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ABSTRACT: Spinel-structured lithium manganese oxide
(LiMn2O4) has attracted much attention because of its high
energy density, low cost, and environmental impact. In this
article, structural analysis methods such as powder neutron
diffraction (PND), X-ray diffraction (XRD), and high-
resolution transmission and scanning electron microscopies
(TEM & SEM) reveal the capacity fading mechanism of
LiMn2O4 as it relates to the mechanical degradation of the
material. Micro-fractures form after the first charge (to 4.45 V
vs. Li+/0) of a commercial lithium manganese oxide phase, best
represented by the formula LiMn2O3.88. Diffraction methods
show that the grain size decreases and multiple phases form
after 850 electrochemical cycles at 0.2 C current. The microfractures are directly observed through microscopy studies as particle
cracks propagate along the (1 1 1) planes, with clear lattice twisting observed along this direction. Long-term galvanostatic
cycling results in increased charge-transfer resistance and capacity loss. Upon preparing samples with controlled oxygen contents,
LiMn2O4.03 and LiMn2O3.87, the mechanical failure of the lithium manganese oxide can be correlated to the oxygen vacancies in
the materials, providing guidance for better synthesis methods.
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■ INTRODUCTION

Lithium-ion batteries have drawn much attention as energy
storage devices for portable electronics, (hybrid) electric
vehicles, and next-generation power grids because of their
high volumetric and gravimetric energy densities.1 The current
research focus in lithium-ion batteries is developing high-
voltage electrode materials with long-term reversible electro-
chemical stability. The rich lithium intercalation chemistry of
transition metal oxides and polyanion complexes have enabled
technological adoption of many candidates for cathode
materials, such as LiCoO2,

2 LiNiO2,
3 LiFePO4,

4 and the
spinel-structured manganese oxides including LiMn2O4

5 and
LiNi0.5Mn1.5O4.

6 Carbon in the form of graphite7 is the anode
employed in current lithium-ion batteries.8 However, the wide
adoption of high-voltage cathodes is limited by electrode
stability, with a particular focus on mitigating mechanical
degradation.9,10 Microfractures in cathodes composed of
LiCoO2

11,12 and LiFePO4
13 powders have been observed in

electron microscopy studies. Moreover, single-particle fracture
during electrochemical cycling of LiNiO2

14 is noticeable by
optical microscopy. In addition, acoustic techniques have been
employed to monitor fracture in LiCoO2

15 and MnO2
16 during

cycling. Finally, atom probe tomography has also been applied
to unveil the fracture mechanism of LiCoO2 cathodes.17,18

Mechanical fractures arise as stress builds during lithium
insertion/extraction.19,20 Although volume expansion is more
pronounced at the anode materials because of the larger lattice
changes,21−25 cathodes have received less attention. In graphite,
there is 12.8% volume expansion during charging. TEM
experiments confirm the presence of cracks on the mesoscale
during graphene layer exfoliation.26 As a result, the internal
resistance increases with a concomitant drastic capacity fade.
On the basis of these experimental observations, theoretical
calculations have been dedicated to simulate mechanical failure,
which also provide insights into related capacity fading
mechanisms.27−30

This manuscript is devoted to the cathode lithium
manganese oxide, LiMn2O4 with a cubic symmetry spinel
structure (Fd3 ̅m) that delivers a considerable capacity of 148
mAh/g at 4.1 V (vs. Li+/0). The electrochemical potential is
derived from the Mn3+/4+ formal redox couple. LiMn2O4 has
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the commercial advantage that is employs a low-cost metal that
is nontoxic. However, the cyclability of LiMn2O4 is limited by
oxygen vacancies in the crystal lattice, as we have previously
reported.31 Our work builds a connection between trace
defects, structural changes, and electrochemical performance. In
this study, we substantiate the capacity fading mechanism by
conducting structural analysis to show that the electrochemical
instability is tied to mechanical failure in LiMn2O4.
Furthermore, based on our previous findings, we demonstrate
that chemical composition can be controlled to minimize the
capacity fade.

