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Correlating the initial gas evolution and structural changes to cycling 
performance of Co-free Li-rich layered oxide cathode 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• High-quality Co-free Li-rich Li1.16Ni0.19-

Fe0.18Mn0.46O2 obtained by co- 
precipitation. 

• Both voltage fade and layered-to-spinel 
structural transformation are weak. 

• LNFM delivers 229 mAh g− 1 in voltage 
window of 2–4.8 V vs Li+/Li. 

• Excellent full-cell performance, 81% 
capacity retention after 100 cycles. 

• Viable competitor material for Co-free 
high energy density Li-ion battery.  
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A B S T R A C T   

Alternatives to Lithium-rich layered oxides xLi2MnO3∙(1− x)LiNi1− y− zCoyMnzO2 (LR-NCMs) are needed, despite 
them being promising high-capacity cathode materials for next generation of high-energy batteries, because 
these materials contain toxic Co in their structure and their practical applications are restricted by prominent 
capacity and voltage fade, caused by structural transformation upon long-term cycling. To address these issues, a 
search for a low-cost, Co-free Li-rich cathode materials with a better surface structural stability than LR-NCMs is 
ongoing. One of such compounds is Li1.16Ni0.19Fe0.18Mn0.46O2 (LNFM). Our as-synthesized LNFM cathode not 
only delivers a high specific capacity of 229 mAh g− 1 with the capacity retention of 83% in half-cell and 81% in a 
full-cells but also a stable average discharge voltage, even when cycled at C/5 rate to upper cutoff potential of 
4.8 V vs Li+/Li in additive-free electrolyte. Both operando and post mortem characterization was used to un-
derstand the structural changes, gas evolution and oxygen redox processes of LNFM material, as well as to un-
derstand cathode− electrolyte interfacial reactions and their correlation to the improved electrochemical 
performance. The gained understanding will help designing new high-capacity Co-free cathode materials, 
meeting the performance requirements for future high-energy density batteries.   
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1. Introduction 

High-energy-density lithium-ion batteries (LIBs) are in demand due 
to mass electrification of transport sector [1,2]. As battery cathode 
materials play a vital role boosting the energy density of Li-ion cells, 
Li-rich layered oxides xLi2MnO3∙(1− x)LiNi1− y− zCoyMnzO2 (LR-NCMs) 
have received a lot of attention due to their large specific capacity and 
high energy density (up to 250 mAh g− 1 and 900 Wh kg− 1 on material 
level), when charged to above 4.6 V vs Li+/Li [3–13]. During the initial 
charge, the LR-NCM cathodes exhibit first a sloping profile, corre-
sponding to the oxidation of the transition-metals (TMs) to the 4+ state, 
followed by a plateau region at ≈4.5 V, involving an irreversible 
oxidation of the lattice oxygen. Such oxygen redox reactions result in a 
lower average oxidation state of the TMs at the end of the first discharge, 
facilitating a higher reversible capacity in the following cycles beyond 
the theoretical one [14]. However, although LR-NCM cathodes can 
deliver extra capacity via oxygen redox, at the same time, these re-
actions can induce irreversible capacity loss and oxygen evolution, 
causing structural degradation upon long-term cycling. Especially, ox-
ygen evolution from the structure at high potentials would be critical, as 
it induces severe side reaction between electrolyte and released oxygen 
species, as well as leads to continuous structural transformation from 
layered to spinel-like structure, resulting in voltage decay and capacity 
fading during cycling. In addition, the practical applications of the 
LR-NCM cathode materials are hindered by toxic nature of Co with its 
geopolitical restrictions and related high-cost [15–17]. Several strate-
gies have been developed to improve the electrochemical performance 
of LR-NCM, which are, for example, surface coating [18,19], doping by 
small fraction of atoms [20,21], various electrolyte additives [22,23], 
etc. However, these did not resolve capacity and voltage fade upon 
long-term cycling, especially with high cut-off potentials. All this has 
motivated the search for alternative high-capacity Co-free cathode ma-
terials with lower cost, better environmental friendliness, and without 
severe capacity and voltage fade. 

