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Abstract (200 words) 

This work continues our systematic studies of Li and Mn-rich cathodes for lithium-ion batteries. 

We have chosen Li2MnO3 as a model electrode material aiming to correlate improved 

electrochemical characteristics of these cathodes initially activated at 0C with structural evolution 

of Li2MnO3, oxygen loss, formation of per-oxo like species (O2)n-, and the surface chemistry. It 

was established that performing a few initial charge/discharge (activation) cycles of Li2MnO3 at 

0C, resulted in increased discharge capacity, higher capacity retention, decreased and 

substantially stabilized the voltage hysteresis upon subsequent cycling at 30C or at 45C. In 

contrary to activation of Li2MnO3 at these higher temperatures, Li2MnO3 underwent step-by-step 

activation at 0C, providing a few-steps stepwise traversing of the voltage plateau at >4.5 V during 

initial cycling. Importantly that these findings agree well with our previous studies on activation 

at 0C of 0.35Li2MnO3•0.65Li[Mn0.45Ni0.35Co0.20]O2 materials. We proposed stabilized interface 

is developed at 0C that can be ascribed to the reduced interactions of the per-oxo like species 

formed and the oxygen released from Li2MnO3 with the solvents in ethylene carbonate – methyl 

ethyl carbonate/LiPF6 solutions. Our TEM studies revealed that typically, upon initial cycling both 

at 0C and at 30C, Li2MnO3 underwent partial structural layered-to-spinel (Li2Mn2O4) transition.   
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1. Introduction 

 

Among various materials for cathodes in advanced Li-ion batteries (LIB), Li and Mn-rich oxides 

like Li1+xNiyCozMn0.5+wO2 (x + y + z + w = 0.5) or xLi2MnO3•(1-x)LiMO2 (M = Mn, Ni, Co) are 

the most promising because of their high discharge capacity (> 250 mAh/g) after the first activation 

charge-discharge cycle and high energy density of ~1000 Wh/kg. These materials have attracted 

much attention since they were first synthesized and introduced by Thackeray et al. and intensively 

studied by many groups [1–7]. Electrodes comprising these high-energy lithiated Ni, Co, Mn 

oxides (HE-NCM) suffer from fast capacity fading, large the voltage hysteresis, and transition 

metals dissolution during prolonged cycling  [5,8–18]. Therefore, researchers have proposed 

several approaches to stabilize their electrochemical performance, such as surface coatings by 

oxides and salts, for instance Al2O3, TiO2, ZrO2, AlF3 [19–21], cationic or anionic lattice doping 

with Na+, Mg2+, Al3+, F-, etc. [22–26], and gas treatment at high tempature with NH3, SO2, CO2, 

or F2 [27–30]. Additionally, Thackeray et al. [31,32] have shown that treatment of HE-NCM 

materials with inorganic acids (H2SO4, HNO3) resulted in a stable electrochemical behavior. We 

have demonstrated recently [33] that stable cycling and higher rate capability, lower the voltage 

hysteresis of HE-NCM cathodes in Li-cells can be achieved after treatment of these materials with 

trimesic or terephthalic acids at 600 C. An important finding was reported in our previous work 

[34] that performing initial (activation) cycling of HE-NCM electrodes at low temperature, for 

instance 0 C or 15 C, resulted in higher discharge capacity, decreased the voltage hysteresis and 

its stabilization compared to those electrodes initially activated and cycled at the higher 

temperatures (30  and 45 C). In that work, we used 0.35Li2MnO3•0.65Li[Ni0.35Mn0.45Co0.20]O2 

material reffered as a two-phase system consisting of layered structurally compatible components: 
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Li2MnO3 (monoclinic, space group C2/m) and Li[Ni0.35Mn0.45Co0.20]O2 (rhombohedral, space 

group R-3m) integrated on a nano-scale [8,11,35–37] and demonstrating common d-spacing [38]. 

Li2MnO3 attracts attention not only as one of the end-members of HE-NCM materials, but as a 

high-capacity cathode with theoretical capacity ~460 mAh/g for total Li extraction when charged 

to potentials >4.6 V. However, Li2MnO3 becomes electrochemically active in electrodes 

comprising its nano-sized particles which demonstrate higher capacity and enhanced cycling 

behavior compared to those of submicronic or micron-sized materials. Li2MnO3 component  plays 

a critical role in HE-NCM cathodes providing high capacity during cycling in the potential range 

of 2.0 – 4.6 V by introducing a reversible anionic red-ox chemistry, O2- → (O2)n-. This oxygen 

redox compensates for almost half of the measured capacity of HE-NCMs in the initial cycles, and 

more than one-third of the capacity is still contributed from reversible oxygen redox after 70 cycles 

as established recently by Tarascon et al. [38]. In light of numerous experimental [39–45] and 

theoretical [46–50] studies of Li and Mn-rich layered materials as cathodes in Li-cells, much effort 

is still required to reveal the relationship among composition of these materials, structure, layered-

to-spinel phase transformations, and enhanced electrochemical characteristics depending on 

cycling conditions (potential window,current density applied), electrolyte solutions, and 

temperature. 

The main goal of the present work, which is a continuation of our recent research [34], was to 

study how the initial (activation) cycling of Li2MnO3 electrodes at low temperature (0 C) 

influences their subsequent electrochemical performance at the higher temperatures (for instance, 

30 C and 45 C). We aimed also to correlate improved electrochemical characteristics of these 

electrodes - stabililized capacity and the voltage hysteresis - with structural evolution of Li2MnO3, 

oxygen loss, formation of per-oxo like species (O2)n-, and surface chemistry. Thus, we intended to 
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deeply understand the basic phenomenon of the temperature-dependent activation (“low-T 

activation”) of xLi2MnO3•(1-x)Li[Ni-Mn-Co]O2 materials at 0 C, studied for the first time. 