■ EXPERIMENTAL SECTION
General Considerations. Lithium carbonate (99%), lithium metal

foil (99.9%, metal basis) were purchased from Alfa Aesar. Manganese
carbonate (99.9%, trace metal basis), lithium hexafluorophosphate
(99.9%, battery grade), lithium hexafluoroarsenate (99%), lithium
manganese oxide (electrochemical grade), and nitronium tetrafluor-
oborate (95%) were purchased from Sigma-Aldrich. N-Methyl-2-
pyrrolidone (99%) and poly(vinylidene difluoride) (battery grade)
were purchased from Alfa Aesar and used as received. Ethylene
carbonate and diethyl carbonate were purchased from Sigma-Aldrich
and were distilled prior to storing in an argon-filled glove box
(Vacuum Atmospheres). HPLC-grade acetonitrile was purchased from
Fisher and dried in a solvent purification system (Vacuum
Atmospheres) then stored in a nitrogen-filled glove box (Vacuum
Atmospheres). Extra dry oxygen gas was supplied by Cryogenic Gases.
Powder X-ray diffraction patterns were collected on a Bruker D8

Advanced diffractometer with a Lynx-Eye detector and parallel beam
optics using Cu−Kα radiation (λ = 1.542 Å). The patterns were
refined using the Bruker TOPAS software. Time-of-flight neutron
diffraction experiments were performed on a powder diffractometer
(POWGEN) at the Spallation Neutron Source of ORNL (Oak Ridge
National Lab). The experimental resolution Δd/d = 0.0015 at d = 1 Å.
The data were collected at room temperature using incident neutron
beam wavelengths centered at 1.066 and 3.198 Å. Scanning electron
microscopy (SEM) images were collected using an FEI Nova Nanolab
SEM/FIB. High resolution transmission electron microscopy (HR-
TEM) was performed using a JEOL 3011 TEM with a LaB6 electron
beam source. The samples were dispersed in methanol and drop cast
onto a copper grid with an ultrathin holey carbon film (Ted Pella).
ICP-AES elemental analysis for lithium and manganese was obtained
using a PerkinElmer Optima 2000DV analyzer. Typically, ∼10 mg
samples were dissolved in 2−5 mL of 12 M HCl (Fisher Scientific)
with a few drops of H2O2 (Fisher Scientific, 30 wt %) for quick
digestion. The average oxidation states of manganese were determined
by a potentiometric titration using FeCl2/KMnO4 (Alfa Aesar, 99.9%
metal basis/98%). All samples were digested using dilute H2SO4 prior
to titration. Differential scanning calorimetry was obtained with a DSC
Q10 (TA Instruments) at a ramping rate of 10°C.
Materials Preparation. Commercial lithium manganese oxide (C-

LMO) from Sigma-Aldrich was directly used as an active cathode
material in this study. Chemical delithiation was performed by reacting
lithium manganese oxide with nitronium tetrafluoroborate in
acetonitrile. Typically, 1 gram of lithium manganese oxide reacted
with 2 equiv of nitronium tetrafluoroborate. The reaction was kept
under vigorous stirring for at least 96 h. The final products were
collected by vacuum filtration and washed with fresh acetonitrile in the
N2 glove box.
Lithium manganese oxide samples with controlled oxygen content

were also synthesized by a solid-state method. Lithium carbonate and
manganese carbonate with the molar ratio 1.03 : 2 was ball-milled
overnight. The extra 3% lithium content was used to compensate for
potential lithium evaporation during the synthesis. Acetone was used
for milling assistance. The acetone was then evaporated under reduced
pressure with a rotary evaporator (Buchii). The carbonates were then
calcined at 600 °C under pure oxygen flow (100 mL/min) with
heating and cooling rates of 5°C/min. The product was then ground

and annealed at 750 °C under oxygen, again with heating and cooling
rates of 5°C/min. This sample was noted as S-LMO for synthesized
LMO. The reaction yields on a ∼25 gram scale. To create oxygen
vacancies in S-LMO, 5 grams of S-LMO was heated to 800 °C with a
ramping rate of 10°C/min. After 30 min, the sample was removed
from the furnace and directly quenched in liquid nitrogen. The sample
noted as D-LMO for defect-LMO was then collected.

