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ABSTRACT: Layer-structured xLi;MnO5-(1 — x)LiMO, are LizMoOs

promising cathode materials for high energy-density Li-ion Li— 0 O O gt
batteries because they deliver high capacities due to the stabilizing o - L°. N Ly

q 0 . 6o - \
effect of Li,MnO;. However, the inherent disadvantages of o0 Moy,
Li,MnO; make these materials suffer from drawbacks such as fast [LiMoly, — © © ©

° °

energy-density decay, poor rate performance and safety hazard. In o0 Mon,
this paper, we propose to replace Li,MnO; with Li,MoO; for ? °°°o°

constructing novel Lirich cathode materials and evaluate its
feasibility. Comprehensive studies by X-ray diffraction, X-ray
absorption spectroscopy, and spherical-aberration-corrected scan-
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ning transmission electron microscopy clarify its lithium extraction/insertion mechanism and shows that the Mo*"/Mo®" redox
couple in Li;MoO; can accomplish the task of charge compensation upon Li removal. Other properties of Li;MoO; such as the
nearly reversible Mo-ion migration to/from the Li vacancies, absence of oxygen evolution, and reversible phase transition during
initial (de)lithiation indicate that Li,MoO; meets the requirements to an ideal replacement of Li,MnO; in constructing
Li,MoOj-based Li-rich cathode materials with superior performances.

B INTRODUCTION

Li-ion batteries (LIBs) have been powering most of the
portable electronics for decades and are driving various types of
electric vehicles nowadays. Safety, energy density, and cycle life
are the essential criteria to evaluate if an LIB (or its pack) can
be applied in these facilities. Mn-based Li-rich layer-structured
oxide composites (or solid solutions) xLi,MnO;-(1 — x)LiMO,
(0 < x < 1.0, M = Mn, Nj, Co, etc.) are promising cathode
materials with reversible capacities above 280 mAh g™ due to
the stabilizing effect of the Li,MnO; component on its
structure.' However, the intrinsic properties of Li,MnOs,
including the charge transfer from O>~ after oxygen release” or
exchange of Li* by H, which is generated in the electrolyte’
instead of the oxidation of Mn*" ions, as well as the irreversible
Mn*"-ion migration into the lithium vacancies in the transition
metal layer during the initial delithiation,* irreversible layer-to-
spinel transition in subsequent Li* insertion,” and poor
electrochemical kinetics,”” make the composites suffer from
drawbacks such as low initial Coulombic efficiency,® falling of
discharge voltage and energy density,*”'® and poor rate
performance'' during cycling as well as potential safety hazard
caused by oxygen release'" in the initial charge. Although
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surface modification, atomic substitution, and opti-
mization of synthesis strategies'”’® have been pursued to
improve the performances of the composites, complete
elimination of their drawbacks related to the Li,MnOj;
component cannot be accomplished. Therefore, search for a
replacement of Li,MnOj that is compatible with LiMO, but is
free of the disadvantages of Li,MnOQj is critical in designing
novel Li-rich cathode materials xLi,M’O;-(1 — x)LiMO, (0 < x
< 1.0, M’ = Ti, Mn, Zr, Ru, Mo, Sn, Pt, Ir, etc.) with improved
electrochemical performances.

