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The mechanism research of structure-related reactions on Li;MnOs3 is important to enhance the electro-
chemical performance of lithium-manganese-rich layered oxides. Although there are some reports on the
structure evolution of Li,MnOs3 during cycling process, the employed research techniques are very lim-
ited, mainly in/ex-situ X-ray diffraction, X-ray absorption and transmission electron microscopy. Here,
atomic pair distribution function, a method to study the local atomic arrangement on the basis of average
spectroscopic information, is used for the first time to study the local structure evolution of Li,MnOs dur-
ing electrochemical charge/discharge cycles. The results clearly demonstrate that Mn**/Mn** redox cou-
ple is activated and Mn ions are reduced during discharging process. Some Mn ions in Mn layers can
significantly migrate to Li layers and occupy the octahedral sites. As a result, a portion of inserted Li ions
can occupy the face-shared tetrahedron sites, accompanied by the formation of local spinel-like structure.
This work provides an important and suitable method based on the average spectroscopic information to
investigate the local structure of electrode materials of lithium-ion batteries as well as other advanced

battery systems.

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

With the increasing environmental issues (such as global
warming and the emission of pollutants) from fossil fuels as well
as their depletion, renewable and sustainable energy resources
become urgent to our daily lives. Lithium-ion batteries (LIBs) are
promising and environment-friendly energy devices, which have
been extensively used in portable electronic devices and electric
vehicles [1,2]. However, the energy density of commercialized LIBs
is still unsatisfying to meet the needs of rapid development of new
energy industry. There are two ways to increase the energy density
of LIBs, including the lift of battery operating voltage and the
enhancement of reversible capacity of electrode materials. Unfor-
tunately, lack of electrolytes with wide voltage windows greatly
limits the development of high-voltage LIBs. Therefore, most
research works focused on the development of novel electrode
materials with high reversible capacity [3,4].

Lithium-rich layered oxides (LLOs) are one of the most promis-
ing next-generation high-capacity LIB cathode materials [5,6]. They

* Corresponding authors.
E-mail addresses: dmliu@bjut.edu.cn (D. Liu), hj-yu@bjut.edu.cn (H. Yu).

https://doi.org/10.1016/j.scib.2019.03.019

are believed to have complex “twin domain” structure consisting
of Li;MnOs-like domain and layered LiTMO, (TM = transitional
metals) domain, which are randomly distributed in the whole grain
[7]. For LLOs used in LIBs, LiMnOs is the most important compo-
nent and has received wide attentions [8,9]. First, Li,MnOs-like
domain endows LLOs with high reversible capacity, usually
exceeding 250 mAh/g in LIBs. Second, Li,MnOs-like domain is the
key to induce the structure evolution of LLOs because of the exis-
tence of lithium and oxygen vacancies in the transitional metal
layer during cycling process. In order to improve the electrochem-
ical performance of LLOs, many efforts have been dedicated to sta-
bilize their structures, such as surface coating [10] and element
doping [11,12]. The fundamental understanding of structure
evolution of Li;MnOs is thus extremely important for improving
the performance of LLO especially cyclability.

There have been some reports on the structure evolution of
Li,MnOs. By using spherical aberration-corrected scanning trans-
mission electron microscopy (STEM), the migration of Mn ions into
the Li layer after electrochemical delithiation was demonstrated
[13]. Based on X-ray absorption spectroscopy (XAS) and STEM
techniques, the reduction of Mn ions during the initial discharge
process in the low voltage region and the phase transition from
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monoclinic C2/m to tetragonal 14, and cubic spinel could also be
confirmed [14-16]. Furthermore, with the assistance of in-situ
high-energy X-ray diffraction (HEXRD) technique, it has been con-
firmed that Mn ions migrate from the octahedral sites to tetrahe-
dral sites at elevated temperatures, a key step for the phase
transformation from layered to spinel structure [17].

Among those analysis techniques, XRD is able to acquire the
average structure information, (S)TEM is often used to provide
the local structure information, and XAS is mainly used to investi-
gate the change of valence state. However, it is crucial to under-
stand more detailed information about the local structure
directly from the average perspective. Atomic pair distribution
function (PDF) is a method to analyze the atomic arrangement
information in local regions based on the average structure infor-
mation, which is convenient in terms of signal acquisition and
can be analyzed contrastively with X-ray and neutron sources.