Electrochemical Measurements. Long-term electrochemical
cycling tests were performed using coin cells or two-electrode
Swagelok PTFE cells. For neutron diffraction sample preparation,
the material was cycled in pouch cells. Pure lithium metal was used as
the counter- and pseudoreference electrode for the measurements. To
prepare the working electrode, we mixed Sigma-Aldrich lithium
manganese oxide, carbon black (TIMCAL Super P), and poly-
(vinylidene) difluoride (PVDF) (mass ratio of 85:10:5) in a Thinky
AR-100 mixer. N-Methyl-2-pyrrolidone (NMP) was added to dissolve
the PVDF binder. The composite was then cast onto a degreased
aluminum foil by the doctor blade method. The foil was then dried in
a vacuum oven (Fisher Scientific) at 120 °C overnight prior to
assembling the electrochemical cells. The active material loading is
approximately 11 mg/cm2. The electrode masses were measured using
a Sartorius ME36S microbalance. Celgard separator (model 3401) was
used in the electrochemical tests. Lab-prepared electrolytes (1 M)
were prepared using LiPF6 and LiAsF6 with ethylene carbonate and
diethyl carbonate with volume ratio of 2:1. Commercial electrolyte of
1 M LiPF6 in ethylene carbonate, dimethyl carbonate, and diethyl
carbonate (v/v/v, 1:1:1) was also used as control from MTI. All cells
were assembled in the argon glove box.

Galvonostatic charge/discharge experiments were performed on a
NEWARE BTS-5 V1MA or a Maccor 64-channel cycler in the voltage
window 3.40 to 4.45 V (vs. Li+/0). The constant current applied in the
charge/discharge test is 0.2 C (where C is the current required to
discharge the theoretical capacity of the cell in 1 h). Cyclic
voltammetry (CV) was recorded on a CH Instruments 660 C
electrochemical workstation. Electrochemical impedance spectra (EIS)
were collected on an Autolab PGSTAT302N with a FRA module.
Prior to EIS measurements, the cells were equilibrated at 3.40 V until
the current dropped below 10 nA. The AC perturbation was ±10 mV,
and the frequency range was from 1 × 105 to 1 × 10−2 Hz.

Electrochemical delithitation was applied for neutron sample
preparation. The electrochemical cells were charged to the desired
potential at 0.2 C current; then the cell potential was held until the
current dropped below 1 μA. The cell was then disassembled, and the
cathode was washed with diethyl carbonate solvent and kept under a
vacuum at room temperature. The active material was then carefully
removed from the aluminum current collector by a razor blade. A
similar treatment was used to collect the cathode material after 100
galvanostatic cycles at 0.2 C current for the neutron diffraction study.

■ RESULTS

Lithium manganese oxide (LiMn2O4) has a cubic spinel
structure with a space group of Fd3̅m and a unique lattice
parameter, a; in this structure, lithium, manganese and oxygen
reside on the 8a (tetrahedral), 16d (octahedral), and 32e
Wyckoff sites, respectively. Conventional solid-state synthesis
requires high-temperature annealing to form products with
suitable crystallinity. However, oxygen vacancies can be easily
introduced during the calcination reaction. In a previous
study,31 we used neutron diffraction to quantify the oxygen
defects in hydrothermally synthesized Li1+xMn2−xO4−δ, in which
δ is the vacancy factor. In the present study, commercial
LiMn2O4 (C-LMO) from Sigma-Aldrich was used because of
its wide availability. The scanning electron microscopy (SEM)
image in Figure 1a shows that particles range from 2−10 μm in
size. Figure 1b shows the X-ray diffraction pattern of C-LMO
with the corresponding Rietveld refinement (see Tables S1 and
S2 in the Supporting Information). On the basis of the XRD
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result, C-LMO shows very high crystallinity without any
detectable impurities. The structural refinement result gives a
lattice parameter a = 8.254 Å. The lattice parameter of
stoichiometric LiMn2O4 is 8.248 Å.32 We note that although
the observed value is close to the literature value, the
compound may be oxygen deficient.
Cyclic voltammetry (CV) and differential scanning calorim-