Here, we propose to replace Li,MnO; with Li,MoO; with
disordered NaFeQ, structure (R3m; a = 2.884 A, ¢ = 14.834
A)*'™** to construct novel Li-rich xLi,MoO;-(1 — x)LiMO,
cathodes and evaluate its feasibility by X-ray diffraction (XRD),
X-ray absorption spectroscopy (XAS) and spherical-aberration-
corrected scanning transmission electron microscopy (STEM).
This proposal was made on the basis of the following
considerations and/or facts. (1) The Mo*/Mo®" redox couple
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in LiyMoO; can exchange multiple electrons and supply a
theoretical capacity up to 339 mAh g™". (2) Our first-principles
calculations indicate that Mo doping delays the oxygen release
(ie, oxygen evolution occurs only when more Li ions are
extracted) and lowers the potential of lithium extraction of
Li,MnO;, beneficial for improvin§ its structural stability and
compatibility with the electrolyte.” (3) The similarity of lattice
parameter of the hexagonal Li,MoO; to that of LiMO, is
beneficial for forming layer—layer solid solutions.*™** (4)
Although Li;MoO; was ruled out as an independent cathode
due to the disproportionation and migration of its Mo ions in
the first cycle,”’ that does not necessarily prevent it from
becoming an ideal building block for constructing novel layer-
structured cathode materials, xLi,MoO;-(1 — x)LiMO,.
Actually, xLi,Mo00O5:(1 — x)LiFeO, has been used as a cathode
additive to improve the electrochemical performance of
LiCoO, based cathode system.29 (5) Black Li,MoO; is
expected to have a higher electronic conductivity than the
red Li,MnOj, based on their colors (Figure S1). (6) Our recent
studies indicate that Li,MoQj is pretty stable in air, ensuring
the air-stability of its related compounds.*® Therefore, Li,MoO;,
is considered as a possible replacement of conventional
Li;MnO; in building new layer-structured xLi,MoO;-(1 —
x)LiMO, cathode materials. The features Li,MoO; demon-
strated in this article such as the reversible Mo-ion migration
to/from the Li vacancies in the transition metal layer and the
quasi-reversible electron transfer to/from the O*” ions (without
oxygen release) prove that Li,MoO; can be an ideal
replacement of Li,MnOj in constructing novel Li-rich cathode
materials xLi,MoO;-(1 — x)LiMO, with superior cycling
stability, rate performance and safety. The basic findings in
this work will also shed light on understanding and improving
the voltage and capacity dropping of the conventional
xLi,MnO;+(1 — x)LiMO, materials.

B RESULTS AND DISCUSSION

Structure of As-Prepared Li,M00;. The refined XRD
pattern of the as-prepared Li,MoO; powder matches well with
the a-NaFeO, structure R3m with lattice constants a =
2.8675(9) A and ¢ = 14.8357(6) A (Figure la and b and
Supporting Information Table S1). The high intensity ratio (ca.
1.27) of (003)/(104) and clear splitting of the (018)/(110)
diffraction peaks suggest the well-defined layered structure with
very few antisite occupations concerning the Li* (3a site) and
Mo*" (3b sites) ions in the as-prepared Li,M0Q;.>' "> These
are supported, in the atomic scale, with the investigation of
STEM imaging (Figure lc—f and Supporting Information
Figure S2). These features ensure the good electrochemical
performance of the material and the reliability of physical and
electrochemical properties.

It is worthwhile to point out that the contrast of the high-
angle annular-dark-field (HAADF) image exhibits a Z'7
dependence as compared with Z'® for the annular-bright-
field (ABF) image with respect to the atomic number Z. hes
The ABF image unambiguously displays the 3a-sited Li, 3b-
sited Mo, and 6¢-sited O-ion columns, while the HAADF image
only displays the Mo-ion columns clearly. Due to the random
distribution of the Li ions at the 3b sites, the 3b-sited Li-ion
columns are superposed with the 3b-sited Mo-ion columns and
could not be separately identified in Figure 1c and d. Figure le
compares the line contrast profiles of the Li-, Mo- and O-ion
columns along the [421] direction projected on the [100] zone
axis. However, in the as-prepared Li,MoQO; the Mo-ion
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Figure 1. Structure of as-prepared Li;MoO;. (a) Schematic lattice of
Li,MoOj;. (b) The refined XRD pattern of Li,MoO; (1 = 0.7747 A)
using GSAS program. (c) ABF STEM image of Li,MoOj; along the
[100] zone axis with Mo ions in slipped affy-stacking (O3 type). (d)
The corresponding HAADF STEM image of part c. The bright dots
represent Mo-ion column. (e) The corresponding line contrast profile
of the Li, Mo, and O in parts c and d along the [421] direction with
the image contrast of dark dots in part ¢ inverted and displayed as
peaks. (f) The corresponding line contrast profiles of the Mo ions in
part d along the marked rows. The marked black solid circle presents
the much strong contrast of Mo-ion column.

columns show an afy-stacking with an irregular shift along
the [010] direction (slipped O3 type; Supporting Information
Figure S3), due to the presence of disordered Mo;0; clusters
in the Li—Mo layers (Supporting Information Figure S4). In
addition, the presence of the short-range ordered distribution of
the Mo;Oy; clusters is evidenced by the strong and weak
contrast alternation in some areas in Figure 1d and f. The areas
without such alternation are attributed to the disordered
Mo;0,; clusters (Supporting Information Figure SS).

