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a b s t r a c t 

The understanding of reaction mechanisms of electrode materials is of significant importance for the de- 

velopment of advanced batteries. The LiMn 2 O 4 cathode has a voltage plateau around 2.8 V (vs. Li + /Li), 

which can provide an additional capacity for Li storage, but it suffers from a severe capacity degrada- 

tion. In this study, operando X-ray diffraction is carried out to investigate the structural evolutions and 

degradation mechanisms of LiMn 2 O 4 in different voltage ranges. In the range of 3.0–4.3 V (vs. Li + /Li), 

the LiMn 2 O 4 cathode exhibits a low capacity but good cycling stability with cycles up to 100 cycles and 

the charge/discharge processes are associated with the reversible extraction/insertion of Li + from/into 

Li x Mn 2 O 4 (0 ≤ x ≤ 1). In the range of 1.4–4.4 V (vs. Li + /Li), a capacity higher than 200 mAh/g is achieved, 

but it rapidly decays during the cycling. The voltage plateau around 2.8 V (vs. Li + /Li) is related to the 

transformation of the cubic LiMn 2 O 4 phase to the tetragonal Li 2 Mn 2 O 4 phase, which leads to the forma- 

tion of cracks as well as the performance degradation. 

© 2019 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

t  

a  

t

[  

o

(  

i  

a  

o  

i

 

c  
1. Introduction 

The state-of-the-art lithium-ion battery (LIB) technologies

have been successfully employed in various applications, such as

portable electronics, electric vehicles, hybrid electric vehicles, and

grid energy storage [1 , 2] . Among the cathode materials currently

used in LIBs, spinel LiMn 2 O 4 has a high market share because

of its unique advantages of cost effectiveness and environmental

friendliness [3] . Generally, the operation voltage range of the

commercialized LiMn 2 O 4 cathode material is set to 3.0–4.3 V (vs.

Li + /Li). In this voltage range, the spinel LiMn 2 O 4 cathode exhibits

a voltage plateau around 4.1 V (vs. Li + /Li), which corresponds to
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he Mn 

3.5 + /Mn 

4 + redox reaction [4] . However, LiMn 2 O 4 exhibits

nother voltage plateau around 3.0 V (vs. Li + /Li), associated with

he Mn 

3 + /Mn 

3.5 + redox reaction and formation of Li 2 Mn 2 O 4 

5] . Li 2 Mn 2 O 4 can deliver a high theoretical specific capacity

f 285.5 mAh/g, which is approximately twice that of LiMn 2 O 4 

148.2 mAh/g). However, the valence state of the manganese

on below + 3.5 accelerates the capacity fading, which can be

ttributed to the Jahn–Teller effect [6 , 7] , corrosion and dissolution

f the cathode material [8] , phase transitions, and local structure

nhomogeneity [9] . 

In addition, the mechanical degradation is another reason for

apacity fading of the cathode. Intergranular cracks originated

rom the volume changes during the charging/discharging have

een observed and correlated with the capacity fading [10–12] .

he intergranular cracks lead to poor grain-to-grain connections

nd enhance the side reactions, which hinders the electronic and

onic transports, and thereby decreases the reversibility [13] . In-

ragranular cracks with a high density but small sizes also lead to

 capacity loss [14] . A systematic investigation on the relationship

etween intergranular and intragranular cracks in cathode materi-

ls is still lacking. Various approaches can be used to mitigate the
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 

https://doi.org/10.1016/j.jechem.2019.09.011
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jechem
mailto:bai_yanwen@163.com
mailto:zh_zhang@sdu.edu.cn
https://doi.org/10.1016/j.jechem.2019.09.011


F. Luo, C. Wei and C. Zhang et al. / Journal of Energy Chemistry 44 (2020) 138–146 139 

c  

g  

r  

c  

s

n  

e  

c  

t  

e  

a  

T  

u  

o  

A  

t  

i  

t  

t

 

c  

w  

a  

c  

f  

a

2

2

 