       

2. Materials and Methods  

2.1 Synthesis of Li2MnO3 

Li2MnO3 was produced by the solution-combustion reaction (SCR) from an aqueous solution of 

lithium nitrate LiOH and manganese nitrate Mn(NO3)2 (Sigma-Aldrich), which act as the oxidants, 

and sucrose C12H22O11 as the fuel, similarly to the previous reports [51]. The oxidant/fuel ratio was 

1:1. The as-prepared Li2MnO3 material was annealed at 400 C and 700 C for 1 h in air at each 

temperature. The individual primary particles obtained were of 30-100 nm, some of which were 

agglomerates of ~1 – 1.5 µ. The SEM image is presented in Figure S1. The specific active surface 

area was 20 m2 g-1 as measured by Brunauer, Emmet and Teller (BET) method (Gemini 2375, 

Micromeritics, multipoint mode). The chemical analysis of the annealed product was carried out 

using the inductive coupled plasma technique (ICP-AES, spectrometer Ultima-2 from Jobin-Yvon 

Horiba). The composition of the material was Mn:Li=1:2 corresponding to Li2MnO3 within the 

accuracy of the measurement 98%.   

2.2 Preparation of electrodes and electrochemical cells  

Working electrodes (cathodes) for electrochemical cells were prepared by mixing the active 

material Li2MnO3  with carbon black super P (from Timcal), graphite KS-6 (Timcal) and 

polyvinylidene difluoride binder PVdF (Solef 5130) in a ratio of 80:10:10 wt.%, in N-methyl 

pyrrolidone using planetary vacuum mixer Thinky (Japan) to obtain slurry. It was then cast onto 
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an aluminum foil (15 µm thick, from Strem), dried on a hotplate followed by drying at 120 C 

under vacuum overnight.  

2.3 Electrochemical measurements 

Electrochemical tests were carried out in two-electrode cells of 2325 coin-type configuration. The 

geometric area of the working electrodes was 1.5 cm2 and the average loading of the active mass 

was 3 mg/cm2. Counter electrodes were prepared from ~200 m thick lithium foil. 

Electrochemical cells were assembled in a glove box (VAC) filled with highly pure argon (5N). 

The electrolyte solutions (Li battery grade, LP57 from BASF) comprised 1M LiPF6 dissolved in 

ethyl-methyl carbonate (EMC) and ethylene carbonate (EC), weight ratio 7:3.  For statistical 

purposes, we studied electrochemical perfromance of at least 2 – 3 cells simultaneously and the 

results were averaged. The electrochemical measurements were performed using a multichannel 

Maccor-2000 battery cycler and a battery test unit model 1470, coupled with a FRA model 1255 

from Solartron, Inc. (driven by Corrware and ZPlot software from Scribner Associates, Inc.). The 

alternating voltage amplitude in impedance measurements was 3 mV and the frequency ranged 

from 100 kHz to 5 mHz. The electrochemical impedance spectroscopy data were analyzed using 

Impedance Spectroscopy Genetic Programing (ISGP), a matlab based program that finds the 

distribution function of relaxation times (DFRT) via genetic programming [52–54]. ISGP finds an 

analytical form of the DFRT, which makes it possible to follow the changes in each peak that 

idealy represents a process. All the potentials in this paper are given vs. Li+/Li. Electrochemical 

tests and on-line electrochemical mass spectrometry measurements were conducted in thermostats 

at 0 C ( from Binder) and higher temperatures (from MRC). 

 

2.4 Structural and surface studies 
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X-ray powder diffraction (XRD) measurements were performed in the 2 range from 10 to 80°, 

with a step size of 0.02° at 15 sec/step rate. The analysis of the XRD patterns was carried out using 

the PowderCell program [55]  and the Fullprof program as described elsewhere [56]. Transmission 

electron microscopy (TEM) studies of the Li2MnO3 particles were performed with a LaB6-200 kV 

Jeol-2100 electron microscope and convergent beam electron diffractions (CBED) were taken 

using a 7 nm probe size. Samples for the TEM studies were prepared by methodology described 

in ref. [57]. Scanning electron microscopy (SEM) images of Li2MnO3 powder were obtained using 

E-SEM (environmental scanning electron microscope), Quanta FEG. Micro-Raman spectroscopy 

measurements of electrodes and powders scratched from them were performed at room 

temperature using a micro-Raman spectrometer from Renishaw inVia (United Kingdom) equipped 

with a 514 nm laser, a CCD camera, and an optical Leica microscope. A 50x objective lens to 

focus the incident beam and an 1800 lines/mm grating were used. For statistical purposes, Raman 

spectra were recorded from 10–20 locations arbitrarily chosen on a sample. X-ray Photoelectron 

Spectroscopy (XPS) measurements were performed in ultrahigh vacuum (2.5x10-10 Torr base 

pressure) using a 5600 Multi-Technique System (PHI, USA). The samples were irradiated with an 

Al Kα monochromated source (1486.6 eV) and the outcome electrons were analyzed by a spherical 

capacitance analyzer using the slit aperture of 0.8 mm in diameter. High resolution spectra were 

taken at pass energy of 11.75 eV at increments of 0.05 eV/step to allow precise energy position 

and peak shape determination. Curve fitting was done with a Gaussian-Lorentzian function using 

the 5600 Multi-Technique System software. Mn K-edge X-ray absorption fine structure (XAFS) 

spectroscopic measurements of Li2MnO3 were carried out at BL2-2 beamline at Stanford 