Structural Transition and Mo-lon Migration. Irrever-
sible migration of the Mn ions into the transition metal layer to
fill out the Li vacancies (a proposed layer-to-spinel transition)
has been reported to be one of the causes for the capacity decay
and discharge voltage dropping of the xLi,MnO; (1 —
x)LiMO, cathode materials. There are three charge plateaus
but only one discharge slope in the first-cycle voltage profile of
Li;MoO; (Supporting Information Figure S6—S8). The slope
corresponds to a reversible capacity of 210 mAh g~' (when
cycled between 2.0 and 4.5 V vs Li/Li*) or ca. 190 mAh g_l
(when cycled between 2.0 and 4.8 V)—any of which is much
higher than that of Li,MnO,.>® The fact that the material
charged to 4.5 V should have a higher reversible capacity than
the one charged to 4.8 V is attributed to the destructive
structural variation of Li,MoO; when too many Li ions are
extracted.

dx.doi.org/10.1021/cm501025r | Chem. Mater. 2014, 26, 3256—3262
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In order to investigate the structural changes of Li,MoOj;
during electrochemical (de)lithiation between 2.0 and 4.8 V, in
situ XRD characterization was performed (Figure 2a and
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Figure 2. Structural evolution of Li,MoOj; during the initial
delithiation and lithiation. (a) In situ XRD patterns of Li,_,MoO; (0
< x < 2) electrodes while a Li,MoQ,/Li cell is charged and discharged
at a current density of 10 mA g~ between 2.0 and 4.8 V. (b)
Schematic structures of Li,_,MoO; (0 < x < 2) (V representing
atomic vacancy) during the initial charge and discharge process.

Supporting Information Figure S9). Before the cell is charged
to ca. 3.1 V, a solid-solution reaction occurs with negligible
variation of cell parameters (Li,MoO; — Li,,sMoO; +
0.25Li").

As the cell is further charged to ca. 3.6 V, the (003)
diffraction peak shifts to lower angles and gradually becomes
broader. Meanwhile, the intensities of the other peaks indexed
to Li,MoOj; decrease while those of new peaks indexed to
Liy9;MoOj; phase (R3m; a = 2.906 A, ¢ = 14.904 A; Supporting
Information Figure S10) at ca. 18.0° and 21.4° become
increasingly stronger.”" The phase transition from Li,MoOj to
Liy9;MoQ; is finished at ca. 4.0 V (Li; ,sMoO; — Lij,sMoO; +
1.00 Li*), suggesting that Li-ion vacancies appear at both the 3a
and 3b sites and that some 3b-sited Mo ions have migrated to
fill the 3a sites (Figure 2b). Above 4.0 V, the position shifting of
the Lipg;MoOj peaks stops though more Li ions are extracted
(Lig7sMoO5 — Liys;MoO; + 0.22Li"). Instead, they become
broader and their intensities decrease gradually. This implies
the start of another solid-solution reaction with degraded
crystallinity and/or reduced crystallite size, consistent with the
destruction of the lattice fringe in the high resolution
transmission electron microscopy (HRTEM) images (Support-
ing Information Figure S11).

In the subsequent Li-ion insertion process, these diffraction
peaks keep unchanged at first (Lijs;MoO; + 0.44Li" —
Liy9;M00;) and then continuously shift to higher diffraction
angles very close to that of Li;MoO; (Liye;M0O; + 0.53Li* —
Li; oMoQOj;). Meanwhile, the intensities of the peaks increase

3258

with Li-ion insertion. Interestingly, the insertion of Li ions to
Lips3sMoO; and Lijy;MoO; seems to be a solid-solution
reaction, different from that in the charge process. These
indicate that the structure of Li,MoO; can mostly be restored
though the recovery is not along a reverse path of Li-ion
extraction.