T  

p  

I  

o  

3

2

 

a  

r  

d  

i

1  

w  

c  

a  

b  

(  

b  

W  

a  

p  

t  

f  

m  

m  

t  

d  

A  

b  

A

3

 

f  

t  

w  

o  

F  

w  

8  

t  

f  

s  

S  

d  

1

 

t  

4  

o  

t  

w  

a  

p  

i  

c  

i  

p  

a  

a  

c  

b  

f  

c  

p  

i  

Fig. 1. (a) Rietveld refinement of the LiMn 2 O 4 cathode. Inset: schematic of the 

LiMn 2 O 4 crystal structure. (b) SEM image of the pristine LiMn 2 O 4 . 
rack formation. For example, a surface coating can prevent inter-

ranular cracking while mitigation of the intragranular cracking

equires a stable structural framework [14] . However, the mechani-

al degradation of the cathode can hardly be detected or quantified

ynchronously during the charging/discharging. Postmortem tech- 

ologies, such as ex-situ X-ray diffraction (XRD) [15–18] , scanning

lectron microscopy (SEM) [19 , 20] , and transmission electron mi-

roscopy (TEM) [21] , have been extensively utilized to investigate

he degradation. Nevertheless, the structures and properties of

lectrode materials change when they are removed from the cells

nd exposed to air. For example, Li 2 Mn 2 O 4 is not stable in air [22] .

o avoid these drawbacks, operando (in-situ) analytic methods are

tilized, such as operando TEM [12 , 23] , operando XRD [24 , 25] , and

perando X-ray absorption near-edge-structure spectroscopy [26] .

mong these operando techniques, XRD can be used to identify

he phase composition, lattice parameters, and atomic ordering. It

s of importance to probe the capacity degradation mechanisms of

he LiMn 2 O 4 cathode in different voltage ranges by using operando

echniques, such as the operando XRD. 

In this study, we investigated the dependence of the electro-

hemical performance of a spinel LiMn 2 O 4 cathode on the voltage

indow. The degradation mechanisms of LiMn 2 O 4 were further

nalyzed by using operando XRD. The phase transition from the

ubic LiMn 2 O 4 to the tetragonal Li 2 Mn 2 O 4 accounts for the per-

ormance decay in the voltage window with the discharge plateau

round 2.8 V (vs. Li + /Li). 

. Experimental 

.1. Microstructural characterization 

The LiMn 2 O 4 sample was purchased from Kejing Materials

echnology Co. Ltd., Hefei, China. The phase constitution of the as-

repared sample was identified by XRD (Beijing Purkinje General

nstrument Co. Ltd, China) with Cu K α radiation. The morphology

f the obtained sample was characterized by SEM (ZEISS SIGMA

00). 

.2. Electrochemical measurements 

The electrode was prepared by mixing the active material,

cetylene black (Super P), and polyvinylidene fluoride in a weight

atio of 70:20:10. The slurry was painted on an Al foil, and then

ried at 120 °C in vacuum for 12 h. The painted Al foil was punched

nto an electrode with a diameter of 12 mm and loading of 0.8–

.2 mg. A CR2032 cell was assembled in an argon-filled glove box

ith the LiMn 2 O 4 electrode as the working electrode, Li foil as the

ounter/reference electrode, polypropylene septum (Celgard 2325)

s the separator, and 1 M of LiPF 6 in a solvent of 3:7 ethyl car-

onate/dimethyl carbonate as the electrolyte. Cyclic voltammetry

CV) measurements were carried out at a scan rate of 0.1 mV/s

y using a CHI660E potentiostat. A test system (LAND-CT2001A,

uhan, China) was used to perform galvanostatic tests in the volt-

ge ranges of 3.0–4.3 and 1.4–4.4 V (vs. Li + /Li) at a constant tem-

erature of 30 °C. After cycling, some cells were disassembled in

he glove box, and the LiMn 2 O 4 electrodes were washed and dried

or ex-situ SEM observations. For the operando XRD measure-

ents, the LiMn 2 O 4 cathode slurry was painted on a stainless-steel

esh (thickness: 0.1 mm). The XRD signals were collected through

he beryllium window of the coin cell in the “time step” mode

uring the charging/discharging at a current density of 20 mA/g.