Synchrotron Radiation Light source (SSRL) in transmission mode. The Li2MnO3 sample was 

ground to fine powder and brushed on tape for measurements. XAFS data processing and analysis 
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were done using the Athena and Artemis software within the IFEFFIT package [58]. The 

normalized k2-weighted EXAFS data were Fourier transformed in a k range of 2-11 Å-1 for Mn. In 

the fits, the contributions from two metal−oxygen (M−O) paths with different interatomic distance 

and one metal−metal (M−M) path according to the Li2MnO3 structure were included. The value 

of the amplitude reduction factor (S0
2) was obtained from the fitting of the pristine Li2MnO3 powder 

and fixed in the fits of the electrode materials. 

2.5 On-line electrochemical mass spectrometry  

A customized on-line electrochemical mass spectrometer (OEMS) with multi-inlet capillary 

system (Hiden Analytical) was used to analyze the evolving gases, in-operando, as a function of 

the applied potential and temperature. A laboratory-made cell for the OEMS measurement were 

assembled inside Ar filled glovebox with Li2MnO3 as cathode (ø 10 mm), Li foil as anode (ø 14 

mm), and 100 µL LP 57 as electrolyte solution. Two polyethylene separators (ø 29 mm) were 

placed between cathode and anode. The cell was connected to OEMS through a microcapillary 

using one of the Swagelok valves located at the head part of the cell. A vacuum of 10-6 torr was 

maintained while sampling the evolved gases at a rate of 12 µL/s. The electrochemical 

measurements were carried out using VSP-potentiostat (Bio-logic Science instruments) in a 

potential window of 2.4– 4.7 V. The variation of desired gases with time was investigated using 

Mid mode. The measurements were carried out at 0 and 30 ˚C using thermostats. 
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3. Results and Discussion 

3.1 Structural and morphological characteristics of Li2MnO3 

      Figures S1 and S2, respectively, represent the SEM image of the Li2MnO3 particles measured 

from the as-prepared annealed product and its XRD profile.  It can be seen in Figure S1 that the 

shape of primary particles is almost equiaxed of about 30 – 100 nm in size, some of which form 

submicronic and micron-sized aggregates. The XRD pattern in Figure S2 shows peak positions 

characteristic of the Li2MnO3 phase that correspond to the C2/m symmetry including weak 

overlapping peaks (020) and (110) at 2=20 - 220, which arise due to ordering in the transition 

metal layers comprising Li and  Mn  ions in an  atomic  ratio 1:2.  This is in accordance with the 

approach  describing the monoclinic Li2MnO3 structure [59,60] as a layered compound similar to 

LiMO2, thus representing the  formula Li2MnO3  in layered notation as Li[Li1/3Mn2/3]O2 while the 

ordered [Li1/3Mn2/3] layers are stacked along the c-axis.  

The unit cell parameters of the monoclinic phase as calculated from the XRD data (reliability factor 

of Rp=2.55%) are as follows: a=4.926 Å, b =8.512 Å, c =5.022 Å, β=109.330, which is in line with 

the values reported in the literature [60].  

The results of TEM analysis are consistent with the structural information obtained by XRD. The 

TEM image of individual particles of the annealed as-synthesized material is represented in Figure 

1 with an insert showing the CBED pattern, which was taken from the particle indicated by the 

arrow and indexed on the basis of the monoclinic Li2MnO3 structure.   Small region of this particle 

was also used to obtain a high-resolution image shown in Figure S3. As expected, the distances 

measured between the atomic planes were 0.43 nm and 0.41 nm, thus matching, respectively, the 

interplanar spacings d020 and d110 in the monoclinic Li2MnO3 structure. Furthermore, Fourier 
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transform (see insert) of a part of the image looks exactly the same as the CBED pattern (Figure 

1) recorded in the diffraction experiment. 

                                  

Figure 1. Bright field TEM image of the particles of pristine Li2MnO3 material. The insert shows 

an example of CBED pattern, which was taken from the particle indicated by arrow. The pattern 

was indexed on the basis of the monoclinic Li2MnO3 structure. 
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3.2 Electrochemical behavior and structural evolution of Li2MnO3 electrodes at 0 C, 30 C, 

and 45 C. Impact of their initial activation cycling at 0 C. 

 

Figure 2a, b, c. Voltage profiles of Li2MnO3 electrodes measured during several initial cycles at 

0 C (a), 30 C (b), and 45 C (c). The current density applied was 2 mA/g. Potentials of the 

plateaus registered upon the charging of electrodes to 4.7 V are indicated. At the upper cut-off 

voltage of 4.7 V, electrodes were kept potentiostatically for 1 hour. Note that at 0 C, plateau-like 

portions of the charging profiles registered at ~4.55 V are developed in a step-wise manner, as 

indicated in (a). 
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In Figure 2a, b and c, we compare the voltage profiles measured during the initial charge-

discharge cycles from Li2MnO3 electrodes at 0 C, 30 C and 45 C, respectively. The first 

charging processes for all of these electrodes up to 4.7 V are characterized by a steep potential 

increase in the potential range from OCV to 4.4 - 4.5 V, at which Li2MnO3 is electrochemically 

inactive, followed by an irreversible potential plateau related to the Li2MnO3 activation and the 

