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Anode materials undergoing conversion reaction can achieve larger specific capacity than conventional 

carbon-based materials and can even achieve higher energy density when combined with the low and safe 

voltage. However, superabundant Li2O generated in the interior of the structure upon lithium insertion 

causes the volume expansion and mechanical fracture from the inside out，which leads to poor cycling 10 

performance and limits their commercialization. To overcome aforementioned limitation, we introduced 

lithium atoms into the intracell of manganese oxide materials and successfully synthesized a novel Li-rich 

anode material (Li2MnO3). The reversible capacity reaches 1279 mAh g-1 after 500 cycles, much higher 

than that of pure MnO2 or other commercial anodes. Additionally, the internal Li-enrichment optimization 

and the low-voltage lithium-ion battery anode Li2MnO3 nanowires are rarely reported. Further 15 

investigations by X-ray diffraction and photoelectron spectroscopy suggest that the strategy of internal Li-

enrichment optimization as well as the novel anode Li2MnO3 is promising for lithium-ion batteries. 

Introduction 

The current appetite for rechargeable lithium-ion batteries (LIBs) 

with high power and energy density has led to extensive interest 20 

in nanotechnology approach to obtain high-performance, low-

cost and environmentally-friendly electrode (cathode/anode) 

materials.1-9 As anode materials for LIBs, transition metal oxides, 

such as Cr2O3,
10 Fe2O3,

11 Co3O4,
12-14 CuO,15 and MnO2

16 provide 

tremendous opportunities to realize this goal compared to 25 

conventional carbon-based materials. MnO2 has been studied for 

a long time as cathode material for LIBs or electrode material for 

supercapacitors due to its natural abundance, non-toxicity and 

cost effectiveness.17-21 As a typical transition metal oxide, MnO2 

can also serve as a potential anode material: by utilizing all its 30 

possible oxidation states through a conversion reaction, it 

possesses high theoretical capacity (four electron transfers occur 

per manganese ion). However, poor cycling performance 

constitute the main drawback which limits its application as 

anode material for LIBs. As shown in Figure 1a (left), MnO2 is 35 

compact before charging-discharging. After lithium ions’ 

insertion into the crystal structure and their conversion reaction 

with MnO2, Mn and Li2O nanoparticles “in situ” formed 

electrochemically. However, serious crystal distortion and 

volume expansion lead to lattice stress and self-aggregation 40 

during charge-discharge cycle (Figure 1a, right), resulting in the 

loss of electrical contact and ultimately electrode failure.22-23 

 Previous strategies to overcome these problems include: (1) 

Reducing the particle size from micro scale to nano scale to 

accommodate the large volume change and shorten the Li ion’s 45 

diffusion length.24 (2) Coating carbon-based materials or 

conducting polymers to enhance the electronic conductivity.25-30 

(3) Constructing hierarchical nanocomposites to take full 

advantages of synergistic effect of different components.31-35 

These techniques can partly prevent the large volume expansion 50 

and the resultant loss of electrical contact, but they all belong to 

the external modification and the crystal deformation as well as 

the volume change still exists. Moreover, sophisticated synthetic 

process cannot deter the reversible specific capacity from 

inevitable capacity fading.  55 

 In comparison, if we introduce lithium atoms into the intracell 

of these anode materials undergoing conversion reaction and 

obtain the LixMOy structure (Figure 1b), the “in situ” 

electrochemically formed M metal (specifically Mn in our case) 

and Li2O can be dispersed during the conversion process, and 60 

accommodate larger space to buffer the volume expansion. 

Furthermore, this Li-enrichment method removes the requirement 

that the cathode must contain lithium in its original states and 

opens up new avenues of pairing Li-free electrodes for the next 

generation high-energy LIBs.36 Although similar strategies, such 65 

as pre-lithiation, have been applied in intercalation reaction in 

order to increase their ionic diffusion and/or electronic 

conductivity,37-39 to the best of our knowledge, this strategy and 

its function are rarely reported for conversion reaction of anode 

materials. 70 

 In this work, we successfully synthesize a novel Li-rich anode 

material (Li2MnO3) for LIBs by inserting lithium atoms in 

manganese oxide. Completely different from rapid capacity 

fading of MnO2, Li2MnO3 exhibits a very stable cycling 

performance and capacity over 1200 mAh g-1, much higher than 75 

conventional carbon-based materials and other commercial 
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anodes. Studies of diffraction, modeling and photoelectron 

spectroscopy reveal that the pre-inserted Li in the manganese 

oxide lattice plays a key role for stabilization. Electrochemical 

performance and mechanism investigation further demonstrate 

that this novel and general strategy as well as the optimized 5 

anode Li2MnO3 is promising for LIBs. 