In this work, the structure evolution process and associated
reaction mechanism of Li,MnOs electrode were deeply investi-
gated using PDF for the first time. In-situ XRD was also employed
to systemically study the local and average structure evolution of
the material during cycling process. Both the migration phe-
nomenon of Mn ions and the occupancy information associated
with structure evolution are elucidated. This work provides a
new visual angle to study the local structure and structure evolu-
tion process of electrode materials for various battery systems,
which plays an important role in understanding their reaction
mechanisms.

2. Materials and methods
2.1. Preparation of materials

MnCOs; precursor was first prepared by the precipitation
method. Typically, MnSO, (2.0 mol/dm3, Aladdin, 99.9%) and
Na,COj3 (2.0 mol/dm?, Aladdin, 99.9%) solutions were mixed simul-
taneously during stirring and the pH was controlled within 7-8
throughout. After the completion of the precipitation reaction,
the resulted suspension was collected and washed with distilled
water several times until the washing solution became neutral
with a pH of 7. The obtained MnCOs3 precipitate was then dried
in a vacuum oven at 80 °C for 12 h.

To synthesize Li,MnO3;, MnCO5 and Li,CO3 (Alfa Aesar, 99.9%)
were mixed in a molar ratio of 100:101 and milled together with
ethanol using a ball milling machine. The 1% excess of Li,CO3
was used to compensate the evaporation-induced Li loss during
high-temperature sintering. The product was dried, calcined in
air at 450 °C for 48 h and then at 500 °C for 12 h, and the Li,MnOs
material was obtained as an orange powder.

2.2. Battery fabrication and electrochemical test

Electrochemical tests were performed on 2032-type coin cells
assembled with Li,MnO3 cathode and lithium foil anode. The cath-
ode was made by laminating Al foil current collectors with a slurry
containing the synthesized Li,MnO3; powder, conductive acetylene
black and polyvinylidene fluoride (PVDF) binder in a weight ratio
of 80:15:5 dispersed in N-methyl-2-pyrrolidone (NMP). Li,MnO3
powder and acetylene black were premixed with a mortar and pes-
tle for 30 min before dispersed in the PVDF solution in NMP. The
electrolyte was a 1 mol/L solution of LiPFg dissolved in mixed sol-
vent of ethylene carbonate (EC) and ethyl methyl carbonate (EMC)
in a volume ratio of 3:7 for all cells. Galvanostatic charge and
discharge measurements were carried out in the voltage range of
2-4.8V vs. Li*/Li at a current density of 10 mA/g using a multi-
channel battery test system (LAND) at room temperature. To

collect the cathode samples at different charge/discharge states
for the ex-situ PDF test, the coin cells were kept at target voltages
during charging for at least 12 h, or discharged to the selected volt-
ages and calibrated the voltage every one hour for at least 12 times.
Cyclic voltammetry (CV) measurements on the cells were per-
formed with a Solartron electrochemical workstation in the poten-
tial range of 2-4.8 V at a scan rate of 0.1 mV/s.

2.3. Ex-situ PDF test

The atomic PDF provides atomic-scale structural insights from
the distribution of atom-atom distance ranging from the local
coordination scale to several nanometers as shown as the Fig. 1.
The atomic PDF, G(r) [18], can be defined as

G(r) = 4nr{p(r) — pol,

where py is the average atomic number density, p(r) is the atomic
pair-density defined below and r is the radial distance. The function
G(r) gives information about the number of atoms in a spherical
shell of unit thickness at a distance r from a reference atom. The
G(r) can be calculated directly from a structural model using

G(r) = ; Z Z {Z’)I; S(r— rij)} —4mrp,,
i

where the sum goes over all pairs of atoms i and j within the model
crystal separated by r. The scattering powers of atom i and the
sample (average value) are termed as b; and <b>, respectively. In
the case of X-ray, the scattering power is the atomic forming factor
evaluated at a given value of Q. The ry is the distance between the i'"
and j™" atoms, and the sum is based on all the atoms in the sample.