STEM HAADF images of Li,MoO; at different states in the
first charge and discharge processes were recorded to check the
Mo-ion migration and the resultant structural transition during
Li-ion insertion/extraction at the atomic scale (Figure 3 and
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Figure 3. Detection of Mo-ion migration in atomic scale. (a) HAADF
image of the as-prepared Li,MoOj along the [100] zone axis. (c and e)
HAADF images of the charged and discharged Li,MoOj; along the
[100] zone axis, respectively. The Mo ions at 3a and 3b sites in the
HAADF images are presented with pink and yellow solid circles,
respectively. (b, d, and f) Corresponding line contrast profiles of Mo
ions along the marked rows in the HAADF images. The much strong
contrast of Mo ions is marked with black solid circle in the line
contrast profiles.

Supporting Information Figure S12—S15). After Li-ion
extraction, the Mo ions migrate from 3b to 3a sites, implying
the disaggregation of the Mo;O,; clusters. As a result, the
atoms in the 3b and 3a sites have similar contrasts. An aaa-
stack (O1 type; Supporting Information Figure S3) Li,_,MoO;
with many faults was obtained, including defects, distortion,
and edge dislocation, induced by the stress during Li-ion
extraction and Mo-ion migration. When the Li ions are inserted
back to the charged Li,MoOj;, the 3a-sited Mo ions on the
surface partially disappear, but those in the bulk remain there.
In both areas, the Mo ions show an afy-stack model (O3 type;
Supporting Information Figure S3).

Phase transformation from faulted O1 type to O3 type seems
to be the way that requires the lowest energy to bear the stress
induced by the Li-ion insertion. The Mo—Mo distances parallel
and vertical to the ¢ axis are similar to those of the as-prepared
sample during Li-ion extraction and insertion. Obviously, the
alternatively strong and weak contrasts reappear in the 3b sites,
suggesting the reconstruction of some ordered Mo;O; clusters.

dx.doi.org/10.1021/cm501025r | Chem. Mater. 2014, 26, 3256—3262
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The difference between surface and bulk might be originated
from the inhomogeneous insertion of the Li ions. Therefore,
the partially reversible migration of the Mo ions and the partial
recovery of the Mo;O,; clusters are responsible for the partially
reversible phase transition, consistent with the above in situ
XRD results. These features would have significant impact on
the structural and cycling stability of the to-be-prepared
xLi;MoO5-(1 — x)LiMO, composites.

Extra Electron Donor and Charge Compensation.
Oxygen release occurs in the first (few) cycle(s) of xLi,MnO5-
(1 — x)LiMO, because the Mn*" ions in Li,MnO; cannot be
further oxidized. O*~ ions are the single electron donor there.
Replacing Mn* with Mo*" is expected to provide another
electron donor to, partially at least, release the charge
compensation task of oxygen. Ex situ XAS at the Mo K-edge
was performed in order to investigate the changes of the local
structure and oxidation states of Mo in Li,MoQOj; during charge
and discharge. Figure 4a shows the X-ray absorption near edge
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Figure 4. Charge compensation of Li,MoO; during the initial
delithiation and lithiation. (a) XANES spectra of Mo K-edge of
Li,MoOj; at different delithiation and lithiation states. (b) Fourier-
transformed Mo K-edge EXAFS spectra of Li,Mo0Oj; corresponding to
part a. (c) ABF imaging of Li;MoO; at different delithiation and
lithiation states showing the variation of the Mo—O distances,
indicating the distortion of the MoOy octahedra during Li" extraction
and insertion. (d) PEY mode and (e) FY mode of O K-edge soft XAS
spectra of Li,MoOj at different delithiation and lithiation states.

spectra (XANES) of Mo K-edge at various states. The
absorption edges shift to higher energy during charge. Using
the reference spectra of MoO, and MoO; (Supporting
Information Figure S16), the valence state of Mo is estimated
to be changed from +4 to around +6 during Li-ion extraction.
In addition, the intensity of the pre-edges increases after charge,
due to the distortion of the MoOg octahedron resulting from
the increasing O,,—Moyq hybridization.>”~** These imply that
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the MoQOg octahedrons in the Mo;O; clusters and other parts
of the as-prepared Li,MoO; become more and more distorted
with increasing Li removal.