Li+ deintercalation, in agreement with the literature reports [41,42]. Importantly to note that upon 

the initial charge reaction, the potential plateaus were registered at 4.66 V, 4.60 V, and 4.55 V for 

the above Li2MnO3 electrodes at 0 C, 30 C, and 45 C, respectively. This observation is in line 

with our finding in a previous study [34], in which Li2MnO3-based Li and Mn-rich electrodes 

0.35Li2MnO3
.Li[Mn0.45Ni0.35Co0.20]O2 at 0 C exhibited the 1st charging voltage plateau at ~4.7 V 

that was 150 – 200 mV higher comparing to those measured at 15 C, 30 C, and 45 C. In 

addition, only at 0 C, charge profiles exhibit short plateau-like portions at around 4.50 – 4.55 V 

formed continuously during charging to 4.7 V in 2nd to 5th cycles. This continuously developed 

plateau-like portions of the charging process at 0 C, though at lower potentials compared to the 

plateau during the first charge (Figure 2a), seems to be thermodynamically favorable and may 

indicate a continuous activation of Li2MnO3 and the Li+ extraction from the structure. They are 

gradually progressing, in contrast to the voltage plateaus that were developed only in the first 

charging process of Li2MnO3 electrodes at 30 C and 45 C shown in Figure 2b and c. In addition, 

Figure S4 that shows differential capacity plots of the above Li2MnO3 electrode cycled at 0 C, 

also exhibits dQ/dV peaks at potentials close to those of the voltage plateaus. 
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A similar continuous activation of Li2MnO3 reflected by gradually developed plateau-like portions 

during charging to 4.8 V for the initial five cycles was also established by Ye et al. [61] in Li-rich 

Li[Li1/3–2x/3Mn2/3–x/3Nix]O2 (0.09 ≤ x ≤ 0.2) materials doped with minor amount of Nickel. These 

authors attributed the continuous or stepwise gradual activation of Li2MnO3 as promoted by 

smaller (optimized) amounts of the dopant. 

 

 

Figure 3. (a) Discharge capacity of Li2MnO3 electrodes activated at 0 C for several initial cycles 

(empty symbols). Current density was 2 mA/g corresponded to ~C/10 rate. Subsequent cycles (10 
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mA/g, ~C/2 rate) at this temperature is also shown (filled symbols). (b) Left hand portion: 

discharge capacity of several initial activation cycles of Li2MnO3 electrodes at 0 C (black 

symbols; 2 mA/g, ~C/10)  and at 30 C (red symbols). In the right hand portion, curve A exhibits 

discharge capacity of Li2MnO3 electrodes activated at 0 C and subsequently cycled at 30 C (10 

mA/g, ~C/2). Curve B relates to the case when both activation and the subsequent cycling were 

performed at 30 C. Note that in both cases of activation at 0 C or at 30 C, the subsequent cycling 

was performed at the same C/2 rate, for the direct comparison. Impedance spectra of Li2MnO3 

electrodes were measured at 30°C, at 4.4 V upon charging at points marked with green stars. 

Typical impedance spectra are shown in Figure S5. (c) Left hand portion: discharge capacity of 

several initial activation cycles of Li2MnO3 electrodes at 0 C (black circles; 2 mA/g, ~C/10)  and 

45 C (blue squares). In the right hand portion, curve A exhibits discharge capacity of Li2MnO3 

electrodes activated at 0 C and subsequently cycled at 45 C (10 mA/g, ~C/2). Curve B relates to 

the case when both activation and the subsequent cycling were performed at 45 C. Capacity 

retention (in %) of these electrodes calculated from 20th to 95th cycles is indicated. (d) Black curve 

displays the voltage hysteresis of Li2MnO3 electrodes activated at 0 C for a few initial cycles and 

subsequently cycled at 45 C. Blue curve: both activation and the subsequent cycling were 

performed at 45 C, as demonstrated in Figure 3c. Changes of the voltage hysteresis per cycle are 

indicated. 

Figure 3a, b, and c shows that the discharge capacities delivered in the initial cycles at 0 C and 

45 C increased up to ~22 and 100 mAh/g respectively, while those at 30 C were stabilized at 
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around 90 mAh/g. We note that the relatively low capacities obtained at 30 C and 45 C from 

electrodes comprising Li2MnO3 submicronic (partially agglomerated) particles are in line with 

those values demonstrated in our previous work [51]. The complex process of the Li+-ions 

extraction above 4.5 V from Li and Mn-rich electrodes involves the potential plateau, the 

simultaneous oxygen extraction from the lattice, and rearrangement of Mn-ions in case of Li2MnO3 

or TM-ions (Mn, Ni, Co) in case of xLi2MnO3
.(1-x)Li(TM)O2 materials. This process can be 

represented as follows [49, 63]: 

                                     Li2MnO3 → 2 Li+ + 2e− + MnO2 +1/2 O2                                             (1) 

 

Recent studies by the Gasteiger’s group using OEMS and HR-TEM  [6,62,63] provided strong 

evidence that oxygen is released not from the bulk Li2MnO3 but irreversibly from a several nm 

thick near-surface layer of xLi2MnO3
.(1-x)Li(TM)O2 materials. Importantly to emphasize that 

upon charging to high potentials oxygen can be oxidized to per-oxo species (O2- ↔ O2
2-) and then 

released as gas O2 [38,64]. This reversible oxo- (O2−) to per-oxo like (O2)n− transformation upon 

charge/discharge of Li-rich oxides is driven by a reductive coupling mechanism and is still under 

intensive studies [65,66]. As it follows from the results in Figure 3a, b, and c, the maximal charge 

capacities obtained in the 1st cycle at 0 C, 30 C, and 45 C were, respectively 27, 212, and 227 

mAh/g. They correspond to ~6, 46, and 49 % of the Li-ions extracted from Li2MnO3 taking into 

account its theoretical capacity of ~460 mAh/g for 2 Li+ extracted per chemical formula. The 

corresponding discharge capacities delivered in the 1st cycles at these temperatures were 21, 110 

and 113 mAh/g with the calculated irreversible capacity losses (ICL) of 1.8, 51, and 52 % 

respectively. The lowest ICL at 0 C implies thus much lesser undesirable side reactions of the 
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electrode material with traces of HF, PF5 (strong Lewis acid) in EC-EMC/LiPF6 solution, for 

instance: 