Meanwhile, G(r) is also an experimentally accessible function. It
is related to the measured X-ray or neutron powder diffraction pat-
tern through a Fourier transform

cn=2["a

s Q=0

[S(Q) - 1]sin(Qr)dQ,

where the total scattering structure function S(Q) contains the mea-
sured diffraction intensity from an isotropic sample. Q is the scat-
tering vector which is defined as

Q = 4mnsind/ .

Ex-situ PDF data were collected in the transmission mode at our
laboratory using a Bruker D8 Advanced diffraction machine with a
silver source (2 =0.59 A) operated at 50 kV and 20 mA. The collec-
tion angel was from 5° to 120°, while the upper Q-range can reach
to 19 A=, The testing sample of each state was acquired from four
or five cycled coin cells, scraped down from the Al foil current col-
lector and sealed in a capillary with Methacrylate (ab glue). All the
processes were operated in an Ar glove box (H,0 and O, contents
are below 0.1 ppm).

2.4. XRD and in-situ XRD measurement

The powder XRD pattern between 15° and 125° was collected
using the Bruker D8 Advance Diffractometer using Cu Ko radiation
with a scanning rate of 1°/min and step length of 0.02°. In-situ bat-
tery was assembled using a stainless steel cell with a Be window.
The cathode material was laminated on ultra-thin Al foil as cath-
ode, while metallic lithium foil was used as anode. In-situ XRD pat-
terns of LIBs were collected on the Bruker D8 Advance
Diffractometer for the initial three cycles with 20 values ranging
from 15° to 51° at a scanning rate of 10°/min when the battery
was cycled with a current density of 15 mA/g.
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Fig. 1. (Color online) Schematic illustration for pair distribution function (PDF). (a) Atoms arrangement; (b) The corresponding PDF pattern.

2.5. HAADF-STEM and SEM

STEM investigation was conducted with a beam current of
60 pA on a FEI Titan 80-300 TEM with a probe corrector. SEM for
the sample was performed on Hitachi S-4800 equipment to inves-
tigate their morphological characteristics.

3. Results and discussion

XRD and Rietveld refinement results of the as-synthesized Li,-
MnOs; are shown in Fig. 2a. All peaks are indexed to a typical mon-

oclinic layer structure (ICDD PDF #04-011-3411) with C2/m space
group. The results agree well with the PDF data, as shown in
Fig. 2b. Both the XRD and PDF patterns have been refined using
the same Li,MnO3; model with C2/m space group. In this structure,
1/4 lithium and manganese ions occupy the 2b and 4g sites of the
Mn layer between ABC stacking sequence of oxygen layers, respec-
tively. The rest lithium ions are located in the octahedral sites
between Mn layers, as shown in the inset of Fig. 2a. Note that there
are (02 0) and (1 1 0) diffraction peaks between 20° and 25°, indi-
cating the ordered occupation of lithium ions in the Mn layer. All
peaks exhibit a broadness character, demonstrating a large amount

(@

—— Difference

— Observated data (b) &
Calculated data

Li,MnO, (S.G. C2/m

> Gtrunc

—— Gcalc

a_¢
o
<
A(
-
2

Intensity (a.u.)

N o
Ll 11l

20 40

(c) (@)

PR S
= s W wn 3owe oo
PP PRSP,

s A T
B s b B 2

B

T A A A BTN AP o . . .

el B R R R R R

o S R " -y
of - L AR & s v s o o o o >

e

11—
T T w—w—m—qu—“wuuww

8-\ /\ N A\ PaAY /\I\A N
SOV ASE AR VAVANAAA

120 2 4 8 10

6
r(h)

L g

Fig. 2. (Color online) Structure and morphology characterization of the as-synthesized pristine Li,MnOs. (a) Rietveld refinement results for Li,MnOs. The inset image is the
crystal structure of Li;MnOs; along the a axis direction. (b) The corresponding refined PDF pattern. (c) HAADF-STEM image of a single particle. (d) HADDF-STEM image shows
the stacking faults between (0 0 1) planes (highlighted by green lines). Inset image: the enlarged HAADF-STEM image, which can match the ball model of Li,MnO3 very well.
(e) The corresponding SEM image.
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of stacking faults and Li/Mn atomic mixing in the Mn layer [19].
Rietveld refinement results are listed in Table 1, showing that there
is around 25.9% atomic mixing between 2b and 4g sites of the Mn
layer. Fig. 2c and d show the HAADF-STEM images of the Mn layer
(Li-Mn-Mn) in Li;MnOs. The existence of a lot of stacking faults
along the c axis as marked by the green line in Fig. 2d, agrees well
with the above XRD and Rietveld Refinement results. Fig. 2e shows
that the average size of as-synthesized Li,MnOs particles is around
200 nm.