In the discharge process, however, the absorption edges shift
back to lower energy but do not return to their original
positions, suggesting that the Mo ions are reduced during Li-
ion insertion, but their average valence state is still higher than
Mo*" even after full discharge. The reversible oxidation of the
Mo*" ions is consistent with the reversible reduction of the O*~
ions at the full discharge state as will be seen in the following
discussion. Meanwhile, the intensity of the pre-edges is reduced
but not completely recovered to that of the as-prepared
Li;Mo0Os;. This means that the local coordination environment
around the Mo ions in the discharged sample is somewhere
between that of the as-prepared and the partially charged
Li,Mo0O;. This is further demonstrated with the Fourier
transformed extended X-ray absorption fine structure (FT-
EXAFS) spectra in Figure 4b and the ABF images in Figure 4c.

Two dominant peaks can be observed in the Mo K-edge FT-
EXAFS spectrum of the as-prepared Li,MoO; (Figure 4b). The
peak at R ~ 1.6 A belongs to the Mo—O bond in the nearest
MoOy octahedra while the peak at R ~ 2.3 A is attributed to the
Mo—Mo bond in the a—b plane, consistent with the ABF
imaging of the as-prepared Li,MoO; that displays the
projection of the MoOg octahedra and the Mo-ion arrangement
along the [100] zone axis (Figure 4c). It should be noted that
as the FT-EXAFS spectrum was not phase corrected, the actual
lengths of the bonds are approximately 0.3—0.5 A longer than
those shown here.

The length of the Mo—O bond increases slightly but that of
the Mo—Mo bond does not change at all when the material is
charged to 3.6 V. When it is charged to 4.8 V, the Mo—O peak
splits into two at around 1.3 and 1.7 A, respectively, indicating
that the MoOy octahedra are severely distorted and Mo—O
bonds with different lengths are formed. The intensity of the
Mo(3b)—Mo(3b) peaks decreases gradually, indicating the
reduction of the number of the Mo ions at the 3b sites. In
addition, a new peak appears at ~3.0 A; it is attributed to the
Mo(3b)—Mo(3a) bonding between the interlayers. These
results confirm the Mo-ion migration from 3b to 3a sites
during charge. These are further demonstrated clearly with the
distorted projection of the MoOg octahedra as well as the
contrast variation at both 3a and 3b sites in the ABF imaging of
the charged Li,MoO; (Figure 4c).

After discharged to 2.5 V, the two Mo—O peaks of the
charged sample move toward each other. Meanwhile, the
intensity of the Mo(3b)-Mo(3b) peak increases, implying that
the severely distorted MoOg octahedra are changed back to
their original states (Figure 4c). However, the changes of the
Mo(3b)—Mo(3a) peak are not obvious, indicating that the Mo
ions at the 3a sites do not move back to the 3b sites at this
discharge state. After discharged to 2.0 V, the two Mo—O peaks
of the material are merged into one and the intensity of the
Mo(3b)—Mo(3b) peak increases back to its original value,
suggesting the recovery of the regular MoOg octahedra and the
reversible Mo-ion migration (Figure 4c). On the other hand,
the Mo(3b)—Mo(3a) peak is still present but its intensity
decreases slightly. All these suggest that the MoOg octahedra in
the Li—Mo layer can be recovered but the Mo-ion migration
between the 3b and 3a sites is only partially reversible. This is
partially responsible for the irreversible capacity loss in the first
cycle. These results are in good agreement with the in situ XRD
and STEM results.