In this regard, Co-free Fe-Mn based Li-rich cathodes (LNFM) are 
considered promising materials in the aspects of performance and cost, 
mainly due to the abundance, cheapness and environmental friendliness 
of Fe [15–17,24]. So far, various LNFM cathode materials have been 
prepared using different synthesis methods, and the effect of Fe for 
improvement of the electrochemical performance was primarily studied. 
Nayak et al. [15] reported that partial Co substitution by Fe in 
Li1.2Mn0.56Ni0.16Co0.08− xFexO2 (x = 0.04, 0.08) decreases the voltage 
fade but the effect of oxygen redox on the operating voltage and voltage 
hysteresis after activation has not been fully understood. Cheng et al. 
[16] have determined, based on DFT calculations and experimental re-
sults, that Fe-substitution activates oxygen ions and the participation of 
Fe3+/Fe4+ redox in the Fe containing Li-rich phases contributes to 
additional oxygen redox charge compensation, avoiding concentrated 
accumulation of oxygen oxidation, and improving structural stability of 
the active material. However, structural changes and oxygen evolution 
were not studied. Recently, Wu et al. [17] synthesized a Co-free, 
Li1.2Mn0.585Ni0.185Fe0.03O2 by solid-state reaction and determined that 
Fe doping into the TM layer increases the lattice distance, enhancing the 
Li+ ion diffusion in the host structure and suppressing Ni migration into 
the Li layer, thus mitigating the voltage and structure degradation. 
However, no oxygen-release study was conducted, assuming that it 
follows the same route as in the case of LR-NCMs [25]. 

Therefore, we concluded that there is a need to understand the 
mechanism of oxygen redox reactions and their effects on the interfacial 
structure of LNFM, as well as establish how these correlate to the cycling 
performance of in Co-free cathodes. Hence, in this study, we have syn-
thesized Co-free Fe-Mn–based Li-rich cathode material Li1.16Ni0.19-

Fe0.18Mn0.46O2 (LNFM) by a simple co-precipitation method. To this 
end, online electrochemical mass spectrometry (OEMS) and in situ 
electrochemical impedance spectroscopy (EIS) have been employed to 
understand the gas evolution and cathode− electrolyte interfacial 

reactions, and operando measurements using both X-ray diffraction 
(XRD) and Raman spectroscopy were used to elucidate the structural 
changes of LNFM cathode material during initial charge− discharge 
processes. The as-synthesized LNFM cathode has shown an excellent 
long-term cycling stability with good rate performance in both half- and 
full-cells, even if cycled to upper cutoff potential of 4.8 V vs Li+/Li. The 
gained deeper understanding of the correlation between the structural 
changes, gas evolution, oxygen redox reactions, cathode− electrolyte 
interface formation and electrochemical performance is important for 
the further development of high-capacity cathode materials to meet the 
high-energy density requirements. 

2. Experimental section 

2.1. Synthesis of LNFM 

The Ni0.19Fe0.18Mn0.46(OH)2 precursor was prepared by using hy-
droxide coprecipitation method. First, the desired stoichiometric 
amounts of NiSO4⋅6H2O (Aldrich, 99%), FeSO4⋅7H2O (Aldrich, 99%), 
and MnSO4.H2O (Aldrich, 99%) were dissolved (molar ratios of Ni:Fe: 
Mn = 1.9:1.8:4.6) in deionized water to obtain a 1 M metal solution. The 
required amount of NaOH (Aldrich, 99.5%) solution was gradually and 
slowly added to mixed metal sulfates solution under constant stirring of 
400 rpm at 50 ◦C and N2 atmosphere for 12 h. The pH of the reaction 
mixture was kept at 11.0 using a NaOH and a 0.4 M NH3⋅aqueous so-
lutions. After the reaction, the precipitated particles were filtered and 
washed with deionized water and then dried in vacuum oven at 80 ◦C for 
10 h. The Co-free Li1.16Ni0.19Fe0.18Mn0.46O2 (denoted as LNFM) cathode 
active material was synthesized by mixing obtained hydroxide precursor 
and LiOH.H2O (Aldrich, 99.9%) amount with 5 wt% excess, then pre- 
calcined at 500 ◦C for 5 h, followed by sintering at 900 ◦C for 20 h 
under air atmosphere. 

2.2. Materials characterization 

The crystal structure of as-synthesized LNFM was identified by 
powder X-ray diffraction (XRD). The as-synthesized LNFM powder was 
filled into capillaries with an outside diameter of 0.5 mm and wall 
thickness of 0.01 mm and measured between 10 and 80◦ of 2θ with a 
scan rate of 1◦ min− 1 at 45 kV and 40 mA, using a PANalytical Empyrean 
diffractometer equipped with a linear detector (X’Celerator) and Cu− Kα 
radiation (λ = 1.5418 Å). The structural analysis was further executed 
using the Rietveld refinement program GSAS II [26]. Local structure of 
as-synthesized materials was monitored during cycling, using a using a 
Horiba HR800 microscope (Horiba-Jobin Yvon), equipped with a He–Ne 
laser (632.8 nm). The particle morphology of LNFM was imaged using 
scanning electron microscope (SEM, Zeiss Gemini) at 10 kV. Sample was 
prepared by mounting the powder on adhesive carbon tape prior to 
imaging. The chemical composition of as-synthesized LNFM was first 
determined by energy dispersive X-ray spectroscopy (EDX) in SEM (Zeiss 
Gemini). The exact ratio of Li:Ni:Fe:Mn was confirmed by using induc-
tively coupled plasma optical emission spectrometry (ICP-OES; Spectro 
Arcos). The as-synthesized LNFM was dissolved in 0.6 mL HCl (30%) and 
then filtered. The resulting transparent solution was subsequently 
diluted with milliQ water before being subjected to ICP-OES analysis. 