etry (DSC) indirectly provide evidence for oxygen vacancies in
LiMn2O4. Figure S1a in the Supporting Information shows the
CV trace collected at 0.1 mV/s of C-LMO. The redox waves
centered about 4.0 V are indicative of lithium insertion and
extraction chemistry. However, we also observe electrochemical
reactions at ∼3.2 and 4.5 V, which are attributed to a phase
change from a cubic cell to a double hexagonal cell that arises
due to oxygen deficiency.33 In addition, Figure S1b in the
Supporting Information shows the DSC profile recorded during
the cooling process. The exotherm at ∼10 °C suggests a phase
change, which has also been shown to occur due to oxygen
vacancies.34,35 Finally, elemental analysis (see Table S3 in the
Supporting Information) by ICP-AES analysis and potentio-
metric titration shows that C-LMO is best represented as the
formula LiMn2O3.88, which confirms the oxygen non-
stoichiometry in the material.
Figure 2 shows the neutron diffraction pattern of the fresh,

uncycled C-LMO. As we expected, the site occupancies
determined in the Rietveld refinement (see Table S4 in the
Supporting Information) show evidence of oxygen deficiencies,
and the formula unit is best represented as LiMn2O3.88. This
formula is in excellent agreement with the elemental analysis.
The oxygen atoms located on the 32e Wyckoff sites are
calculated to be 97.1% filled, which confirms the oxygen

deficient structures of C-LMO. Meanwhile, the lattice
parameter is 8.2530 Å, which corroborates the powder X-ray
study.
We next carried out charge/discharge tests of a C-LMO

battery between 3.40 to 4.45 V vs. Li+/0 (lithium foil) in a lab-
prepared electrolyte containing 1 M LiPF6 in the typical
carbonate solvents. To achieve detailed electrochemical
behavior and to minimize energy losses due to polarization, a
slow cycling rate of 0.2 C was used for all of the galvanostatic
charge/discharge experiments in this work. The first charge/
discharge cycling profile of C-LMO is plotted in Figure 3a. A
sloping region and a pseudo-plateau are observed in both
charging and discharging curves, corresponding to the single
phase and two phase insertion/extraction, respectively. During
the charging process of C-LMO, ∼120 mAh/g is stored, which
corresponds to 81% of the theoretical capacity of LiMn2O4.
However, only 84.5 mAh/g can be extracted during the first
discharge process. That is, there is an ∼30% irreversible
capacity loss during the first electrochemical cycle.
There are at least two reasons that explain this observation:

active material loss due to acid corrosion and side reactions
between C-LMO and the electrolyte that blocks lithium
channels. For the first possibility, it is well-documented that
trace moisture in the cell leads to HF formation from LiPF6.

36

To test this possible degradation mechanism, we repeated the
cycling experiment using the more hydrolytically stable LiAsF6
electrolyte. Meanwhile, we also cycled the C-LMO cathode in a
half-cell configuration at elevated temperature (55 °C) to study
electrolyte degradation and capacity loss during the first cycle,
noting that detrimental HF formation should be faster at higher
temperature. Figure 3b shows the first charge/discharge profiles
of C-LMO cycled under these different conditions. From this
data, we conclude that the capacity fade is the same regardless
of temperature and electrolyte formulation, and is an inherent
property of C-LMO cathode material.
The 3.40−4.45 V electrochemical window does not include

the irreversible phase transitions that occur at potentials <3.2
and >4.5 V. To determine whether detrimental changes occur
at higher potential or if they occur throughout the entire
electrochemical window, we collected the cathode material at a
state-of-charge of 4.45 V to investigate possible microstructural
variation after the first delithiation. The SEM image in Figure
4a shows unequivocal particle microfracture after the first

Figure 1. (a) SEM image of fresh C-LMO; (b) powder X-ray
diffraction pattern (black), Rietveld refinement (red), and difference
pattern (blue) for C-LMO.