dx.doi.org/10.1021/cm501025r | Chem. Mater. 2014, 26, 3256—3262
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The oxygen species play an important role in the safe
,12,13

structural stability of the Lirich layered materials.
Irreversible oxygen evolution in the first (few) cycle(s) results
in safety hazard and structural degradation in Li,MnO;-based
Li-rich cathode materials xLi,MnO;-(1 — x)LiMO,. Recently,
Tarascon et al.*! reported that the Ru*/Ru®* and O* /O~
redox couples instead of O, loss supplied the charge
compensation during the (de)lithiation of Li,Ru;_,Sn.O;,
which exhibited high reversible capacity and good cycling
performance. With the assistance of partially reversible
oxidation/reduction of the Mo**/Mo®" redox couples in charge
compensation in Li,MoOj; as shown above, we expect that the
oxygen release in Li,MnO; and xLi,MnO;-(1 — x)LiMO, can
also be avoided or significantly suppressed. In order to find out
if this is true in Li,Mo0Oj3, O K-edge soft XAS spectroscopy was
used to determine the changes of the electronic structure of the
oxygen. Figure 4d and e shows the O K-edge XAS spectra in
the partial electron yield (PEY) and fluorescent yield (FY)
modes, respectively. During charge, the hybridization of the O,,
and Mo,y orbitals increases with increasing oxidation of Mo*,
based on the decreased relative intensity of peaks at 532.9 and
529.6 eV and the increased intensity of the 531.5 eV
peak.**** A new peak appears at 535.6 €V in the surface-
sensitive PEY spectrum as the material is charged to 4.8 V. This
peak can be assigned to the 0% 7~ (0 < 6 < 2) ions because
higher energy is required to excite the Oy, electron in an
oxidized O ion.** This implies that oxygen indeed participates
in the charge compensation in Li,MoO; during charge.

In the lithiation process, the intensity of the 535.6 eV peak
decreases slightly, indicating that the charge compensation from
oxygen is partially reversible. In contrast, the XAS spectra in the
FY mode, which mainly give information about the bulk, show
no obvious changes at 535.6 eV. This suggests that the charge
compensation from the oxygen in Li,MoO; mainly occurs on
the surface of the particle. Hence, although charge
compensation from the surface O>” ions still occurs in deeply
delithiated (Mo* — Mo®") Li,Mo0O;, such compensation is at
least partially reversible and is basically a kinetic rather than a
thermodynamic effect in Li,MoOj;. As a result, oxygen release
can be suppressed to a great deal in a xLi,M0O;-(1 — x)LiMO,
composite even when it is charged to 4.8 V. This will definitely
enhance the safety and structural stability of Li,MoO; and its
related compounds or composites.

(De)lithiation Mechanism. Based on the above compre-
hensive XRD, STEM, and XAS studies of Li,MoOj; at various
charge/discharge states, a possible phase transition diagram of
Li,_,MoO; (0 < x < 1.47) can be drawn (Figure S). At the
beginning of charging (0 < x £0.25), a solid-solution reaction
occurs due to the oxidation of the Mo ions and the slight
distortion of the MoOg octahedra but the slipped O3—
Li,MoOj; structure keeps unchanged (Region I). Three Mo
ions in the Mo;O,; cluster contribute to the charge
compensation. As a result, the Mo—Mo bonds keep unchanged
and no Mo-ion migration to the Li layer takes place at this
stage. As more Li ions are extracted, the increased number of
the Li vacancies and the oxidization of the Mo*" ions enhance
the Mo—O interactions gradually, resulting in the distortion of
the MoOg octahedra. Consequently, some of the Mo—Mo
bonds are broken and the Mo ions start migrating toward the Li
vacancies (3a sites), leading to a Li,M0O;—Lijo;MoO; two-
phase reaction. The slipped O3-type stacking becomes
distorted Ol-type stacking (Region II) (025 < x < 1.25).
The complicated slope (Region III) is attributed to the solid-
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occur in consequence.

solution reaction of Li, ,MoO; (125 < x < 1.47) with
increasing Li vacancies, the MoOg octahedron distortion and
Mo-ion interlayer migration. In the discharge process (Regions
IV and V), solid-solution reaction of Li,_,MoO; occurs
successively with decreasing MoOy octahedron distortion first
(1.03 < x < 1.47) and then migration of Mo ions back to the
3b sites (0.50 < x < 1.03). As a result, distorted Ol-type
stacking of Mo ions transforms to Li-insufficient O3 type
Li,_,MoO;. Some ordered Mo;0,; clusters are also recovered
in this process.