2.3. Electrochemical testing 

The electrodes, consisting of 80 wt% LNFM cathode active material 
(CAM), 10 wt% acetylene black SC65 (Imerys), and 10 wt% poly-
vinylidene fluoride binder (PVDF5130, Solvay) suspended in an N- 
methyl-2-pyrrolidone (NMP, Sigma Aldrich) solvent. The slurry was 
casted onto aluminum foil with a wet thickness of 200 μm and dried 
overnight at 80 ◦C in a vacuum. The dried electrodes were subsequently 
punched out (Ø = 13 mm) and dried at 120 ◦C for 4 h in order to remove 
remaining NMP and absorbed water before being introduced into an 
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argon-filled glove box. Coin-type half-cells (PSI standard cell) [27–29] 
were assembled in an argon-filled glove box with LNFM cathode as a 
working electrode, Li metal foil (0.75 mm thick, Alfa Aesar, United 
States) as a counter electrode, separator (Celgard 2400), and 500 μl 
standard electrolyte LP47 (1 M LiPF6 in ethylene carbonate (EC):diethyl 
carbonate (DEC), 3:7 by weight, BASF SE). Cells were galvanostatically 
cycled between 2.0 and 4.8 V at C/5 (50 mA g− 1) after two formation 
cycles at C/10 (25 mA g− 1) using an Arbin battery cycler. Rate capability 
was tested in the potential range of 2.0–4.8 V with the charge rate of 
C/10 (25 mA g − 1) and variable discharge rates from C/10 to 5C. The 
cyclic voltammetry (CV) measurement was carried out using an elec-
trochemical workstation (VMP3, BioLogic Science Instruments) at a 
scanning rate of 0.05 mV s− 1 in the potential range of the 2.0–4.8 V. 

Coin-type electrochemical full-cells (PSI standard cell) [27–29], 
consisting of LNFM cathode, graphite anode, separator (Celgard 2400) 
and 500 μl standard electrolyte, were assembled in an argon-filled glove 
box (O2, H2O < 1 ppm). Graphite anode coated on a copper foil was 
composed of 90 wt% active material of graphite (SFG6L, Imerys 
Graphite and Carbon, Switzerland), and 10 wt% PVDF (PVDF5130, 
Solvay). The capacity ratio of graphite anode to LNFM cathode was 
adjusted to ≈1.1. Their charge-discharge cycling performance was 
tested between 2.0 and 4.75 V (corresponding to 4.8 V vs Li+/Li) at C/5 
(50 mA g− 1) after two formation cycles at C/10 (25 mA g− 1), using an 
Arbin battery cycler. 

2.4. Post mortem characterization 

Crystal structural changes of LNFM cathode were investigated using 
ex situ X-ray diffraction (XRD) analysis. These were removed from the 
pristine and cycled cathodes, and filled into capillaries with an outside 
diameter of 0.5 mm and wall thickness of 0.01 mm. X-ray powder 
diffraction measurements were performed in the 2θ range of 10–80◦ at a 
scan rate of 1◦ min− 1, using a PANalytical Empyrean diffractometer, 
equipped with a linear detector (X’Celerator) and using Cu− Kα radia-
tion (λ = 1.5418 Å). Local structural changes in LNFM cathode after 
cycling were investigated using a Raman microscope (Labram HR800, 
Horiba-Jobin Yvon, Japan), equipped with a He–Ne laser (632.8 nm). A 
typical spectrum was recorded using a 50 × objective (ULWDMS Plan 
50, NA = 0.55, Olympus, Japan), accumulating 3 scans with an acqui-
sition time of 20 s per scan. Morphology changes of the LNFM cathode 
after cycling were imaged by ex situ SEM, and compared to the images of 
pristine LNFM cathodes. Cycled electrodes were mounted in a tightly 
sealed sample in-house made sample transfer holder to avoid exposure 
to ambient air and measured at 10 kV, using SEM (Zeiss Gemini). The 
cathodes after cycling were washed with DMC for the removal of the 
residual electrolyte, followed by drying in the glovebox at room 
temperature. 