In order to understand the structure evolution of Li,MnO3 dur-
ing cycling process, its electrochemical performance was tested at
a current density of 10 mA/g between 2 and 4.8 V in a half cell con-
figuration with Li foil as the anode. As shown in Fig. 3, the initial
charge capacity is as high as 330 mAh/g with an obvious charge
plateau at ~4.5 V vs. Li*/Li. This large voltage plateau (Fig. 3a) dis-
appears in the subsequent cycles, which is believed to be associ-
ated with the structure arrangement induced by Li,MnO3
activation and oxygen redox reaction [20-22]. Fig. 3b shows the
CV curves of the Li,MnOs5 cathode recorded between 2 and 4.8 V.

Y. Yang et al./Science Bulletin 64 (2019) 553-561

In the first cycle, only one oxidation peak corresponding to the
Li,MnOs activation can be observed at around 4.6 V. After the first
charge process, the oxidation and reduction peaks can be observed
at 3.1 and 2.6V, respectively, corresponding to the Mn>*/Mn**
redox couple [15,23,24]. Note that the oxidation peak at 4.6V
was very high in the first cycle and almost disappeared from the
third cycle. It suggests the existence of partially irreversible
reaction, probably associated with the oxygen redox reaction and
in good agreement with the charge/discharge capacity evolution.
The cycle performance of this material is shown in Fig. 3c. After
50 cycles, the capacity retention is only 9%. Such a poor cycling
performance of this material, however, is useful to efficiently mon-
itor the structure evolution for revealing the structure-
performance relationship.

In-situ XRD technique is employed to examine the average
structure evolution of Li;MnOs during cycling process. The 2D con-
tour plot of in-situ XRD patterns collected from 15° to 51° and the
corresponding charge/discharge profiles of initial three cycles are
presented in Fig. 4a and b, respectively. Peaks located at

Table 1
Rietveld refinement results. Li,MnOs (space group C2/m), a = 4.9325(1) A, b = 8.5360(0) A, c =5.0225(1) A, =109.385(9)°, V= 199.477(2) A%, Rwp = 5.25%, and S = 1.22.
Atom Site X y z Occupation B
Lil 2b 0 0.5 0 0.740(1) 0.2208
Mn2 2b 0 0.5 0 0.259(9) 0.2208
Mn1 4g 0 0.1760(8) 0 0.480(2) 0.28
Li12 4g 0 0.1760(9) 0 0.519(8) 0.28
Li3 2c 0 0 0.5 1 0.9519
Li4 4h 0 0.6734(7) 0.5 1 0.9558
o1 4i 0.2420(3) 0 0.2148(2) 1 0.396
02 8j 0.2468(5) 0.3207(7) 0.2387(2) 1 0.3793
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Fig. 3. (Color online) Electrochemical performance of the as-synthesized Li,MnOs. (a) Voltage profiles; (b) The coulombic efficiency, charge and discharge specific capacities
during cycling in the voltage range of 2.0-4.8 V; (c) CV plots of the initial three cycles.
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Selected area in-situ XRD patterns; (d) Lattice parameters evolution of a, b, ¢ and volume obtained by the fitted results of in-situ XRD. The peaks of stainless steel model, Al
foil, BeO and Be are labeled above the contour plot. Different charge and discharge states are separated by dotted lines in (c) and (d).