Li2MnO3 (s) + PF5 (sol) → 2 LiF (s) + POF3 (gas) + MnO2 (s)                                                  (2) 

This may also relate to the reduced interactions of the per-oxo like species formed and the oxygen 

released at 0 C with the EC and EMC solvents. (O2)n- can promote reactions of the EC absorbed 

on the electrode surface and its decomposition (by breaking one of the two C – O bonds in the 

ring) that results in evolution of CO2 and other organic species [67]. Our suggestion on minor 

interfacial side reactions at 0 C is consistent with the observed reduced oxygen activity upon 

charging process at this temperature compared to that at 30 C. This is demonstrated by the results 

of OEMS studies in Figure 4 and agrees well with the surface analysis of the oxygen XPS spectra 

of Li2MnO3 samples subjected to initial cycling at 0 C and 30 C.  
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Figure 4. Evolution of gases O2, H2, and CO2 with time during the 1st charge-discharge cycle of 

Li2MnO3 electrodes (shown in the bottom chart) measured by OEMS at 0 C and 30 C, as 

indicated. Since during 2nd to 7th initial cycles much less gases were evolved compared to the 1st 

one, the corresponding ion currents could be hardly measured because of the instrumental 

limitations of OEMS. The upper cut-off voltage was 4.7 V in these experiments. 

From XPS measurements, we established lower amount (5.2%) of per-oxo like species formed 

upon the 1st cycle of Li2MnO3 electrode at 0 C compared to that of 11.6% at 30 C, Figure 5 and 

Table S2. This is also evident from the comparative ratio of [lattice oxygen] to [per-oxo species], 

which is almost twice as higher for the latter electrode. Note that the content of (O2)n− species 

calculated from our high-resolution XPS studies agrees well with that number of 9% measured for 

discharged Li-rich Li1.2Ni0.13Mn0.54Co0.13O2 materials presented in the work by Tarascon et al. 

[38]. We suggest that stabilized Li2MnO3 electrode/solution interface is formed during the 

activation cycles at 0 C compared to that at 30 C and 45 C providing thus their stable subsequent 

cycling performance with higher capacity retention demonstrated in Figure 3b and c.  
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Figure 5. O1s XPS spectra measured from pristine (uncycled) Li2MnO3 electrode (A) and those 

subjected to the 1st  charge-discharge cycles at 0 C and 30 C, (B) and (C), respectively. Voltage 

profiles of these electrodes are shown in Figure 2a and b. 

A clear evidence to support our suggestion is a much lower charge-transfer resistance (Rct) of 

Li2MnO3 electrodes initially activated at 0 C, compared to that of 30 C, as demonstrated in 
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Figure 6a. It represents the surface film (Rsf) and charge-transfer resistances of these electrodes 

as a function of the potential measured during charging process up to 4.7 V. Figure 6b shows that 

after 65 cycles, Rct also remains lower for those electrodes activated at 0 C. Only at 4.6 V, Rct 

increases, probably due to some structural disordering or rearrangements at the electrode surface 

at high anodic potentials. Note that information of resistances representing the electrochemical 

processes (as in Figures 6a and b) was obtained from the analysis the data in Impedance 

Spectroscopy Genetic Programing that computes distribution function of relaxation times Γ in the 

form of Γ plotted vs. log f (f is the frequency ranged from 100 kHz to 5 mHz used in impedance 

tests). These plots are shown in the Supporting Information, Figures S5a –d. 
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Figure 6a and b. Surface film (Rsf) and charge-transfer (Rct) resistances calculated from 

impedance spectra measured at 30 C from Li2MnO3 electrodes initially activated at 0 C and 30 

C, respectively, as presented in Figure 3b for initial 7 cycles and subsequent cycles at 30 C. The 

corresponding points of impedance measurements are marked with green stars in Figure 3b. 

Typical impedance spectra (Nyquist plots) of these electrodes measured at 30 C at 4.4 V upon 

charging are displayed in Figure S5. 

The continuous “activation” of the Li2MnO3 phase at 0 C occurring upon charging to 4.7 V, at 

potentials of 4.50 – 4.55 V was supported by the results of GITT measurements in Figure S6. 