2.5. Operando X-ray powder diffraction (XRD) and Raman 

Operando XRD measurements were conducted at room temperature 
with a PANalytical Empyrean diffractometer using Cu Kα radiation, 
using an in-house XRD electrochemical cell [30]. A beryllium (Be) 
window was used as an X-ray transparent medium and a current col-
lector at the same time. Calibration of the position of the electrode in 
relation to the diffractometer’s geometry was done by comparing initial 
in-situ pattern to the ex-situ XRD data of identical electrode and pristine 
powder [31]. Diffraction data was collected with a step size of 0.01667◦

during galvanostatic cycling at C/25 (10 mA g− 1) in the potential range 
of 2.0–4.8 V. Rietveld refinement was performed using GSAS II program. 

For operando Raman measurement, the slurries were coated onto 
Celgard 2400 sheets by doctor blading with a 200-μm wet thickness. The 
coated sheets were dried for 10 h under vacuum at 80 ◦C, punched to 14- 
mm diameter electrodes, further dried under dynamic vacuum at 80 ◦C 
overnight, and finally introduced into an argon filled glovebox without 
exposure to air. The operando Raman measurements were performed 

using a custom-made Raman spectro-electrochemical cell. The cell was 
assembled in a coin-cell configuration inside an argon-filled glovebox 
(O2, H2O < 1 ppm). Before assembly, the LNFM cathode and the Celgard 
2400 separator (Ø = 17 mm) were wetted by LC30 electrolyte (1.0 M 
LiClO4 in 1:1 (w/w) ethylene carbonate (EC)/dimethyl carbonate 
(DMC)). The LNFM cathode was pressed against an aluminum mesh (Ø 
= 17 mm, 5 Al 7-125, Dexmet corporation, CT, US) for electric contact. 
Lithium metal disk (0.2 mm thick, Ø = 12 mm, Sigma-Aldrich, Ger-
many) were used as counter electrode. The cell was cycled galvanos-
tatically between 2.0 and 4.8 V at a rate of C/25 (10 mA g− 1) using an 
Astrol battery cycler (Switzerland). The Raman spectra were acquired 
using a Labram HR800 Raman microscope (Horiba-Jobin Yvon) with a 
He− Ne excitation laser (632.8 nm). A grating was used as dispersion 
element with a groove density of 600 g mm− 1 that attains a 2 cm− 1 

spectral resolution. The hole and slit of the confocal system were fixed at 
1000 and 100 μm, respectively. The laser was focused on the sample 
using a 50 × (numerical aperture 0.55) objective, which produced a 
laser spot of ≈4 μm diameter with an estimated sampling depth of ≈2 
μm. The nominal laser power was filtered down to 2 mW to avoid sample 
overheating. The probed sample spot was continuously focused during 
the experiment using an autofocus function. Every spectrum recorded 
resulted from the average of ten acquisitions of 150 s each (a spectrum 
every 30 min). 

2.6. Online electrochemical mass spectrometry (OEMS) 

Operando OEMS analysis was carried out to detect the gases gener-
ated during the initial charge− discharge processes. A slurry, consisting 
of 80 wt% of LNFM cathode active material, 10 wt% of conductive 
carbon SC65, and 10 wt% of PVDF binder, was coated on Al mesh (Ø =
22 mm) with a wet thickness of 200 μm. OEMS cells were assembled in 
an Ar-filled glove box (O2, H2O < 1 ppm) using lithium metal as the 
counter electrode, one piece of Celgard 2400 separator, and 120 μL of 
standard electrolyte. The cell was cycled galvanostatically between 2.0 
and 4.8 V at a rate of C/25 (10 mA g− 1) using an Astrol battery cycler 
(Switzerland). The OEMS setup was described elsewhere [32–34]. It 
operates with a quadrupole mass spectrometer (QMS 200, Pfeiffer) for 
partial pressure measurements, a pressure transducer (PAA-33X, Keller 
Druck AG) for total cell pressure, temperature, and internal volume 
determination. Stainless steel gas pipes and Swagelok fittings (3 mm 
compression tube fittings, Swagelok, OH, US) to connect the OEMS cell, 
a set of solenoid valves (2-way magnetic valve, Series 99, silver-plated 
nickel seal, Parker) and a scroll pump (nXDS15i, EDWARDS GmbH) 
for efficient flushing are used. The magnetic valves are electronically 
controlled with a Solid State Relay Module (NI 9485 measurement 
System, National Instruments) connected to a computer with a LabView 
Software (NI Labview 2013, National Instruments). Mass spectrometer 
was calibrated for ion-current signals at m/z = 32, 44 and 85 to obtain 
quantification of O2, CO2 and POF3 using calibration gases at 1000 ppm 
in Ar before and after the measurements. 