21.6°/24.8°/44°,29.8°/34.9°/36.2° and 38°/41.4°/42.6°/45.5° belong
to the stainless steel model, Al current collector and Be window,
respectively. The evolution of (00 1), (130) and (13 1) peaks of
Li,MnOs are shown in the enlarged patterns in Fig. 4c. Obviously,
(001) and (13 0) peaks shift to higher angle region when the
charge voltage is above 4.4V, resulting from the shrink of lattice
parameters a, b and c (Fig. 4d). Such a lattice shrink is likely orig-
inated from the oxygen loss and lattice densification during the
charge process [25,26], which can also cause the obvious intensity
weakening of Bragg peaks. In addition, it is noted that a new spinel
(0 04) peak located at around 36.5° gradually appears during the
initial discharge process, which cannot fully disappear during sub-
sequent cycles. Moreover, this peak shifts to lower angle during the
discharge process as marked by the red dot line in Fig. 4c, and
reverse back upon the next charge process. These results suggest
the formation of spinel-LiMn,0,4 during the initial discharge pro-
cess and a portion of Li ions can reversibly insert/extract into/from
the spinel structure [24,27-29]. In addition, the intensity of the
spinel-LiMn,04 peak grows upon the further cycling, demonstrat-
ing the continuous structure transformation from layered to spinel,
a process always accompanied by the migration of Mn ions from
the Mn layer to the Li layer [16,28,30]. From all these changes of
lattice parameters during the initial three cycles in Fig. 4d, it is
clearly concluded that the evolution of Li;MnOs; is partially
reversible.

Average structure changes can be derived from the in-situ XRD
patterns. In order to further understand the atomic arrangement
and the mechanism of the formation of spinel structure, ex-situ
PDF measurement was conducted to express the local structures
from an average perspective. Five charge/discharge states in the
first cycle (charged to 4.4, 4.6 and 4.8V, and discharged to 3.2
and 2 V) were collected as shown in Fig. 5a. These data were fur-
ther analyzed by PDFGetX3 (version 1.1) [31] as shown in
Fig. 5b. Four peaks located at 1.92, 2.83, 4.53 and 4.92 A can be
assigned to the nearest Mn—O bond, the nearest Mn—Mn bond,
the third coordination Mn—O bond and the sub-neighboring dis-
tance of Mn—Mn bond, respectively, as shown in Fig. 5c and d.
For clarity, these bonds are donated as Mn—0; (1.92 A), Mn—Mn;,
(2.83 A), Mn—0y; (4.53 A) and Mn—Mny; (4.92 A), respectively. Dur-
ing the overall charge/discharge process in the first cycle, Mn—O;
peak keeps static, suggesting the good stability of MnOg octahe-
dron. The Mn—Oy; peak and Mn—Mny; peak originate from intra-
layer bonds and the two bonds mainly reflect the layer structure.
It is obvious that both peaks shift to the lower distance region dur-
ing charging and reverse back during discharging, suggesting the
lattice parameters can shrink and recover in the two processes,
respectively. The results agree well with the in-situ XRD experi-
mental data. A PDF peak (r~ 3.5 A) of pristine sample in Fig. 5b
corresponds to the second coordination Mn—O bond labeled by
pink double arrows dash line in Fig. 5¢, and it is weak due to the
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low coordination number of the bonds. Thus, it has a very low
signal-to-noise ratio and its evolution could not be displayed. Note
that the Mn—Mn,; peak broadens at the fully discharge state, and
seems to split into two peaks. Two possible reasons may explain
this phenomenon, (1) a part of Mn ions were reduced during the
discharge process, leading to the increase of their radius, and (2)
a portion of Mn ions may migrate to the Li layer and occupy the
Li site, as supported by the Mn—Li bond distance of 2.91A in
Fig. 5¢c.