 
Figure 1 Schematic illustration of the behavior of (a) manganese oxide 

electrode that shows failure of the electrode because of crystal and 

volume change. (b) Our internal Li-enrichment anode Li2MnO3 electrode 10 

that shows a well-maintain of electrical contact between the metallic 

manganese nanoparticles and Li2O. 

Experimental section 

Materials 

 For typical synthesis, C4H6MnO4•4H2O, LiOH•H2O, H2O2, 15 

sodium dodecyl benzene sulfonate (SDBS), polyvinylpyrrolidone 

(PVP K30) were analytical reagent grade, purchased from 

Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. All 

chemicals were used as received without further treatment. 

Methods 20 

 Sample Synthesis: The Li2MnO3 nanowires were prepared in 

two steps. First, the MnOOH nanowires were synthesized by a 

hydrothermal method. SDBS (0.769 g) and PVP K30 (0.4446 g) 

were dissolved in deionized water of 50 ml. Meanwhile, 

C4H6MnO4•4H2O (1.725 g) and LiOH (0.555 g) were dissolved 25 

in deionized water of 15 ml, respectively. And H2O2 (0.6 ml) was 

added. The as obtained solutions were mixed sequentially under 

continuous stirring. And then the final solution was transferred 

into a 100 ml Teflon-lined stainless steel autoclave and kept in an 

electric oven at 140 oC for 12 h. Later the autoclave was left to 30 

cool naturally to room temperature. The obtained precursors 

MnOOH nanowires were centrifuged, washed several times with 

distilled water and ethanol, and then dried at 110 oC in a vacuum 

oven. Second, the obtained MnOOH nanowires and LiOH·H2O 

were mixed (Mn : Li = 1:2) in alcohol and stirred for 12 h to 35 

obtain a homogeneous mixture. Finally, the mixture was heated at 

70 oC to allow the alcohol evaporation and then annealed at 650 

oC for 15 h in air to obtain red powder. For comparison, the 

MnO2 nanowires were synthesized by annealing the precursor at 

300 oC for 2 h (Figure S2 in the Supporting Information). 40 

Characterizations 

 X-ray diffraction (XRD) measurements were performed to 

investigate the crystallographic information using a D8 Advance 

X-ray diffractometer with non-monochromated Cu-Ka X-Ray 

source. Field-emission scanning electron microscopy (FESEM) 45 

images were collected with a JEOL JSM-7100F at an acceleration 

voltage of 10 kV. Transmission electron microscopy (TEM) and 

high-resolution transmission electron microscopy (HRTEM) 

images were recorded by using a JEM-2100F STEM. X-ray 

photoelectron spectroscopy (XPS) was measured by VG Multilab 50 

2000.  

Electrochemical Measurements 

 The electrochemical properties were carried out by assembling 

2016 coin cells in a glove box filled with pure argon gas, which 

use lithium pellets as the counter electrode and reference 55 

electrode, a 1 M solution of LiPF6 in ethylene carbon (EC)/ 

dimethyl carbonate (DMC) (1:1 w/w) as electrolyte, anode 

electrodes were obtained with 70% Li2MnO3 nanowires active 

material, 20% acetylene black and 10% poly (tetrafluoroethylene) 

(PTFE). Galvanostatic charge/discharge cycling was studied in a 60 

potential range of 3.0–0 V vs. Li/Li+ with a multichannel battery 

testing system (LAND CT2001A). Cycling Voltammetry (CV) 

and AC-impedance tests were performed with an electrochemical 

workstation (CHI 760D and Autolab PGSTAT 302N). 

Results and Discussion 65 

To determine the phase structures of the as-obtained products, 

XRD measurements were conducted. Figure 2a shows XRD 

patterns of the synthesized nanowires indexed as Li2MnO3 

monoclinic structure (JCPDS No.00-027-1252, a = 4.928 Å，b = 

8533 Å, c = 9.604 Å and β = 99.5 °) with a space group of C2/m, 70 

this structure is the same as that of R3m layered rock salt. TEM 

investigation has been carried out. As shown in Figure 2b, the as-

prepared product exhibits nanowires morphology. HRTEM 

investigation reveals that these nanowires are well crystalline, 

and the lattice fringe spacings of 2.42 and 2.13 Å correspond to 75 

the inter plane distance of (-131) and (040) of the monoclinic 

structure of Li2MnO3, respectively.  