Figure 2. Neutron diffraction pattern obtained on POWGEN at 300 K
of C-LMO; black dots represent the observed intensities, the red line
is the fit, the blue line is the difference pattern, and the tick marks
below the profiles indicate positions of all allowed Bragg reflections.
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charge. Meanwhile, transmission electron microscopy (TEM)
in Figure 4b corroborates particle fracture through electro-
chemical shock during the first Li+ extraction. To reproduce the
electrochemical delithiation, we carried out chemical delithia-
tion using the strong oxidant NO2

+ to mimic the first charging
process. Panels c and d in Figure 4 show the SEM and TEM
images of the delithiated C-LMO after its reaction with
NO2BF4 for 96 h. A large frequency of cracks occurs over the

samples, similar to what is observed in the electrochemically
charged C-LMO.
We have shown that particle fracture occurs during the first

delithiation process, similar to what has been observed in
LiCoO2 cathode material during the first charge by an acoustic
study.14 Meanwhile, in the study of charge and discharge
behaviors of Li/MnO2 cells, Ohzuku also noticed micro-
fractures by monitoring acoustic counts during the first
electrochemical cycle.15 Sastry and coworkers have also
shown possible LiMn2O4 fractures in a combined AFM and
simulation study.37 We next studied X-ray diffraction to look
for the structural changes associated with cracking. Figure 5

shows the XRD pattern of C-LMO cathode at SOC of 4.45 V.
The original (111) Bragg reflection at 18.8° splits into three
new peaks: one major peak at 19.2° and two small peaks at 18.6
and 19.8°, which are highlighted in the inset. Those peaks can
still be indexed to represent the (1 1 1) Miller plane. It is
known that the cubic unit cell contracts during delithiation,
which leads to the higher angle (right) shifts in the peaks that
emerge at 19.2 and 19.8°. However, the peak at 18.6° hints a
small lattice parameter expansion instead. This expansion has
been observed by Aurbach in previous work.38 We surmise that
expansion occurs because of possible manganese migration into
adjacent lithium tetrahedral sites during the electrochemical
oxidation. Nevertheless, multiple phases were identified after
the first charge, which could lead to the accumulation of strain
in the active material that ultimately results in particle
fracture.39 Figure 6 shows the powder neutron diffraction
(PND) pattern before and after the first charge. There is a
drastic decrease in the diffraction intensity after lithium
extraction, demonstrating the loss of long-range crystalline
order. The diffraction pattern of the C-LMO with a SOC of
4.45 V is blown up in the inset for a detailed comparison. Peak
splitting and broadening are observed after the first charge. The
SOC potential of 4.45 V is above the delithiation two phase
region as shown in the charging profiles. A single phase was
expected at cell potential of ∼4.45 V. However, the lack of
crystallinity after delithiation hinders precise indexing of solid
phases.
We have shown in Figure 3 that the electrolyte and

temperature-induced surface side reactions do not play
significant role in influencing the irreversible capacity loss
during the first cycle. Figure 7 shows that the first 100 cycles of
the C-LMO in different solvent systems are unchanged; they
too fade at a similar rate. In Figure 8, the neutron diffraction
pattern is plotted for C-LMO at SOC of 3.40 V after 100 cycles
in a lab-prepared LiPF6 electrolyte. This pattern also shows
multiple phases. Furthermore, the similarity between the
neutron diffraction patterns of the firstly charged C-LMO

Figure 3. (a) First electrochemical charge/discharge cycle of C-LMO
collected at 0.2 C current within the potential window of 3.40−4.45 V;
(b) first electrochemical charge/discharge cycle of C-LMO collected at
0.2 C current within potential window of 3.40−4.45 V in different
solvents: black, 1 M LiPF6 in EC:DEC mixture with v/v of 2:1 at room
temperature; red, 1 M LiPF6 in EC:DEC mixture with v/v of 2:1 at
55°C; blue, 1 M LiAsF6 in EC:DEC mixture with v/v of 2:1 at room
temperature.