They confirm that only at 0 C during the 1st charging process of Li2MnO3, the variation with time 
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of the transient electrode potential exhibits short plateau-like regions at 4.6 V followed by an 

extended plateau similarly to that in Figure 2a. Thus, we consider activation of Li2MnO3 

electrodes at 0 C as a step-by-step process that have not been detected in the initial cycles at the 

higher temperatures of 30 C and 45 C. A few questions, therefore, can be addressed, like: What 

is a possible impact of this step-by-step activation during several initial cycles at 0 C on the 

subsequent electrode cycling at this temperature and at the higher temperatures? What is its effect 

on the capacity fading, evolution of the voltage hysteresis and electrode impedance? From the 

typical plot of the discharge capacity delivered by Li2MnO3 electrode activated at 0 C and 

subsequently cycled at this temperature (Figure 3a), it is clearly seen that after the activation 

cycles, the capacity increases smoothly reaching the maximal values of ~25 - 30 mAh/g. In 

contrast, much higher, by 3 - 4 times capacity can be obtained when Li2MnO3 is activated at low 

temperature of 0 C and cycled then at the higher temperatures of 30 C or 45 C, as demonstrated 

by the cycling profiles (curves A) in Figure 3b and c, respectively. These results demonstrate that 

only when a few initial cycles were performed at a low temperature, providing step-by-step 

activation, the capacity increased substantially, its fading was less and the voltage hysteresis was 

considerably mitigated and stabilized upon cycling at the higher temperature (45 C) as 

demonstrated in Figure 3d. We emphasize these findings are in line with those established by us, 

for the first time [34], that activation of Li and Mn-rich cathodes 

0.35Li2MnO3
.Li[Mn0.45Ni0.35Co0.20]O2 at low temperature resulted in an increased discharge 

capacity, decreased average charge voltage and the voltage hysteresis. As we noted in that paper, 

the results demonstrated by low temperature activation (“low-T activation”) of the above cathodes 

were similar to those shown by other groups using potential window opening or step-wise 
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increasing anodic potential limits [8,37,68–70]. For instance, increased discharge capacity and 

decreased fading were observed by Sato et al. [70] and Ohsawa et al.[71], when the cells with 

Li[Ni0.17Li0.2Co0.07Mn0.56]O2 cathodes were cycled through step-wise pre-cycling treatment, which 

included increasing the upper potential limit by 0.1 V from 4.5 V every two cycles to 4.8 V. This 

pre-cycling treatment means reaching and traversing for several times the voltage plateau, at which 

the Li-ions are extracted and the oxygen is released from the material. Dahn et al. [72] also came 

to a conclusion that many-step stepwise traverse of the oxygen-release plateau resulted in higher 

cycling capacities of Li and Mn-rich Li[Li1/5Ni1/5Mn3/5]O2 cathodes in Li-cells, compared to one-

step oxygen release. By analyzing the literature data and the results obtained in the present work 

for Li2MnO3 electrodes activated at 0 C, we assume that this “low-T activation” provides many-

step stepwise traversing of the voltage plateau at >4.5 V during several cycles (from 2nd to 5th), 

Figure 2a. These short plateau-like portions were developed in a step-wise manner from the same 

cycling procedure upon charging Li2MnO3 to 4.7 V. The effect of the “low-T activation” is that 

the capacity of Li2MnO3 electrodes increases and level-offs upon further cycling at 30 C in 

contrast to those activated in one-step at 30 C and cycled at this temperature (Figure 3b, curves 

A and B, respectively). Stepwise activation at 0 C also pronouncedly affects the further cycling 

of Li2MnO3 at 45 C resulted in a stabilized performance after “low-T activation” as reflected by 

higher capacity retention and much lower and stabilized the voltage hysteresis, Figure 3c and d, 

respectively. These findings are crucially important since capacity fading and large voltage 

hysteresis are among the main problems to be resolved for Li and Mn-rich cathode materials in 

advanced LIBs [2,4,5]. Importantly to note that the effect of the “low-T activation” at 0 C of 

Li2MnO3 discussed above confirms the hypothesized mechanism behind the improved 
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electrochemical behavior of 0.35Li2MnO3
.Li[Mn0.45Ni0.35Co0.20]O2 materials activated at 0 C, in 

our earlier work [34]. This mechanism suggested gradual step-wise activation of these electrodes 

at 0 C allowing slower structural activation/reorganization of the Li2MnO3 component. This, in 

turn results in a greater degree of the TM-layer accessible for the Li+ ions extraction/re-insertion 

and a smaller amount of the surface oxygen released. Indeed, as it was confirmed by our OEMS 

and XPS studies of Li2MnO3 electrodes activated at 0 C, the amounts of O2 evolved and per-oxo 

species formed were lower compared to those at 30 C (Figures 4 and 5, respectively). Below, we 

present the results of some structural studies of Li2MnO3 electrodes initially activated at 0 C and 

30 C. 

3.3 Structural aspects of the initial cycling of Li2MnO3 electrodes at 0 C and 30 C 

It is evident from the voltage profiles of Li2MnO3 electrodes initially cycled at 0 C, 30 C, and 

45 C (Figure 2a, b and c) that electrochemical activities were developed at around 3 V. We 

suggest these electrochemical processes reflect the formation of spinel or spinel-like phases as a 

result of the layered-to-spinel transformation typical for Li(TM)O2 cathode materials during 

charge-discharge cycling [21,28,42]. Figure 6 compares XRD patterns of uncycled (pristine) 

Li2MnO3 electrode and those initially charged to 4.7 V and discharged at 2.0 V at 0 C and 30 C, 

respectively.  
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Figure 6.  Comparison of XRD patterns recorded from Li2MnO3 electrodes on the Al-foil current 

collectors. Label G is related to a graphite peak, the peak at 2=65.1 is associated with (220) 

reflection from Al-foil.  Blue, red and green profiles correspond, respectively, to as-prepared 

(annealed) powder and to electrodes subjected to the first charge-discharge cycle at 0 C and 30 

C. 