Although further experimental and theoretical studies are
required to find out more details of the phase transitions during
the initial and the subsequent cycles, such as the paths of the Li-
ion diffusion and the Mo-ion migration, and the phase
boundaries developed during (de)lithiation, the results in this
paper clearly demonstrated that the phase transition in this
material is, to a great deal, reversible upon the initial lithium
insertion and extraction, thanks to the charge compensation
effect of both Mo*" and O*” ions. This is distinctive from the
complete structural destruction that occurs in Li,MnOj;. Such
phase transition features actually ensure the better structural
and cycling reversibility of Li,MoO; and, very possibly, for
those of the Li,MoOs-related Li-rich layer-structured cathode
materials.

It is the irreversible oxygen release and the transition metal
migration in highly delithiated Li,MnOj; that lead to its
irreversible structural transition and capacity loss. Different
from that, introduction of the Mo*/Mo%" redox couple in
Li,MoOj helps its charge compensation upon Li removal. Such
joint charge compensation of the Mo** and O*” ions lowers the
degree of oxidation of O~ and avoids the oxygen evolution. As
a result of these, the oxidation of O*™ to O™~ is nearly
reversible up to the extraction of around 1.5 Li per formula unit
of Li;MoOj;. The kinetic instead of thermodynamic require-
ments means that the reversibility of the 0¥/ 0@=9~ redox
reaction can be improved even without modifying the structure
of Li;MoQ;. This provides more space for further improvement
of the electrochemical performances of Li;MoOj5 and its related
composite cathode materials. In addition, considering the fact
that the material charged to 4.5 V should have a reversible
capacity than that charged to 4.8 V (Supporting Information
Figure S7), it makes sense to believe that, in reality, Li,MoO;
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and Li,MoOj-based cathode materials do not need to be
charged to such high (4.8 V) potentials. In that case, the
reversibility of the Mo-ion migration and O* -ion oxidation,
structural stability and the compatibility with electrolyte should
be even better than shown here.

B CONCLUSION

In summary, comprehensive in situ XRD and ex situ STEM and
XAS studies clarify the electrochemical (de)lithiation mecha-
nism of Li,MoO; and prove the feasibility of replacing
Li,MnOj; with its iso-structured Li,MoO; to construct novel
Lirich cathode materials. The as-prepared Li,MoO; shows a
slipped O3-type stacking of the Mo ions with short-range
ordered but long-range disordered Mo;0,; clusters. During the
initial delithiation, solid-solution reaction and then two-phase
reaction take place in series and the Mo*" ions are oxidized to
Mo®" ions. As the material is discharged, its structure is
recovered to a Li-insufficient O3 type Li,_,MoO; (x = 0.50)
due to the incomplete reduction of Mo®" ions, the partially
reversible Mo;O,; cluster and Mo-ion migration at the end of
lithiation. Different from the irreversible oxygen release in
deeply delithiated Li,MnO,, the oxidation of 0>~ to 0™~ is
nearly reversible and is a dynamic rather than thermodynamic
effect in Li,MoQOj;. Features such as reversible Mo-ion
migration and O®” oxidation upon lithium removal, facile
charge compensation due to presence of the Mo*/Mo®" redox
couple have significant impacts on the structural stability and
reversibility of Li,MoO;. Both the reversible structural
transition (based on the reversible migration of the Mo ions)
and the reversible charge transfer (with Mo*" as another
electron donor) demonstrate the feasibility of replacing
Li,MnO; with Li,MoO; for constructing novel Li,MoO;-
based Li-rich cathode materials with stronger structural stability
and higher cycling reversibility. In addition, the findings on the
contribution of covalent bond between transition metal ions
bring new insight into the fundamental understandings of
electrochemical (de)lithiation mechanism of Li-rich layer-
structured oxides.

B ASSOCIATED CONTENT
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Experimental section, refined structural parameters, SEM
images of the as-prepared Li,MoO;, its electrochemical
performance, the original STEM images and the corresponding
charge/discharge potential profiles of Li,MoO; at various
(de)lithiated states, HRTEM images of Li,MoOj;, schematic
diagrams of Li,MoOj structure, Mo K-edge XANES spectra of
the reference compounds MoO, and MoO;. This material is
available free of charge via the Internet at http://pubs.acs.org/.
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