Figure 4. (a) SEM image of C-LMO after first charge at SOC of 4.45
V; (b) TEM image of C-LMO after first charge with SOC of 4.45 V;
(c) SEM image of C-LMO after 96 h chemical delithiation; (d) TEM
image of C-LMO after 96 h of chemical delithiation in NO2BF4.

Figure 5. Powder X-ray diffraction pattern of C-LMO after first charge
with SOC of 4.45 V. Newly evolved peaks are highlighted by the black
diamonds.
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with SOC of 4.45 V and the pattern collected after 100 cycles
with SOC of 3.40 V demonstrates that the loss of crystallinity

upon the first charge is irreversible. This results matches that
observed in Woodford’s study on LiCoO2 cathodes.

14

Longer-term cycling of C-LMO is presented in Figure 9,
showing ∼43% capacity fade of the lithium manganese oxide

cathode over 850 cycles at 0.2 C current. The largest drop in
capacity occurs over the roughly first 200 cycles, followed by
more gradual capacity fade over the next ∼650 cycles. The
charge/discharge profiles of the 1st, 200th, and 800th cycle are
plotted in Figure 10a. As we observed in the first cycle, there
exist two distinct features corresponding to a single-phase and
two-phase regions,40 which can also be observed in the dQ/dV
profile of Figure 10b from 3.9 to 4.2 V. The sharp features

Figure 6. (a) PND pattern of fresh C-LMO (black) and the sample
after first charge with SOC of 4.45 V (red); (b) close-up of the region
near the baseline to show that new Bragg reflections emerge.

Figure 7. Comparison of the first 100 cycles of C-LMO in different
solvents at room temperature: black circles, 1 M LiAsF6 in EC:DEC
mixture with v/v of 2:1; red squares, 1 M LiPF6 in EC:DEC mixture
with v/v of 2:1; blue triangles, 1 M LiPF6 in DMC:EC:DEC with v/v/
v of 1:1:1.

Figure 8. (a) PND pattern of fresh C-LMO (black) and the sample
after 100 electrochemical cycles in 1 M LiPF6 within EC:DEC mixture
with v/v of 2:1 with SOC of 3.40 V (red); (b) close-up of the region
near the baseline.

Figure 9. Cyclability of C-LMO over 850 cycles at 0.2 C current in 1
M LiPF6 in 2:1 v/v EC:DEC at room temperature.

Figure 10. (a) Charge/discharge profiles of C-LMO at 1st, 200th, and
800th cycles obtained at 0.2 C current; (b) corresponding dQ/dV
curves of 1st, 200th, and 800th cycles.
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observed for the first cycle are smoothed in the 200th and
800th cycling data. In addition, there is a significant drop in
peak intensity. Although there is still capacity fade observed
from the 200th cycle to the 800th cycle in Figure 10a, their dQ/
dV curves nearly overlap, and the electrochemical features do
not change significantly over the remaining 600 cycles. The
phenomenon described above corroborates the crystallinity loss
observed in the diffraction study. The reduced crystalline
domain size suggests indistinguishable phase change bounda-
ries, which is supported by diminished dQ/dV peak
intensities.41 There have been similar discussions regarding
the electrochemical behaviors TiO2, LiCoO2 and Li-
Ni0.5Mn1.5O4 with different crystalline sizes.42−44

Microstructural analysis after long-term cycling is presented
in Figure 11. SEM imaging reveals that micrometer-sized active

material with clearly defined crystal facets is maintained after
850 cycles. Several particles aggregate during cycling, and we
initially suspected that fracture would occur at those interfaces
between aggregated particles due to the higher surface energy at
boundaries. However, we observe that cracks are well-
distributed all over surfaces as shown in panels a and b in
Figure 11, which was not observed after the first cycle. This
behavior hints that structural failure is more pronounced after
prolonged electrochemical cycling; more microfractures are
generated by repeated delithiation and lithiation. Figure 11c
shows the typical TEM image of the cathode after long-term
cycling with microscaled fracture identified. With higher
magnification in Figure 11d, we see that fracture occurs along
the (1 1 1) planes. In addtion, the twisted fringes suggest
significant internal stress that results in structural collapse on
the microscale.