2.7. In-situ electrochemical impedance spectroscopy (EIS) 

The electrochemical processes occurring at the cathode–electrolyte 
interface were investigated by in-situ electrochemical impedance spec-
troscopy (EIS). The 3-electrode setup is made by using electrode rings 
with an outer diameter of 15 mm and an inner diameter of 7.5 mm. In 
the cell setup [35], the Li reference electrode is located in the center of 
the working electrode ring. Celgard 2400 separator and 300 μL of 
standard electrolyte were used and then the counter-electrode ring was 
placed on top. In-situ EIS measurements were carried out on a Biologic 
VMP3 electrochemical workstation (Biologic Science Instruments Inc., 
France) in the frequency range of 10 mHz–100 kHz with an amplitude of 
10 mV. 
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3. Result and discussion 

3.1. Structure, chemical composition and morphology of LNFM material 

From powder XRD experiments (Fig. 1a), it can be seen that all major 
reflections of the LNFM diffraction pattern can be indexed to rhombo-
hedral α-NaFeO2-type layered structure with a space group R 3 m. The 
weak reflections between 20 and 25◦ of 2θ are attributed to the super 
lattice ordering of Li+ and Mn4+ in the TM layers of Li2MnO3 component 
with a space group C2/m [36,37]. The clear splitting of (006)/(102) and 
(108)/(110) and the high intensity I(003)/I(104) ratio (≈1.82) indicate the 
high degree of order for layered structure of as-synthesized LNFM [38]. 
From the Rietveld refinement, the lattice parameters a and c are deter-
mined to be 2.877 and 14.306 Å, respectively, with the c/a ratio of 
4.972, which is greater than 4.899 (indicative of an ideal cubic close 
stacking) [39], confirming layered structure of obtained LNFM. Addi-
tionally, Raman spectrum (Fig. 1b) further confirms the structure, As 
two dominant bands are observed at 493 and 604 cm− 1, attributable to 
the Eg and A1g vibrations of the Raman-active layered structure with a R 
3 m space group [15,40]. The bands at 350–440 and 562 cm− 1 are 
indicative of the monoclinic Li2MnO3 component [41], consistent with 
XRD data. SEM imaging (Fig. 1c and d) revealed a clean edges and a 
uniform morphology of as-synthesized LNFM material with submicron 
size particles in the range of 100–200 nm. The SEM–EDX (Fig. 1e) and 
ICP-OES analysis (inset in Fig. 1e) have shown that the molar ratio of Li 

and the TM ions to be Li:Ni:Fe:Mn = 1.17:0.19:0.19:0.45, which is close 
to the target composition. 

3.2. Electrochemical performance 

The electrochemical performance (Fig. 2) of LNFM cathode in the 
standard electrolyte (1 M LiPF6 in EC:DEC (3:7 wt%)) without any ad-
ditive, cycled between 2.0 and 4.8 V, was evaluated by cyclic voltam-
metry (CV), galvanostatic cycling and rate capability tests. CV curves 
during the initial three cycles are displayed in Fig. 2a, where the LNFM 
cathode exhibits two anodic peaks at ≈4.2 and ≈ 4.6 V vs Li+/Li during 
the first charge. The first strong peak at ≈4.2 V is assigned to the 
oxidation of Ni2+ to Ni4+ and Fe3+ to Fe4+ [42–44], while the second 
one at ≈4.6 V is related to Li2O removal from the Li2MnO3 component, 
introducing the oxygen redox, together with electrolyte oxidation at 
high potentials [9,16]. The peak intensity at ≈4.6 V associated with O 
redox is lower than that of TM-redox at ≈4.2 V, implying less oxygen 
redox reactions in LNFM, compared to LR-NCM cathode materials [45]. 
In the initial discharge process, the cathodic peaks at ≈3.8 and 3.2 V are 
due to the reduction of Ni4+ to Ni2+ and Fe4+ to Fe3+, and Mn4+ to Mn3+, 
respectively. In the subsequent two cycles, there is no apparent plateau 
above 4.5 V, indicating that after oxygen release there is no more 
structural rearrangement. Moreover, the CV curves almost overlap, 
indicating good reversibility during Li+-(de)intercalation. 