dditionally, a Rietveld refinement and indexing were performed

y using the Reflex suite in Materials Studio (MS, version 7.0) of

ccelrys Inc. 
. Results and discussion 

Fig. 1 (a) shows the XRD pattern and Rietveld refinement results

or the LiMn 2 O 4 . The Rietveld refinement of the sample converges

o a cubic unit cell (space group: Fd3m ) with a = b = c = 8.248 Å,

hich is consistent with the data for cubic LiMn 2 O 4 in the In-

rganic Crystal Structure Database (ICSD #50,427). The inset of

ig. 1 (a) illustrates the crystal structure of LiMn 2 O 4 with a frame-

ork connected by MnO 6 octahedrons. Li, Mn, and O ions occupy

a, 16d, and 32e lattice sites in the LiMn 2 O 4 structure, respec-

ively. The Rietveld refinement results with a weighted profile R

actor ( R wp ) of 12.60% indicate that the main heavy atoms of the

tructure are correctly positioned. Figs. 1 (b) and S1 show typical

EM images of the LiMn 2 O 4 at different magnifications, which in-

icate that the particles are polyhedrons with sizes in the range of

00 nm to 1 μm. 

Fig. 2 (a) shows typical CV curves of LiMn 2 O 4 at 0.1 mV/s in

he voltage range of 3.0–4.3 V (vs. Li + /Li). The oxidation peaks at

.05 and 4.17 V (vs. Li + /Li) correspond to the two-stage conversion

f the LiMn 2 O 4 phase to the Li x Mn 2 O 4 (0 ≤ x ≤ 1) phase, while

he reduction peaks at 3.97 and 4.11 V (vs. Li + /Li) are associated

ith the reversible insertion of Li ions into the Li x Mn 2 O 4 phase

ccompanied by the formation of LiMn 2 O 4 . The symmetrical redox

eaks indicate the highly reversible insertion/extraction of Li

ons into/from the LiMn 2 O 4 . Fig. 2 (b) shows the discharge and

harge profiles of the LiMn 2 O 4 at a current density of 20 mA/g

n the voltage range of 3.0–4.3 V (vs. Li + /Li). Two pairs of voltage

latform are observed during the charging and discharging, which

re consistent with the CV curves. The LiMn 2 O 4 electrode delivers

 high initial charge capacity of 221.5 mAh/g, but a low discharge

apacity of 94.1 mAh/g at 20 mA/g in the first cycle, which could

e attributed to the formation of a cathode solid electrolyte inter-

ace (SEI) film and extraction of excess Li ions in the first charge

ycle [27–29] . In the subsequent cycles, the irreversible charge ca-

acity decreases, while the Coulombic efficiency increases, which

ndicates that the SEI film is formed mainly in the first cycle. A
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Fig. 2. (a, c) Cyclic voltammograms and (b, d) galvanostatic charge–discharge curves of the LiMn 2 O 4 in the ranges of 3.0–4.3 and 1.4–4.4 V (vs. Li + /Li), respectively. (e) Cycling 

performances and Coulombic efficiencies of the LiMn 2 O 4 at 20 mA/g in the different voltage ranges. 
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Fig. 3. SEM images of the LiMn 2 O 4 after 20 cycles in the ranges of (a) 3.0–4.3 and 

(b) 1.4–4.4 V (vs. Li + /Li). The cracks are outlined by the black arrows (b). 
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oltage plateau occurs at ∼3.0 V (vs. Li + /Li) in the first charge

rofile, which could be attributed to the self-discharge in some

atteries before cycling [28 , 30] . We measure two cells in the range

f 3.0–4.3 V (vs. Li + /Li) at 200 mA/g, one with self-discharge and

ne without self-discharge (Fig. S2). The results suggest that the

ycling stabilities of the two cells are similar, which demonstrates

hat the small self-discharge does not accelerate the capacity

ading. 