 FESEM images provide insight into the morphology of the 

products. Figure 2c shows a FESEM image of the Li2MnO3 

nanowires, which have diameters of 20-80 nm and smooth 80 

surfaces. Figure 2d shows the FESEM image of MnO2 nanowires 

as control experiment. They all keep the nanowire structure and  
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Figure 2 (a) XRD patterns of the Li2MnO3 nanowires. (b) TEM image of 

the Li2MnO3 nanowires. Inset is the HRTEM images of the Li2MnO3 

nanowires. (c) SEM image of the Li2MnO3; Inset in c is the crystal 

structures of the Li2MnO3. (d) SEM image of the MnO2. Inset in d is the 5 

crystal structures of the MnO2. (The red ball represents O atoms, the 

purple one represents Mn atoms and the yellow represents Li atoms.) 

are conformity with the nanowires morphology of the precursor 

MnOOH, which demonstrates that the process is a morphology 

conserved transformation (Figure S1b in the Supporting 10 

Information). The crystal structure of Li2MnO3 nanowires in the 

insets of the figure 2c indicates that the structure of Li2MnO3 is 

derived from the rhombohedral α-NaFeO2 structure, with Li and 

Mn occupying the Na and Fe sites respectively. Unusually, one-

third of the positions in the Mn-plane are replaced by Li to form 15 

an ordered LiMn2 slab. The chemical formula of Li2MnO3 can be 

written as {(Li1/2)2c(Li1)4h}interslab {(Li1/2)2b(Mn1)4g}slab(O1)4i(O2)8j, 

in which the subscripts 2c, 4h, 2b, 4g, 4i, and 8j are the lattice 

sites occupied by the atoms in the round brackets. The sites 

within the Li layers are 2c and 4h, while the 2b site corresponds 20 

to the Li located in the LiMn2 layer.40 The volume of cell which 

occupied by 8 Mn atoms is 398.32×106 pm3. While the crystal 

structure of MnO2 nanowires in the inset of the Figure 2d can be 

indexed to a tetragonal phase which is composed of single chains 

of the octahedral structure.41 The total volume of 4 cells is 25 

222.56×106 pm3, since the volume of cell which occupied by 2 

Mn atoms is 55.64×106 pm3. Through the actual calculation, the 

volume of internal Li-enrichment Li2MnO3 is 79.0% larger than 

that of MnO2 with the same number of Mn atoms. 

    To explore the influence of Li-enrichment optimization on 30 

electrochemical performance, we fabricated coin cell and gained 

the CV performance, cycling and rate behavior of Li2MnO3 and 

MnO2. CV results for Li2MnO3 nanowires are shown in Figure 3a, 

upper curve. The CV is measured at a sweep rate of 0.1 mV s-1 in 

the potential range from 0 V to 3.0 V vs. Li/Li+ at room 35 

temperature. It is observed that upon the first scan, two cathodic 

peaks appear at 0.75 V and 0.08 V, respectively, corresponding to 

the reduction of lithium manganese oxide to metallic manganese 

(Mn4+ to Mn0) and bivalent manganese ion (Mn4+ to Mn2+) 

embedded in an amorphous matrix of Li2O as well as the 40 

formation of Li2O and a solid electrolyte interphase (SEI) layer.42 

First-discharge reaction involves destruction of the crystal 

structure (amorphization of lattice) followed by the formation of 

metallic nanoparticles embedded into the Li2O matrix. One 

anodic peak located at 1.35 V can be seen, which indicates that 45 

the reoxidation of manganese proceeds in one step. The CV 

profiles of Li2MnO3 in the first three cycles are quite similar to 

those of the MnO2 nanowires with some differences. The CV 

curve of Li2MnO3 in the third scan closely resembles to that of the 

second scan, which demonstrates that the lithiation and 50 

delithiation processes are highly reversible from the second cycle. 

Nevertheless, the CV curve of MnO2 in the third scan still 

exhibits a reduced area.  