■ DISCUSSION
Capacity fade in LiMn2O4 is closely related to mechanical
grinding, illustrated in Scheme 1. In a freshly prepared
LiMn2O4 electrode, the bulk particles of active material are
surrounded by the conductive carbon black network to enhance
the electronic conductivity. Charge transfer occurs by lithium
diffusion within an LMO particle, electron transfer at the
LMO/carbon black interface, and also at LMO grain
boundaries. However, after numerous charge/discharge cycles,
fractures within active material propagate to increase the

number of LMO/electrolyte interfaces. The smaller domains of
the ruptured particles are electronically isolated due to the lack
of contact with conductive additives or other LMO grains.
Then, less access to the active cathode material leads to
capacity loss as we observed. Meanwhile, it is noteworthy that
this fracture does not stop after one electrochemical cycle.
Rather, structural collapse occurs with continuous lithium
insertion/extraction. Interestingly, from the long-term cyclabil-
ity study, the majority of the capacity fade occurs during the
first 200 cycles, and the true active cathode is a best described
as a multiphase mixture of nanoscale domains.
The isolated domains should lead to an increase in the

battery’s internal resistance. Figure 12 shows the electro-

chemical impedance spectrum of C-LMO half cells both before
and after long-term cycling (850 cycles). A modified Randle’s
circuit was applied to describe the profiles. Rs represents the
solution resistance which matches the intersection at Z′ axis.
The diameter of the semi-circle gives the charge transfer
resistance as Rct. In comparison with the freshly prepared cell,
there is a large increase in both Rs and Rct values which is
consistent with Scheme 1.
The composition of C-LMO in this study shows an oxygen

deficient structure that has been confirmed by elemental
analysis and the neutron structural refinements. In our previous
work, we have shown the electrochemical instability of oxygen-
deficient LiMn2O4 compared to the stoichiometric spinel.31

Therefore, to bridge the cathode’s composition and structural
properties with the failure mechanism we found, we introduced

Figure 11. (a) SEM image of C-LMO after 850 electrochemical cycles;
(b) enlarged SEM image showing cracks; (c) TEM image of C-LMO
after 850 electrochemicals; (d) enlarged area showing the (111) family
of planes.

Scheme 1. Structural Changes and Interparticle Shearing of
C-LMO Cathode Material during Electrochemical Cycling:
Freshly Prepared Electrode (left); Electrode after Micro-
Fracturing Occurs (right)

Figure 12. Electrochemical impedance spectra of a freshly prepared C-
LMO half cell (black) and the cell after 850 electrochemical cycles
with SOC of 3.40 V (red). The equivalent circuit is included in the
plot.
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two lab synthesized LiMn2O4 compounds with a controlled
structure and oxygen level. On the basis of the elemental
analysis, the two compounds are represented by the formulas
LiMn2O4.03 and LiMn2O3.87, with manganese oxidation states of
+3.53 and +3.37, respectively. We use these samples as
representative examples of oxygen-stoichiometric (S-LMO)
and oxygen-deficient (D-LMO) materials, respectively. The
number of oxygen vacancies was selected to match that found
in C-LMO; details of the characterization are presented in the
Supporting Information. We recognize that crystal plane/
surface morphology of the cathode materials could also
contribute to the electrochemical performance of the
battery,45−47 but note that we control for these effects by
synthesizing these compounds using the same solid-state
method. Consequently, similar morphologies are expected, as
illustrated in the SEM images as Figure S2 in the Supporting
Information. Because of the oxygen vacancies in D-LMO, its
lattice parameter of 8.253 Å is larger compared to 8.233 Å in S-
LMO.
To validate the comparison, we cycled both of the materials

under the same electrochemical conditions in lab-prepared
LiPF6 electrolyte as the C-LMO. The cyclability is plotted in
Figure 13. Half cells prepared from both synthesized