Notably, a new pair of redox peaks is observed in the ex-

ended voltage window of 1.4–4.4 V (vs. Li + /Li) ( Fig. 2 c). The new

eduction peak at 2.85 V (vs. Li + /Li) and oxidation peak at 3.15 V

vs. Li + /Li) originate mainly from the phase transformation of

iMn 2 O 4 to Li 2 Mn 2 O 4 . The corresponding voltage plateaus are ob-

erved in the charge and discharge profiles ( Fig. 2 d), which is in

ood agreement with the CV curves. The LiMn 2 O 4 electrode ex-

ibits a largely improved specific capacity compared to that in

he range of 3.0–4.3 V (vs. Li + /Li) and delivers a high discharge

apacity of 229.1 mAh/g in the first cycle. The electrochemical

roperties of the cells cycled in the ranges of 3.0–4.3 and 1.4–

.4 V (vs. Li + /Li) show irreversible capacity losses in the first two

ycles, which could be attributed to the formation of a passivat-

ng SEI layer on the surface. Consequently, the charge capacity

n the second cycle in the range of 3.0–4.3 V (vs. Li + /Li) is only

31.3 mAh/g, which is considerably lower than that in the first cy-

le. In the range of 1.4–4.4 V (vs. Li + /Li), the charge capacity in

he second cycle is larger than 220 mAh/g, which is even larger

han that in the first cycle. This implies the formation of a new

EI layer. This phenomenon may be attributed to the formation of

racks, which lead to the fresh surface exposed to the electrolyte,

s shown in Fig. S3. However, the high capacity of the LiMn 2 O 4 

lectrode is achieved at the expense of the cycling stability. Fig.

 (e) shows the cycling performances of the LiMn 2 O 4 electrode

t 20 mA/g in the two different voltage windows. The LiMn 2 O 4 

lectrode exhibits a faster trend of capacity decay in the range of

.4–4.4 V (vs. Li + /Li) than that in the range of 3.0–4.3 V (vs. Li + /Li),

ith capacity loss rates of 91.13% and 26.67% after 200 cycles, re-

pectively. Fig. S4 shows the long-term cycling performances of the

iMn 2 O 4 electrode at 200 mA/g in the two different voltage win-

ows. The LiMn 2 O 4 electrode cycled in the range of 3.0–4.3 V (vs.

i + /Li) exhibits a good capacity retention of 63.16% after 600 cy-

les, while the LiMn 2 O 4 electrode cycled in the range of 1.4–4.4 V

vs. Li + /Li) exhibits a significant capacity decay with a low reten-

ion of 5.27% after 600 cycles. Based on the above analysis, the

hase transition of the cubic LiMn 2 O 4 to the tetragonal Li 2 Mn 2 O 4 

eads to the fast capacity decay of the electrode. Furthermore, Fig.

5 shows the cycling stability of the LiMn 2 O 4 in the voltage range

f 2.5–3.6 V (vs. Li + /Li) where only the plateau around 3.0 V (vs.

i + /Li) is involved. Only the phase transition of the cubic LiMn 2 O 4 

o the tetragonal Li 2 Mn 2 O 4 is observed in this voltage window. The

pecific capacity of the LiMn 2 O 4 continuously decreases, with a ca-

acity retention of only 26.47% after 100 cycles. In contrast, the

iMn 2 O 4 exhibits a good capacity retention of 82.57% after 100 cy-

les in the range of 3.0–4.3 V (vs. Li + /Li) ( Fig. 2 e). Consequently, the

hase transition of the cubic LiMn 2 O 4 to the tetragonal Li 2 Mn 2 O 4 

ignificantly reduces the structural stability and leads to the fast

apacity decay. 