The potential profiles (Fig. 2b) and the long-term cycling 

Fig. 1. (a) Powder XRD pattern, (b) Raman spectrum, (c, d) SEM images, and (e) SEM-EDX spectrum and ICP-MS results (inset) of as-synthesized LNFM active 
cathode material. 
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performance (Fig. 2c) of LNFM cathode at C/5, after two formation 
cycles at C/10, show excellent electrochemical stability of LNFM. The 
initial charge and discharge capacities at C/10 (Fig. 2b) are 368 and 259 
mAh g− 1, respectively, with the initial Coulombic efficiency (ICE) of 
70% (Fig. 2c). The reason for large irreversible capacity loss during the 
initial cycle is the activation of the Li2MnO3 component, accompanied 
by oxygen release [16,43]. The initial charge capacity is higher than the 
theoretical capacity (calculation is shown in Supporting Information) 
due to the oxygen redox, as well as oxidation of the electrolyte at high 
potentials. After 100 cycles, the LNFM cathode shows excellent cycling 
performance with the capacity retention of 83% and a Coulombic effi-
ciency of ≈99.2% (Fig. 2c), keeping in mind high upper cut-off potential 
and additive-free electrolyte. The rate capability of LNFM cathode 
(Fig. S1) was tested at several current densities from C/10 to 5C between 
2.0 and 4.8 V. Discharge capacities of 225, 190, 160 and 135 mAh g− 1 

are obtained at C/5, C/2, 1C and 2C, respectively. LNFM cathode still 
able to deliver 38% of capacity (Fig. S1b) even at 5C rate. Moreover, 
when the current density is back to C/10, the 93% of its initial value of 
initial capacity is retained, indicating robustness of material towards 
high voltage and high-rate exposure. The electrochemical performance 
achieved with our as synthesized LNFM is one of the best among Co-free 
LNFM cathode materials, tested in the standard electrolyte without ad-
ditives under high upper cutoff potential of 4.8 V [15,16,42–44,46,47]. 

As voltage fade is common phenomena for Li-rich layered oxides, we 
have analyzed differential capacity (dQ/dV) plots to visualize average 
charge and discharge potentials for Li||LNFM cell (Fig. 2d), in order to 
understand the structural transformation related to voltage fade for the 
LNFM during long-term cycling. In the initial cycle, Li2MnO3 is activated 
at ≈4.5 V, and reduction peak appears at ≈3.3 V belonging to the Mn4+/ 
Mn3+ redox activity [17,48] as can be seen in differential capacity plot 

Fig. 2. Electrochemical performance of Li||LNFM half-cell in the standard electrolyte without any additive, cycled between 2.0 and 4.8 V: (a) CV curves at a scan rate 
of 0.05 mV s− 1, (b) charge and discharge potential profiles, and (c) long-term cycling performance at C/5, (d) differential capacity (dQ/dV) plots, and (e) average 
charge and discharge potentials. 
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(Fig. 2d). In the subsequent cycles, the Mn4+/Mn3+ peak gradually shifts 
to lower potentials and becomes broader, indicative of continuous 
structural transformation. However, this peak still clearly exists at ≈3.0 
V (marked by the dashed red line in Fig. 2d) until the 100th cycle, 
indicating the existence of a layered structure for Co-free LNFM cathode 
material [43]. This structural stability after long-term cycling was 
confirmed by ex situ XRD and Raman spectroscopy. After cycling, the 
XRD pattern of LNFM cathode (Fig. S2a-ii) still retains the features of 
pristine layered structure (Fig. S2a–i), here the (006)/(102) and 
(108)/(110) reflections (inset in Fig. S2a) remain nearly unchanged. 
Moreover, two Raman bands at 493 and 604 cm− 1 of LNFM pristine 
(Fig. S2b–i), characteristic to the vibrations of oxygen atoms at the 
ab-axis (Eg mode) and the c-axis (A1g mode) in the layered hexagonal 
structure of LNFM (R 3 m), respectively, are still present when reaching 
the 100th cycle [10]. It is surprising that just by replacing the Co with 
Fe, structure of cathode is so much better preserved during cycling with 
high cutoff potential in comparison to LR-NCMs [15,42]. 

It is well established that the voltage fade phenomenon is caused by 
structural transformation from layered structure to spinel-like phase as a 
result of cation mixing [36,49]. Therefore, the effect of Fe-substitution 
on the voltage fade has been evaluated using the variation of average 
charge and discharge potentials (iR uncorrected) during long-term 
cycling (Fig. 2e). The average potentials were calculated by dividing 
the cell’s energy by the cell’s capacity [8,9,49]. Compared to the voltage 
fade of LR-NCM cathode materials as reported previously (≈6–10 mV 
per cycle) [49], voltage fade for LNFM is significantly weaker. Similar to 
LR-NCM cathodes, the average discharge voltage fade is more pro-
nounced also in case of LNFM, dropping by ≈ 205 mV (ΔV) during 100 
cycles, which corresponds to a drop by ≈ 2.05 mV per cycle, while on 
charge the potential is relatively stable. This indicates that the Co sub-
stitution by Fe stabilizes the cathode structure better and provides 
structural robustness to LNFM cathode material (Fig. S3), leading to 
alleviated voltage fade and improved high-potential cutoff cycling per-
formance (Fig. 2). 