As it follows from Table S1, the unit cell parameters of cycled Li2MnO3 only slightly changed 

comparing to the pristine electrode. However, although the XRD patterns recorded from the cycled 

electrodes did not show  any new peaks in addition to the peaks of the monoclinic phase, the TEM 

examinations, nevertheless,  revealed that the tetragonal spinel Li2Mn2O4  described by space 

group I4amd [73], is formed in electrodes even during the first charge/discharge cycle, both at 0 
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C and at 30 C. The cell parameters of Li2Mn2O4  were calculated as follows: a=17.540 Å and 

c=8.205 Å. The corresponding TEM micrographs taken from samples subjected to the first cycle 

at 0 C and at 30 C are shown, respectively, in Figure 7a and b. The inserts in these figures 

represent the convergent-beam electron diffraction (CBED) patterns, which were taken from the 

grains indicated by arrows, with bottom inserts corresponding to the main monoclinic Li2MnO3 

phase and upper inserts containing patterns indexed in terms of the tetragonal spinel Li2Mn2O4. 

The upper insert in Figure 7b also contains an additional reflection system associated with the 

monoclinic phase (m). High-resolution image in Figure S7 is an additional illustration of the 

presence of tetragonal spinel in the Li2MnO3 electrode after the first charge-discharge cycle. This 

image was taken from grain related to the upper insert in Figure 7a. As expected, the 

corresponding Fourier transform was indexed to the tetragonal spinel Li2Mn2O4 in full accordance 

with the CBED pattern recorded from this grain. 

                                             

Figure 7a. TEM micrograph of Li2MnO3 electrode after the first charge/discharge cycle at 0 C. 

The inserts show CBED patterns, which were taken from grains indicated by arrows. The pattern 
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in the bottom insert is indexed on the basis of the monoclinic Li2MnO3 phase (m), and the pattern 

in the upper insert demonstrates the presence of the tetragonal spinel Li2Mn2O4 (s).  

 

                                             

Figure 7b.  TEM micrograph of Li2MnO3 electrode after the first charge/discharge cycle at 30 C. 

The inserts show CBED patterns taken from grains indicated by arrows. The bottom pattern is 

indexed to the monoclinic Li2MnO3 phase (m), and the pattern in the upper insert contains two 

systems of reflections related to the monoclinic phase (m) and to the tetragonal spinel (s). 

The results of the electron-diffraction studies demonstrating the formation of the spinel phase after 

the first cycle were supported by Raman spectroscopy measurements. Comparing the data in 

Figure 8, exhibits a typical Raman spectrum of pristine Li2MnO3 (uncycled) electrode with several 

well-resolved peaks (bands) located at 603, 560, 428, 409, 369, 305, and 246 cm-1, in agreement 

with the literature reports on the monoclinic Li2MnO3 phase [59]. However, the Raman responses 

of electrodes subjected to the first cycle show some changes, namely a decreased intensity of the 

main peak at 603 cm-1, its asymmetry and broadening related to a cationic disorder and increasing 

the amount of stacking faults [74].  
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Figure 8 (a) Typical Raman spectra of pristine (uncycled) Li2MnO3 electrode (a1) and of a similar 

electrode after the 1st charge-discharge cycle at 0 C measured at arbitrary locations (a2) and (a3); 

(b) spectra related to Li2MnO3 electrode after the 1st charge-discharge cycle at 30 C measured at 

arbitrary locations (b1) and (b2). 

We suggest that at anodic potentials > 4.5 V, the Li+-ions can be further extracted from LiMn2O4 

phase formed (due to the layered-to-spinel transition as demonstrated by electron diffraction 

studies in Figures 7a and b), providing emerging of new Raman bands at wavenumbers ~655 and 
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645 cm-1 in the spectra of Li2MnO3 electrodes cycled at 0 C and 30 C, respectively [75]. Upon 

the discharging process, Li+ can be inserted into cubic spinel to form the tetragonal phase according 

to the following reaction: 

LiMn2O4 + e- + Li+ → Li2Mn2O4.                                                                                               (3) 

                                       

Figure 9. (a) Normalized Mn K-edge XANES spectra of Li2MnO3 samples: pristine powder and 

electrodes after the 1st cycle (charge to 4.7 V, discharge to 2.0 V) at 0 C and 30 C, as indicated. 

The voltage profiles of these electrodes are shown in Figure 2a and b, respectively. (b) k3-

weighted EXAFS χ(k) of Li2MnO3 samples: pristine powder and electrodes after the 1st cycle 
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(charge to 4.7 V, discharge to 2.0 V) at 0 C and 30 C, as indicated. The voltage profiles of these 

electrodes are shown in Figure 2a and b, respectively. (c) Fourier Transform magnitude of k3-

weighted EXAFS data (|χ(R)|) of Li2MnO3 samples (k-range: 2.5-11 Å-1; Rbkg:1.25 Å) shown in 

Figure 2a and 2b. 

An important piece of information on structural bulk and surface changes of Li2MnO3 electrodes 

subjected to initial charge-discharge cycles at 0 C and 30 C was obtained from EXAFS-XANES 

and high-resolution XPS studies.  As seen in Figure 9a, the XANES data of the Li2MnO3 electrode 

cycled at 0 C is almost identical to the as-prepared pristine material, which indicates the same 

oxidation state of Mn in these samples. Note that along with Mn4+, some Mn3+ ions may also be 

present in the disordered surface layer of Li2MnO3 electrodes subjected to charge-discharge cycle. 