Figs. 3 and S6 show SEM images of the LiMn 2 O 4 after 20 cycles

t 20 mA/g in different voltage ranges. In the range of 3.0–4.3 V

vs. Li + /Li), the surface of representative particles is smooth, and

o signs of intergranular cracks are observed ( Figs. 3 a and S6a).

owever, in the range of 1.4–4.4 V (vs. Li + /Li), the surface of typi-

al particles is covered with intergranular cracks ( Figs. 3 b and S6b).

he intergranular cracks increase the contact area of the fresh sur-

ace with the electrolyte and thereby the LiMn 2 O 4 electrode can

eliver a higher charge capacity owing to the formation of the SEI

ayer on the new fresh surface [14 , 31–33] . 
Operando XRD was performed to reveal the structural evolution

f the LiMn 2 O 4 during the cycling (1–100 cycles) in the range of

.0–4.3 V (vs. Li + /Li), as shown in Fig. 4 . Four characteristic peaks

f spinel Li x Mn 2 O 4 are observed in the 2 θ scan range ( Fig. 4 a and

). During the first charge, all diffraction peaks shift to larger an-

les in a continuous manner, which suggests the extraction of Li

ons from the LiMn 2 O 4 . Accordingly, the calculated lattice constant

ecreases from 8.246 Å to 8.082 Å, which is attributed to the struc-

ural changes in Li x Mn 2 O 4 during the delithiation. During the first

ischarge, the peaks gradually shift to smaller angles, which corre-

ponds to the insertion of Li ions into Li x Mn 2 O 4 . Accordingly, the

attice parameter increases from 8.082 Å to 8.232 Å. The evolution

f peak positions and lattice parameter in the subsequent cycles

2nd, 10th, 30th, 60th, and 100th) follows that in the first cycle.

ith respect to the first few cycles, the (111) peak (at 2 θ = 18.69 °)
s broader after ten cycles ( Fig. 4 a and b). The lattice parameter of

ach cycle has the same change tendency. All XRD patterns indi-

ate that the crystallinity of the LiMn 2 O 4 electrode is maintained

uring the deintercalation/intercalation of Li + although the diffrac-

ion peaks become broader [18] . The peak broadening is attributed

ainly to the decrease in grain size. However, a quantitative

apacity retention analysis showed that a high-voltage cycling in-

uces intragranular cracking [14] . The intragranular cracks grow

hroughout the grain and generate isolated lamellas [13] . In ad-

ition, the (400) peak (at 2 θ = 43.92 °) splits into two peaks dur-

ng the first charge, which shows the two-phase coexistence in

his stage, as shown in Fig. S7. This phenomenon gradually be-

omes apparent with the increase in number of cycles, although

t appears to occur in the first cycle. This result shows that the
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Fig. 4. (a, b) Operando XRD patterns of the LiMn 2 O 4 cathode in the different cycles in the range of 3.0–4.3 V (vs. Li + /Li) at 20 mA/g. 

(c, d) Contour plots of the operando XRD patterns in (a, b), respectively. The charge/discharge curves and variations in lattice parameters are also shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

d  

a  

I  

e  

F  

u  

i  

r  

c  

p  

i  

n  

U  

t  

a  

b  

t  

d  

c  

e  

f  

d  

i  

L  

t  
intragranular cracks originate from the two-phase coexistence of

the material upon delithiation/lithiation. The intragranular cracks

originate from parts of individual grains and gradually propagate

during the cycling. Furthermore, the cell exhibits an excellent cy-

cling stability in the range of 3.0–4.3 V (vs. Li + /Li) ( Fig. 2 e). If only

the effect of intragranular cracks on the capacity fading is consid-

ered for the voltage range of 3.0–4.3 V (vs. Li + /Li), they form in

the grain interior but do not easily extend to the surface of the

particle owing to the SEI film protection. Fig. 4 (c and d) shows

the contour plots corresponding to the operando XRD results,

which illustrate the changes in characteristic peaks and structural

evolution. 