compounds show a similar initial discharge capacity of ∼120
mAh/g. However, there is a faster rate of capacity fade observed
for the D-LMO. Over the first 200 cycles, the capacity of the S-
LMO sample decreases to 98 mAh/g (81.6 % capacity
retention), whereas, D-LMO decreases to only 64.2% of its
initial capacity. We cycled the D-LMO for a longer period to
achieve a better comparison with C-LMO, as shown in Figure
S3 in the Supporting Information. Although the D-LMO
sample is able to deliver higher capacity during the initial
discharge, it shows a similar trend in capacity fade as that of C-
LMO. Again, capacity fade occurs most markedly over the first
200 cycles, followed by relatively stable capacity retention over
hundreds of cycles. Such a phenomenon indicates that the
oxygen-deficient D-LMO sample might suffer a similar capacity
fading mechanism as discussed earlier. An EIS study was
performed on S-LMO and D-LMO cells after 100 cycles at 1C
current. The data presented in Figure S8 in the Supporting
Information show a significantly larger charge-transfer resist-
ance for D-LMO after cycling, compared to S-LMO, which
supports the deleterious effect of oxygen vacancies.

To confirm the capacity retention trend related to the oxygen
content in LMO, we studied the microstructural properties of
the lab prepared LiMn2O4 after 200 cycles as shown in Figure
14. Figure 14a shows that particles are largely intact, without

noticeable microfractures, which leads to better cyclability and
structural stability. The enlarged image in Figure 14b conveys
the same information. On the other hand, Figure 14c shows
fractures and grain dislocations in cycled D-LMO. Micro-
fractures can be identified at higher resolution Figure 14d. The
results link the microstructure, capacity fade, and oxygen
nonstoichiometry in LiMn2O4. These defects are detrimental to
long-term capacity retention and structural integrity of spinel
electrodes.
In Figure 15, we plot the XRD patterns of both lab-prepared

LMO samples and their structural profiles after charging to 4.45
V SOC. Neither material shows the appearance of new phases
although the peaks shift based on predicted lattice parameter
changes. Moreover, slight peak broadening was observed for
the both samples after the first charge. On the basis of the
Rietveld refinement results, the crystalline domain size shrinks
from 102.4 to 51.9 nm for S-LMO and 85.5 to 36 nm for D-
LMO after the first electrochemical delithiation. All the
structural patterns and refinement results are collected in
Figures S4−S7 and Tables S5−S12 in the Supporting
Information, from which we can calculate the lattice displace-
ment based on isotropic volume change assumption. The
lithium extraction from S-LMO results in a 0.161 Å lattice
shrinkage; in the contrast, a 0.203 Å decrease in lattice
parameter results from the oxygen-deficient sample. The 25%
larger lattice expansion could result in more strain, which
accounts for the difference in capacity retention.

■ CONCLUSION
We have observed long-term capacity fade in commercially
available LiMn2O4, which is shown to be oxygen-deficient.
Powder diffraction and microstructural analysis have been
carefully employed to observe account for structural failure.
Surface side reactions and temperature do not play a significant
role toward influencing the capacity retention. In contrast, we
have shown that capacity fade arises due to structural collapse
along the (1 1 1) planes. These microcracks lead to mechanical
pulverization during electrochemical cycling of the cathodes,
and leads to increased charge-transfer resistance within the cell.
This capacity fading mechanism is dependent on chemical

composition. Similar fracture phenomena were illustrated in

Figure 13. First 200 electrochemical cycles of S-LMO (black) and D-
LMO (red) at 0.2 C current within the potential window of 3.40−4.45
V.

Figure 14. TEM images of lab prepared LMO after 200 cycles: (a, b)
S-LMO; (c, d) D-LMO.
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lab-prepared oxygen-deficient LMO. However, near stoichio-
metric oxygen content gives rise to prolonged structural
integrity and stable electrochemical cycling. Lattice strain is
suggested to be one of the main reasons causing structural
failures because of large volume changes. Current efforts focus
on possible cation mixing during electrochemical cycling.
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