 Figure 3b-c are the primary cycling performance comparison 

of the two samples (MnO2 nanowires and Li2MnO3 nanowires) at 55 

the current densities of 100 and 500 mA g-1, respectively. The 

two samples have very similar electrochemical performance such 

as voltage platform but the Li2MnO3 nanowires show better 

cycling performance. The capacity of Li2MnO3 nanowires drop in 

the first few cycles, then increase over cycling , and finally get 60 

stabilized up to 10 cycles for the cell cycling at 100 mA g-1. At 

current density of 100 mA g-1, the second cycle discharge 

capacities of Li2MnO3 and MnO2 nanowires are 1312 and 886 

mAh g-1, respectively. It is obvious that a significant loss of 

capacities happen at the first few cycles which may be attributed 65 

to decomposition of electrolyte and irreversible phase transition.42 

However, after 50 cycles, the discharge capacity of Li2MnO3 

nanowires still remains 1184 mAh g-1, while that of MnO2 

nanowires is only 637 mAh g-1. Interestingly, the capacity 

gradually increases with the increasing cycle number. At the 70 

current density of 500 mA g-1, even after 500 cycles, the 

discharge capacity of Li2MnO3 nanowires reaches 1279 mAh g-1. 

 Furthermore, the rate capability of Li2MnO3 is tested at various 

current densities in the same potential window. The battery is 

charged and discharged at different rates ranging from 100 to 75 

2000 mA g-1 (Figure 3d). The Li2MnO3 nanowires anode deliver 

the discharge capacities of 1311, 964, 745, 601, 440 and 251 

mAh g-1at current densities of 100, 200, 300, 500, 1000 and 2000 

mA g-1, respectively. Remarkably, even after this high-rate 

measurement, back at the current density of 100 mA g-1, the 80 

capacity can reach 1422 mAh g-1.  This performance indicates the 

high reversibility of Li2MnO3 nanowires. The rate performance of 

Li2MnO3 nanowires is much better than the commercialized 

carbon-based materials43 (~375 mAh g-1) and Li4Ti5O12
44

 (~175 

mAh g-1).  85 

     It is noteworthy that the capacity of MnO2 as anode material 

gradually decays during cycling, while the capacity of Li2MnO3 

continuously increases. This significant difference indicates that 

there are substantial changes after optimization.  

 In order to understand the reaction mechanism of Li2MnO3, 90 

XPS tests were carried out to examine the change in the oxidation 

state of manganese before and after lithiaton (Figure 4a). The 

position and line shape (sharp Mn 2p3/2 peak at 641.9 eV and Mn 

2p1/2 peak at 653.6 eV) of XPS spectra in Figure 4aI once again 

indicate the presence of the main quadrivalent manganese (Mn4+). 95 

XPS spectra of Li2MnO3 nanowires after lithiaton (Figure 4a II) 

shows broader peaks of Mn 2p binding energy compared to the 

pristine electrode, indicating the presence of metallic manganese 

from the reduction of manganese oxide during lithiation process. 

The XPS spectra of the Li 1s peak centered at  100 
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Figure 3 (a) Cyclic voltammetry curves at a sweep rate of 0.1 mV s-1 in the potential range from 3.0 to 0.0 V vs. Li/Li+. (b-c) The cycling performances at 

the current density of 100 and 500 mA g-1, respectively. (d) The rate performance of Li2MnO3 and MnO2 nanowires. 

55.3 eV confirms the formation of Li2O (inset Figure 4aII). 16 The 5 

formation of Li2O and metallic manganese during the initial 

lithiation process is thus confirmed, which indicate the 

electrochemical reaction taking place in Li2MnO3 is based on 

conversion reaction. 

 To follow the reaction process of Li2MnO3, we collected the 10 

XRD patterns at three states in the first discharge process (Figure 

4b). The XRD patterns tested at initial point of 3.0 V (Figure 4b I) 

and at 0.3 V (Figure 4b II) show that both phases are identical to 

the Li2MnO3, indicating no phase transition before 0.3 V. As 

reported, the plateau at 0.75 V is in accordance with the process 15 

associated with reduction of the electrolyte. 45 The sloping region 

of the curve from 0.75 V to 0.3 V has previously been attributed 

to further SEI layer formation/electrolyte reduction on the surface 

of the composite electrode materials.45 The XRD measured at the 

end of the discharge curve (Figure 4b III) indicates the presence 20 

of dominant phase of Mn(OH)2 (associated with small amount of  

Li2MnO3). Considering the XPS data, metallic manganese also 

exist in the final product (because of the small size of metallic 

manganese, there is no diffraction peaks detected in XRD 

pattern46).  Therefore we propose the following reaction: 25 

 Li2MnO3 + 2Li+ + H+ + 3e- → x Mn + (1-x) Mn (OH)2 + 2Li2O     

(0 < x < 1)  (1) 

 After the insertion of 2Li, the gradual decrease in the discharge 

voltage is associated with the decrease of the LiOH (Figure 4aIII). 