To investigate the capacity fading mechanism during the cy-

cling in the voltage range of 1.4–4.4 V (vs. Li + /Li), the operando

XRD patterns of the LiMn 2 O 4 are analyzed ( Fig. 5 ). As shown in

Fig. 5 (a), the XRD patterns acquired in the voltage range of 3.0–

4.3 V (vs. Li + /Li) in the first cycle are consistent with those in

Fig. 4 (a). During the further discharge to 1.4 V (vs. Li + /Li), the (111)

peak splits into two peaks, which corresponds to the appearance

of the two-phase coexistence region, which is associated with the

phase transition of the cubic LiMn 2 O 4 to the tetragonal Li 2 Mn 2 O 4 

[4] . The diffraction peaks corresponding to the two-phase

coexistence region are presented in Fig. 6 (a). New peaks are ob-

served at 18.34 °, 32.98 °, 36.76 °, 37.18 °, 38.81 °, and 45.26 °, which

correspond to the (101), (103), (211), (202), (004), and (220) planes

of Li 2 Mn 2 O 4 , respectively. The cubic LiMn 2 O 4 transforms to the
etragonal Li 2 Mn 2 O 4 at the end of the 2.85 V (vs. Li + /Li) platform

uring the discharging, which returns to the cubic phase entirely

t the end of the 3.05 V (vs. Li + /Li) platform during the charging.

n the second cycle, the peak evolution and phase transition of the

lectrode are analogous to those in the first cycle. As shown in

ig. 5 (a), in the 10th cycle, the (111) peak also splits into two peaks

pon charging to 4.0 V (vs. Li + /Li), which is different from the case

n the first two cycles. To clarify the constituent phases, the cor-

esponding XRD pattern is presented in Fig. 6 (b), which shows the

oexistence of the cubic LiMn 2 O 4 and λ-MnO 2 . Notably, a three-

hase coexistence is observed around 44 °, which is not observed

n the voltage window of 3.0–4.3 V (vs. Li + /Li). This distinct phe-

omenon may be related to the formation of intergranular cracks.

pon the cycling in the voltage window of 3.0–4.3 V (vs. Li + /Li),

he volume shrinkage and expansion corresponding to the delithi-

tion/lithiation are reversible and generally referred to as lattice

reathing. The shrinkage/expansion processes lead to the forma-

ion of intragranular cracks, which originate from parts of the in-

ividual particles and subsequently propagate during the electro-

hemical cycling. Nonetheless, these intragranular cracks are not

xposed to the electrolyte and less new passivating SEI layers are

ormed in subsequent cycles. Upon the cycling in the voltage win-

ow of 1.4–4.4 V (vs. Li + /Li), the severe volume expansion dur-

ng the phase transition from the cubic LiMn 2 O 4 to the tetragonal

i 2 Mn 2 O 4 can destroy the SEI layer and lead to the formation of in-

ergranular cracks at the grain surface. The fresh surface obtained
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Fig. 5. (a) Operando XRD patterns of the LiMn 2 O 4 in the different cycles in the range of 1.4–4.4 V (vs. Li + /Li) at 20 mA/g. (b) Contour plot of the operando XRD patterns in 

(a). The charge/discharge profiles are also shown for reference. The black and red lines represent the charging and discharging, respectively. 
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pon the formation of intergranular cracks is then exposed to the

lectrolyte and thus a new SEI layer must be formed. The inter-

ranular cracks initiate from the grain surface and extend to the

nterior during the repeated charge/discharge cycles, which leads

o the pulverization of electrode materials and detachment from

he current collector. This may rationalize the coexistence of the

ubic LiMn 2 O 4 and λ-MnO 2 as well as the three-phase coexistence.

dditionally, Fig. 5 (b) shows the contour plot corresponding to the

perando XRD results, which illustrates the changes in character-

stic peaks and structural evolution in the voltage window of 1.4–

.4 V (vs. Li + /Li). 

Fig. 7 shows the volume changes of the LiMn 2 O 4 during the

elithiation/lithiation. In the range of 3.0–4.3 V (vs. Li + /Li), the

111) peak shifts to larger angles during the charging and re-

urns during the discharging ( Fig. 7 a). In the range of 1.4–4.4 V

vs. Li + /Li), the (111) peak exhibits the same trend but the am-

litude of the shift is larger than that in the range of 3.0–4.3 V

vs. Li + /Li) ( Fig. 7 a and b). Based on the operando XRD results in

igs. 4 and 5 , the lattice parameters of the involved phases dur-

ng the first charge/discharge are calculated and presented in Ta-

les S1 and S2. The volume of the unit cell changes with the shift

f the diffraction peaks. As shown in Fig. 7 (c), in the range of
.0–4.3 V (vs. Li + /Li), the volume of the unit cell decreases from