(@)
40

To further verify this proposal, ex-situ PDF measurements at
fully discharge states from 1%, 2", 6™ and 50™ cycles were also
conducted as shown in Fig. 6a. Mn—O0; peak shows no movement
after 50 cycles, suggesting MnOg octahedrons are stable. However,
Mn—Mn; peak gradually shifts to 2.91 A, in good agreement with
the distance of Mn—Li bond in the Li,MnOs lattice, indicating that
Mn ions may partially migrate to the Li layer and occupy the Li-ion
sites. Mn—Oy; peak obviously shifts to the lower distance region
while Mn—Mny; peak shifts to the higher distance region after 50
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cycles. As can be more clearly seen in Fig. 6b, the distance of Li—Oy
(labeled by blue double arrows line) is 4.47 A, suggesting that Mn
ions migrate to the Li vacant sites in the Li layer during cycling and
cannot fully return to the Mn layer. Fig. 7 shows the HAADF-STEM
images of cathode materials at pristine state (Fig. 7a) and dis-
charged state from the second cycle (Fig. 7b). At the pristine state,
the layer structure is clear and the projections of Mn ions rank con-
tinuously along a axis of Li,MnO3. However, after two cycles, the
distribution of Mn ions is somewhat ambiguous, and even some
dark shadow areas appear, which may be related to the corrosion
effect of electrolyte or irradiation damage of electron beam
[16,28,32]. Line scans of HAADF intensity along c axis for these
two states are shown in Fig. 7c and d, respectively. Obviously,
Mn ions migrate to Li layers according to the new peaks labeled
by red arrows in Fig. 7d. The results further confirm that Mn ions
can migrate to the Li vacancy in Li-layer during the cycling process,
and cannot fully return to the Mn layer.

We have calculated all the Mn—Mny; and Li—Mny; bonds in the
Li,MnOs crystal lattice. However, there is no bond matching with
the shifting of Mn—Mny peak in Fig. 6a. As shown in Fig. 4, a
spinel-like structure phase generates during the cycling process
and grows gradually upon cycling. Thus, the Mn—Mn bonds of spi-
nel lattice were also calculated. As shown in Fig. 6¢, the distance of
Mn—Mny; bond in the spinel lattice is 5.11 A, which perfectly
matches with the shift of Mn—Mn; peak in Fig. 6a. The results
demonstrate that Mn ions mitigate to the Li vacancy in the Li layer
with the formation of the spinel-like structure phase.

Overall, as shown in Fig. 8, the structure evolution of Li,MnO3
during the cycling process were measured and analyzed by PDF
technique. The pristine material exhibits a typical monoclinic layer
structure, in which 1/4 lithium and manganese ions respectively
occupy the 2b and 4g sites in the Mn layer. The rest lithium ions
are located in the octahedral sites between Mn layers (black
dashed rectangle in Fig. 8). When firstly charged below 4.4V, Li
ions in the Li layer partly extract from the structure while Li ion
in the Mn layer keep stable (red dashed rectangle in Fig. 8). When
further charged to 4.8 V, Li ions in the Li layer begin to extract from
the structure, accompanied by the oxygen redox reaction and lat-
tice densification (pink dashed rectangle in Fig. 8). During this pro-
cess, a small portion of Mn ions in the Mn-layer significantly
migrate to the Li layer and occupy the octahedral sites. After firstly
discharged to 2.0 V, Mn®**/Mn** redox couple is activated and Mn
ions are reduced. Meanwhile, part of inserted Li ions may occupy
the face-shared tetrahedron sites in the Li layer, accompanied by
the formation of spinel-like structure in the local structure (green
dashed rectangle in Fig. 8). In the subsequent cycles, the phase
ratio of spinel-like structure will be constantly increased, which
may result in the decline of reversible capacity for Li,MnO3
material.

4. Conclusions

In summary, Li,MnO3; was synthesized by a conventional solid
state reaction method. It delivers a high charge capacity of
330 mAh/g and discharge capacity of ~230 mAh/g. The mechanism
of its structure evolution during cycling process is firstly studied by
the atomic PDF technique and the local structure information
based on average perspective is obtained. A new spinel (0 0 4) peak
gradually appears during the charging process and grows with fur-
ther cycling, demonstrating that the spinel transformation gradu-
ally takes place. Further investigation on its local structure
indicates that Li ions in the Mn layer extract from the structure
above 4.4V (vs Li/Li*), accompanied by the oxygen redox reaction
and lattice densification. The Mn>*/Mn** redox couple is activated
and Mn ions are reduced during the discharging process. A small
portion of Mn ions in the Mn layer significantly migrate to the Li

layer and occupy the octahedral sites. As a result, a part of the
inserted Li ions occupy the face-shared tetrahedron sites with
the formation of spinel-like structure in local structure. Moreover,
the ratio of spinel-like phase is constantly increased with the sub-
sequent cycle process.
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