Thus, a major reaction that contributes to the additional capacity 30 

in the Li/ Li2MnO3 system involves the conversion reaction of  

 LiOH + 2Li+ + 2e+ = Li2O + LiH  (2) 

which is at least partially reversible. Our results about 

contribution from H+ and formation of LiH agree well with Clare 

P. Grey’s results. 47 
35 

 To reveal the chemical changes during cycling of Li2MnO3 and 

further understand the enhanced cycling stability and the reason 

of continuous capacity increase, we compare the Mn 2p XPS 

spectra of Li2MnO3 at different cycle under 500 mA g-1. After 

first discharge, there exist Mn0, Mn2+ and Mn4+, simultaneously 40 

(Figure 4a IV, A). Nevertheless, after first charge, Mn0 

disappears corresponding to the oxidation of manganese. The 

amount of Mn0 is much less than that of Mn2+, which is 

approximately equal to that of Mn4+. (Figure 4a IV, B). After 200 

discharge/charge, the XPS results show that the valence of 45 

manganese shift toward to the high state and the amount of Mn0 

is much less than that of Mn2+, which is less than that of Mn4+, 

indicating the amount of Mn (OH)2 decreases and that of 

Li2MnO3 (or MnO2) increases after long cycling (Figure 4a IV, 

C).  The differences in the Mn valence during the electrochemical 50 

process can explain the capacity’s increase during cycles.  

Different from the MnO2 electrode in which the metallic 

manganese formed directly,16 a mass of manganese hydroxide 

formed as buffer as well as the metallic manganese when it came 

to the Li2MnO3 electrode. From the above analysis, it is 55 

demonstrated that the Li-enrichment can act as electrochemical 

buffer on charging depth. 

 On the other hand, through the crystallographic analysis we 

also notice the crystal changes after Li-enrichment:  the volume 

of internal Li-enrichment Li2MnO3 is 79.0% larger than that of 60 

MnO2 with the same number of Mn atoms. These effects can 

alleviate the mechanical stress induced by the volume change and 
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the aggregation of the Mn nanoparticles during cycling. It is 

assumed that the pre-inserted Li in the manganese oxide lattice 

plays a key role in the dispersion of Mn nanoparticles embedded 

in the Li2O matrix, which are expected to retain their high 

internal electrical contact after conversion during cycling. Thus, it 5 

is shown that Li-enrichment in metal oxide anode material can 

also exhibit physical buffer on volume expansion. 

 
Figure 4 (a) XPS spectra of Li2MnO3 nanowires (I) before first lithium 

discharge process (II) after first lithium discharge process.  Formation of 10 

manganese metal and Li2O during the discharge process has been 

confirmed using XPS. (III) XRD and XPS patterns of LiOH. (IV) Mn 2p 

XPS spectra of (A) first lithium discharge (B) first lithium charge. (C) 

200th lithium charge. (b) XRD patterns collected at various states of 

discharge for Li2MnO3 nanowires.  15 

Conclusions 

 In summary, in order to fundamentally solve the problem of 

capacity fading in the conversion reaction material, that is, 

superabundant Li2O generated in the interior of the structure upon 

lithium insertion causes the volume expansion and mechanical 20 

fracture from the inside out, we have brought up a strategy of 

internal Li-enrichment optimization and successfully synthesized 

novel Li2MnO3 nanowire anode material for LIBs. 

Electrochemical measurements suggest that anode material of 

Li2MnO3 nanowires undergoing conversion reaction exhibit an 25 

excellent performance in terms of reversible specific capacity, 

cycling stability and rate performance. The reversible capacity 

can reach 1279 mAh g-1 at the current density of 500 mA g-1 after 

500 cycles, much higher than those of pure MnO2 nanowires and 

other commercial anode materials. The studies of diffraction, 30 

modeling and photoelectron spectroscopy reveal that Li-

enrichment in metal oxide anode material plays a key role for 

stabilization and acts as both electrochemical buffer on charge-

discharge and physical buffer on volume expansion. Besides, this 

Li-enrichment method may remove the requirement that the 35 

cathode must contain lithium in its original states and opens up 

new avenues of pairing Li-free electrodes for the next generation 

high-energy LIBs. Thus, this new material as well as the 

optimization strategy will find great application in the energy 

storage field. 40 
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