60.78 to 527.89 Å 

3 during the first charge and then increases to

55.15 Å 

3 in the first discharge. The maximum volume change is

pproximately 5.87%, which demonstrates the excellent reversibil-

ty in this voltage range. As shown in Fig. 7 (d), the volume of the

nit cell increases from 524.44 to 592.08 Å 

3 during the first dis-

harge to 1.4 V (vs. Li + /Li). The volume change (12.90%) is accom-

anied by the phase transition of the cubic λ-MnO 2 to the tetrag-

nal Li 2 Mn 2 O 4 . As shown in Fig. S8, the LiMn 2 O 4 model contains

6 atoms (8 lithium, 16 manganese, and 32 oxygen atoms) in the

nit cell, while the Li 2 Mn 2 O 4 model contains 32 atoms (8 lithium,

 manganese, and 16 oxygen atoms). Ohzuku et al. [4] used the

quations a T = a C / 
√ 

2 and c T = a C to convert the cubic unit cell pa-

ameter a C into the tetragonal unit cell parameters a T and c T . The

onversion between the cubic and tetragonal unit cell parameters

ollows the equation V T = 0.5 V C , and thus we double the unit cell

olume of the tetragonal Li 2 Mn 2 O 4 model to compare the vol-

me change. This is consistent with the indexing lattice parame-

ers shown in Table S2, and thus the volume change correspond-

ng to the extraction/insertion of Li ions from/into LiMn 2 O 4 is very

imilar. The volume change of the unit cell in the range of 3.0–

.3 V (vs. Li + /Li) is considerably smaller than that in the range of
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Fig. 6. Operando XRD patterns of the LiMn 2 O 4 (a) at 2.7 V (vs. Li + /Li) during the first discharge and (b) at 4.1 V (vs. Li + /Li) during the 10th charge in the voltage window of 

1.4–4.4 V (vs. Li + /Li). 
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1.4–4.4 V (vs. Li + /Li). The volume changes in the different voltage

ranges are consistent with the above discussion about the cracks.

The LiMn 2 O 4 cycled in the range of 1.4–4.4 V (vs. Li + /Li) exhibits

a more severe volume change than that in the range of 3.0–4.3 V

(vs . Li + /Li), which leads to intergranular cracks and accelerates the

capacity degradation. 

4. Conclusions 

The spinel LiMn 2 O 4 cathode exhibited different

charge/discharge behaviors and electrochemical properties (specific

capacity, cycling stability) for Li storage in the voltage windows

of 3.0–4.3 and 1.4–4.4 V (vs. Li + /Li). The operando XRD elucidated
he phase evolution of the LiMn 2 O 4 cathode and degradation

echanisms of the electrochemical performances in the differ-

nt voltage windows. In the range of 3.0–4.3 V (vs. Li + /Li), the

harging and discharging were associated with the reversible

xtraction and insertion of Li + , accompanied by the small volume

hange of 5.87%. In the range of 1.4–4.4 V (vs. Li + /Li), the other

oltage plateau around 2.8 V (vs. Li + /Li) was correlated with the

hase transformation of the cubic LiMn 2 O 4 to the tetragonal

i 2 Mn 2 O 4 , which led to the formation of cracks as well as the

erformance degradation. Moreover, the volume change reached

2.90% during the first discharge. These findings provide useful in-

ormation for the development of advanced electrode materials for

IBs. 
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Fig. 7. Contour plots of the (111) peak evolutions of the LiMn 2 O 4 during the charging/discharging in the different voltage ranges of (a) 3.0–4.3 and (b) 1.4–4.4 V (vs. Li + /Li) 

at 20 mA/g. Voltage profiles (black) and corresponding volume changes (red) of the LiMn 2 O 4 during the charging/discharging in the ranges of (c) 3.0–4.3 and (d) 1.4–4.4 V 

(vs. Li + /Li) at 20 mA/g. V max and V min are the maximum and minimum cell volumes, respectively. 
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