of the first discharge process. (Inset) Two equivalent circuits
used for fitting.

Table 1. Fitted Impedance Parameters of LiFe(MoQ,), in
the First Cycle State

R (@) R (Q) R, (Q)
open circuit 27.99 + 0.06 2584 + 2.1
1Li 31.09 £ 0.10 274.8 £ 1.5
3 Li 33.38 + 0.09 1844 + 2.1 470.1 + 7.4
4 Li 3574 £ 0.16 280.5 + 4.3 8439 = 5.9
1S Li 37.01 £ 0.09 1914 + 1.3 299.7 £ 83
charge to 3V 3723 £ 0.11 1629 + 1.6 332.8 £ 109

type anodes®’ and might be attributed to the complete
destruction of crystal structure and electrode particles.

It is necessary to investigate the lithium-ion storage
mechanism of LiFe(MoQ,), because it is a novel anode
material. The theoretical capacity value for a fully discharged
reaction of LiFe(MoO,), would involve a nearly 15 Li* ion
reaction based on the conversion mechanism. To confirm the
assumption, ex situ XRD was performed to study the Li* ion
storage mechanism in the LiFe(MoO,), electrode, as shown in
Figure 6. When the Li* ion is inserted into the LiFe(MoO,), in
the initial discharge scan, the diffraction peaks broaden and
shift, which is likely due to a structural transition under P1
symmetry, corresponding to the first discharge plateau at 2.56
V. Further increasing the content of Li* ions, the diffraction
peaks at low angles (260 < 30°) disappear gradually and new
peaks appear at 43.3° and 63.0°, indicating the emergence of a
new phase. After the insertion of 4 Li" ions, the active material
seems to develop a composite of Li,MoO; and Li,Fe;0,. With
further lowering the potential voltage, more Li* ions are apt to
be inserted into the Li,MoO; and Li,Fe;0, lattices and form
Li,,, MoO; and Li,, Fe;O, which are suggested to be the
intermediate compounds of MoO, and Fe;O, anodes in
previous reports.25’26’32 Moreover, when 15 Li* ions are
inserted, several broad peaks appear instead of the sharp
ones. The diffraction pattern after one discharge/charge cycle
resembling that of the 15 Li" ion insertion indicates that
structural transition completes after the first discharge process.
Note that there are no obvious diffraction peaks of Mo and Fe
metals when they are discharged to 0.01 V because of the
broadened diffraction peaks, which can be attributed to the
nanoparticle nature of electrochemically formed species.”** A
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Figure 6. Ex situ XRD patterns of the LiFe(MoO,), electrode at
different insertion/deinsertion stages during the first discharge and
charge processes. Standard XRD patterns of Li,Fe;O, and Li,MoO;
are also shown as references.

similar situation has also been observed in the Fe;O, and
ZnMn,0, anode materials.”***

On the basis of the above analysis, a possible lithiation/
delithiation mechanism of LiFe(MoQ,), material in the first
discharge process is proposed:

LiFe(MoQ,), + xLi" + xe” — Li;, ,Fe(MoQ,),, « <1

)
Li,, Fe(MoQ,), + 4Li* + 4e”
1. . 2.
- §L12F6304 + 2Li,MoO; + ngZO 3)
1 _
gLizFe3O4 + 2Li,MoO; + 10Li* + 10e
22
— Fe + 2Mo + —Li,0O
3 (4)

In addition, the microstructural evolution is also emphasized
by HRTEM images of LiFe(Mo0Q,), electrodes. To facilitate
the observation of lattice fringes clearly, the Fourier filtering
image is acquired by using in-plane Fourier spots, as depicted in
the inset of Figure 7a. The crystalline region with clear lattice
fringe has an interplanar spacing of about 0.41 nm, consistent
with (111) atomic planes of the triclinic structure. As shown in
the inset of Figure 7b, the lattice fringes changes into 0.49 nm
after 5 Li* ions are inserted, which corresponds to the (111) of
Li,MoO; or (111) of Li,Fe;0,. The similarity in the crystal
structure of Li,MoO; and Li,Fe;O, makes it difficult to
separate one from another as discussed in the ex situ XRD.
Furthermore, a dislocation can also be observed as highlighted
in red circles due to the lattice distortion induced by Li* ions
insertion. When 15 Li* ions are inserted, a lattice fringe is hard
to be detected due to the bad crystalline, SAED pattern at a
relatively large scale, however, could verify the existence of Fe
and Mo metal after being full discharged to 0.01 V through the
conversion reaction. Similar Li-ion storage behavior has also
been observed in nano-octahedrons-type ZnFe,O, with the
results of Zn and Fe metal particles evidenced by SAED.**

dx.doi.org/10.1021/am502352c | ACS Appl. Mater. Interfaces 2014, 6, 10661—10666



ACS Applied Materials & Interfaces

. Fe(110)

’

Fe (1‘1 0)
Mo (110)

Fe (200)

Figure 7. HRTEM images of (a) the as-prepared material, (b) the
anode material after S Li* ion insertion, (c) the anode material after 15
Li* ion insertion, (d) SAED pattern for the anode after 15 Li* ion
insertion, and (insets) Fourier filtering images acquired by using in-
plane Fourier spots.

LiFe(Mo0Q,),, for the first time, has been studied as anode in
the voltage range between 3 and 0.01 V. A high discharge
capacity of 1034 mAh g™' is obtained after full discharge at a
current density of 56 mA g_l, suggesting nearly 15 Li* ions have
been inserted, and Fe** and Mo®" ions are correspondingly
reduced into Fe and Mo, according to the conversion
mechanism. Several cathode materials such as LiFePO, and
Li,FeSiO, have been treated as anode, and Li;PO, and SiO, are
found instead of P and Si.'”" The different resultants may
come from the ability of Mo to exist in different oxidation states
ranging from 0 to +6,° while P and Si usually show only one
stable positive oxidation state of +5 and +4, respectively, and
tend to form strong covalent bonds with oxygen via d—p
hybridization. In the as-prepared LiFe(MoO,),, Mo®" ions with
empty 4d orbitals can stabilize in the [MoQ,] tetrahedron and
form a weak covalent bond. When discharged between 1.76 and
0.57 V, more than 2 Li* ions are inserted into the lattice, and
electrons will induce the change of electronic state from Mo®*
into Mo**. This indicates the 4d orbitals of Mo®" would be
partly occupied, and the reduced ions have a definite
octahedral-site preference,”’ which is manifested as a six-
coordinated [MoQOg] octahedron in Li,MoQj. Hence, further
lithiation would induce the decomposition of LiFe(MoO,),
into Li,M0QO; and Li,Fe;O,. Because Li,M0QO; and Li,Fe;O,
have been found as the intermediate compounds for the MoO,
and Fe;0, anode materials,”>*** at low potential (below 0.57
V), the anode could continue to be lithiated and reach a high
discharge capacity.

B CONCLUSION

Triclinic LiFe(MoQO,), has been successfully synthesized by
solid-state reaction. XRD and SEM are used to characterize the
phase impurity and particle size. The LiFe(MoO,), electrode is
found to deliver a high electrochemical capacity of 1034 mAh

Research Article
1

g' at a current density of 56 mA g ' after being fully
discharged to 0.01 V. A reversible capacity of 580 mAh g™' is
maintained after 30 cycles. On the basis of the ex situ XRD and
HRTEM results, the reaction mechanism involved in the
lithiation/delithiation processes is proposed together with the
charge/discharge curves and CV. Due to the multielectrons
reaction nature, LiFe(MoQ,), is expected to show a superior
performance with modification of the preparation method or
surface-coating in future studies.
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