Further, the cathode-electrolyte interfacial resistance build up was 
examined by the electrochemical impedance spectroscopy (EIS) during 
charging and discharging between 2.0 and 4.8 V at C/2, and Nyquist 
plots can be seen in Fig. 3. The impedance spectra consist of two over-
lapping semicircles in the high-to-medium frequency range and a 
straight line in the low frequency region. The semicircle in the high 
frequency region is designated to the interfacial resistance of surface 
film (Rf), while the semicircle in the medium frequency is assigned to 
charge transfer resistance (Rct) [8]. The straight line in the low fre-
quency region corresponds to the Li+-ion diffusion within the bulk [50]. 
In the intermediate potential range (3.8–4.2 V) during charging 
(Fig. 3a), a linear feature is observed at low frequency, which resembles 

a Warburg-type response, attributable to the solid-state diffusion of Li+

ions in the active material [36]. The diameter of the first semicircle, 
related to the interfacial resistance of surface film (Rf), at first increases 
with increasing potential (from 3.8 to 4.2 V), indicating that there is the 
formation of a surface film up to 4.2 V. 

Afterwards, above 4.2 V, Rf decreases due to the oxidative decom-
position of the surface film at elevated potentials. The increase in Rct 
above 4.2 V can be ascribed either to the passivating effect of MnO2 on 
the electrode surface or to the structural rearrangements of the LNFM 
cathode due to oxygen loss from the lattice [51]. In either case, this 
indicates that the internal resistivity is much higher during the oxygen 
redox process, which is probably due to relatively low electronic con-
ductivity of the active material in highly delithiated state. After 4.6 V, 
the Warburg impedance disappears and only two semicircles are 
observed, which is similar to results reported previously on other Li-rich 
cathode materials, such as LR-NCMs [51,52]. During the discharge 
process (Fig. 3b), the increase in the both Rf and Rct reveals the struc-
tural disorder that corresponds to the Mn reduction from Mn4+ to Mn3+

[50]. With the deepening discharge, the impedance is increasing, which 
may be one of the causes for the capacity and voltage fade. 

3.3. Structural changes during cycling by operando XRD and operando 
Raman 

To clarify the structural changes of Co-free LNFM cathode material 
during the initial cycles, operando XRD was performed at the cycling rate 
of C/25 (10 mA g− 1) within a potential range of 2.0–4.8 V. The XRD 
patterns with selected 2θ regions and the corresponding potential pro-
files of the two initial cycles are shown in Fig. 4a. The change of a and c 
lattice parameters as well as change in the cell volume of the main phase 
(R 3 m) during cycling, as refined using GSAS II software, are shown in 
Fig. 4b. From Fig. 4a, it can be seen that the (003) reflection shifts to-
ward a lower 2θ value from OCV to 4.4 V during the first charge due to 
the increasing Li deficiency in the Li layers, which induces a strong 
electrostatic repulsion between the close packed oxygen layers, and a 
consequent expansion of the c lattice parameter occurs (Fig. 4b–ii) [53]. 
To the contrary, the (101) reflection shifts toward a higher 2θ value 
(Fig. 4a) along with a decrease in the a lattice parameter (Fig. 4b–ii), 
indicating a decrease in ionic radii of TMs, caused by oxidation of Ni2+

to Ni4+ and Fe3+ to Fe4+ [54]. These lattice parameter changes lead to a 
decrease in unit cell volume (Fig. 4b–iii). Above 4.4 V, the (003) 
reflection slowly begins to shift towards higher angles with increase in 
the peak intensity, while positions of (101) and (104) remain un-
changed. The value of a lattice parameter remains unchanged, and so is 
the metal− metal distance. The Li+ ions migrate from the TM layer to Li 
layer, activating the Li2MnO3 component, and eventually releasing 

Fig. 3. Impedance spectral evolution of Co-free LNFM cathode material during initial (a) charge and (b) discharge process at C/25 in the standard electrolyte without 
any additive. 
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oxygen, which is consistent with our OEMS results. 
At the end of first charge region, when the cell is charged from 4.6 to 

4.8 V, the c lattice parameter is much smaller than that at the OCV, 
suggesting that most of the Li+ ions are de-intercalated from the Li layers 
of the material [55]. Meanwhile, the gradual increase in the repulsion of 
O between the TM slabs, caused by the phase transition, can be 
accommodated by the loss of electron from lattice oxygen. This process 
might lead to the structural collapse of the material at a deeply charged 
state. Although the formation of a mixture of two new phases at the end 
of first charge has been reported for LR-NCM cathode materials [8, 
56–58], no significant peak splitting of (003) reflection at the end of the 
first charge (4.8 V) or the appearance of new phases as well-resolved 
diffraction peaks is observed in our high-resolution diffraction pat-
terns during two initial cycles. Our data demonstrate that by replacing 

the Co by Fe, structural transformation of the bulk to spinel-like phase is 
significantly suppressed. 