This is in accordance of analysis of magnetic characteristics of these electrodes at various states-

of-charge as discussed in ref. [76]. In addition, one should take into account that Mn3+ containing 

species (LiMnO2) can be formed upon oxygen release from the surface of Li2MnO3. Moreover, as 

it was shown in a recent work [77], based on calculation of Bader charges and magnetic moments, 

Mn oxidation state in HE-NCM can be reduced in the presence of per-oxo like (O2)2- as a result of 

anionic charge over-compensation. The EXAFS data of Li2MnO3 cycled at 0 C and 30 C 

(Figures 9b and c, respectively) have similar features as the as-prepared pristine Li2MnO3. The 

major change in the electrode cycled at 30 C is observed as the reduced amplitude in EXAFS data 

probably because of the structural disorder near the Mn sites. From fitting results (Table S3 and 

Figure S8) of the EXAFS data, we conclude on an increase of the obtained Debye-Waller factors 

for Mn-O1 and Mn-Mn paths in Li2MnO3 sample cycled at 30 C, compared with the as-prepared 

material and the one cycled at 0 C. Such change in the Debye-Waller factors is very likely due to 
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the structural disorder near the Mn sites, which may be the main reason for the reduction of the 

amplitude of Mn-O1 and Mn-Mn peaks in Li2MnO3 electrode after charge-discharge at 30 C.  

High-resolution XPS data of the above samples also demonstrates that in Li2MnO3 electrodes 

subjected to initial cycling at 0 C and 30 C, some surface species are formed with the Mn-

oxidation states of 3+ and 2+, respectively. This is evident from comparing XPS spectra of 

manganese. The Mn 2p structure of cycled samples (Figure S9a) is slightly shifted to lower energy 

and highly broaden at its lower-energy-side pointing to a possibility for the additional phases to be 

formed with the Mn valence lower than 4+ in pristine (uncycled) Li2MnO3. This is indeed 

confirmed by the measured Mn 3s structure that demonstrates the peak splitting (Δ, eV) higher 

than that of Li2MnO3, as illustrated in Figure S9b. For the pristine sample Δ~4.50 eV, whereas in 

initially cycled Li2MnO3 at 0 C and 30 C, the peak splitting values were estimated from XPS 

spectra as Δ~5.60 and Δ~6.30 eV, respectively that correspond to the Mn3+ and Mn2+ species 

formed on the surface of Li2MnO3 particles.  

Conclusions 

We established in this work that initial (activation) cycling of Li2MnO3 electrodes performed at 0 

C, results in increased discharge capacity, higher capacity retention, decreased and stabilized the 

voltage hysteresis upon subsequent cycling of these electrodes at the higher temperatures of 30 

C or 45 C. This is due to the fact that at 0 C, Li2MnO3 electrodes undergo step-by-step 

activation, providing a few-steps stepwise traversing of the voltage plateau at >4.5 V during 

several initial cycles. Importantly that activation cycling at 30 C or 45 C are characterized by 

the voltage plateaus at 4.60 and 4.55 V, respectively that were developed only in the first charging 
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process of Li2MnO3 electrodes. In contrary to 0 C activation, this leads to considerable capacity 

fade and substantially increased the voltage hysteresis in further cycling. These findings are in 

accordance with those established by us previously [34], that activation at 0 C of 

0.35Li2MnO3
.Li[Mn0.45Ni0.35Co0.20]O2 materials comprising Li2MnO3 as the main component 

responsible for excess capacity of these electrode, resulted in an increased discharge capacity, 

decreased average charge voltage and the voltage hysteresis. We conclude that the irreversible 

capacity loss of Li2MnO3 electrodes was the lowest at 0 C, and the amount of per-oxo like species 

formed and the oxygen, H2 and CO2 released  were also lower (compared to that at 30 C and 45 

C), implying thus less interfacial side reactions and formation of an improved interface at 0 C. 

Much lower the charge-transfer resistance of these electrodes calculated from impedance spectra 

measured upon charging to 4.7 V, also supports this conclusion. We furthermore conclude that 

Li2MnO3 preserved its bulk structure upon activation cycles at 0 C and 30 C with only some 

structural disorder near the Mn-sites (at 30 C) and partial transformation (at the particle’s surface) 

from the layered-type ordering to a tetragonal spinel Li2Mn2O4 phase, typical for these systems.   

We believe that the present work on initial (activation) cycling of Li2MnO3 at 0 C resulting in 

improved stabilized behavior at higher temperatures, will stimulate further intensive research of 

Li and Mn-rich oxide materials for advanced LIBs. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1,  

Figure S1: Scanning Electron Microscopy image of the as-prepared Li2MnO3 annealed 

consequently at 4000 and 7000C for 1 h at each temperature, under air. Figure S2:  XRD pattern 

collected from the as-prepared Li2MnO3 powder, which was annealed consequently at 4000 and 
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7000C for 1 h at each temperature, under air. Figure S3: High-resolution image taken from the 

particle indicated by the arrow in Figure 1. Figure S4: Differential capacity dQ/dV profiles of 

Li2MnO3 electrodes measured during several initial cycles at 00C (a), 300C (b), and 450C (c) as 

shown in Figure 3. 

Table S1. Cell parameters of Li2MnO3 materials calculated from the corresponding XRD patterns. 

Table S2. Results of XPS measurements of the lattice oxygen in Li2MnO3, per-oxo like and other 

components as calculated by fitting of the corresponding O 1s spectra measured from pristine 

(uncycled) Li2MnO3 electrode and those after initial activation cycles at 00 and 300C. 

Table S3. Best fit results for the structural parameters obtained by analysis of the Mn K-edge 

EXAFS data of Li2MnO3 samples: pristine powder and electrodes after the 1st cycle (charge to 4.7 

V, discharge to 2.0 V) at 0ºC and 30ºC. 
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