When the first discharge starts, the (003) reflection rapidly shifts 
towards lower 2θ values until 4.0 V, resulting in rapid increase of c 
lattice parameter (Fig. 4b–ii) because the Li layers tend to be complete 
on account of Li ion insertion, which indicates the filling of vacancies in 
the TM layer [54]. Further Li+-intercalation does not lead to abrupt 
changes of the peak positions (Fig. 4a), and only a slight decrease of the c 
lattice parameter in Fig. 4b–ii can be seen, associated with a shrinking 
electrostatic repulsion between O2− , due to filling of vacancies in the 
lithium layer [54,59]. In the potential region of 4.8 to 3.3 V, lattice 
parameter a increases linearly due to the reduction of Ni4+ and Fe4+ to 
Ni2+ and Fe3+, respectively. In the next phase of discharge process (from 
3.3 to 2.0 V), the changes of lattice parameter a are much slower, caused 

Fig. 4. (a) Charge-discharge potential profiles (right) along with contour plots XRD structural changes of Co-free LNFM cathode material (left) during two initial 
cycles in the standard electrolyte between 2.0 and 4.8 V at C/25 rate. (b) XRD Rietveld refinement results (i) potential profiles and variation of the (ii) lattice 
parameters and (iii) unit cell volume of LNFM cathode material during two initial cycles. 
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by partial reduction of Mn4+ to Mn3+. 
During discharge process, the unit cell expands as shown in 

Fig. 4b–iii. Interestingly, during the whole charge− discharge process, a 
separation of (108) and (110) remains clearly visible, the reflections do 
not overlap, suggesting that the layered structure remains dominant, 
and that there is no significant spinel phase formation. The structural 
changes during second charge differs from the first one. In the beginning 
of second charge up to 3.6 V, the Li+-deintercalation undergoes almost 
without the lattice parameter changes. When charge proceeds from 3.6 
to 4.2 V, a linear decrease of lattice parameter a is observed, accom-
panied by the increase of c lattice parameter (Fig. 4b–ii). During the 
second cycle the values of c lattice parameter reach higher values than 
during the first (+0.02 Å). In this potential region (4.4–4.6 V), no po-
tential jump on the charge curve is observed, due to the lack of Li2MnO3 
component activation in this cycle, contrary to the first cycle. Then, after 
reaching 4.5 V, again rapid decrease of c lattice parameter is recorded. 
The discharge phase changes of the second cycle proceeds similarly to 
the same phases during the first cycle: similar structural changes can be 
observed. The separation of (108) and (110) is also still visible in the 
second cycle, confirming its structural stability. 

Additional structural information on local changes, occurring in the 
LNFM, has been obtained by operando Raman spectroscopy, because it is 
more sensitive to the short-range local structure. Fig. 5 shows the 
charge-discharge potential profile and corresponding Raman spectra 
during initial cycle. At the open circuit voltage (OCV), LNFM cathode 
exhibits four major bands at 607, 556, 491, and 440 cm− 1 (Figs. 5 and 
S4a). The two dominant bands at 607 and 491 cm− 1 are assigned to the 
Raman-active vibrational modes of A1g (ν(MO6), M = Ni, Fe, Mn) and Eg 

(δ(O− M− O)) from the hexagonal structure (R 3 m), respectively. Bands 
at 556 and below 440 cm− 1 are attributed to short-range super lattice 
from Li2MnO3 component (C2/m) [38,60–62]. During first charge, the 
A1g band, related to ν(MO6), gradually decreases with potential increase 
from 3.70 to 4.16 V and disappears at 4.39 V due to the changes in local 
structure associated with Li+-deintercalation [61,62], whereas the Eg 
band remains active. With the increase in the potential, a new band at 
≈543 cm− 1 grows between 4.08 V and 4.45 V, indicating the formation 
of a LiNiO2-like Ni3+− O structure that corresponds to oxidation pro-
cesses of Ni2+ to Ni4+ and Fe3+ to Fe4+, induced by Li+-deintercalation 

from the Li layers [42]. This is consistent with the peak rise at 4.08 V in 
the dQ/dV plots (Fig. 2d). As charging proceeds from 4.50 to 4.64 V, no 
signal change of Ni3+− O band is observed. This indicates that the 
oxidation states of TMs do not change and provide direct evidence of 
O2− ions oxidation and the irreversible loss of oxygen from Li2MnO3 
component (Li2MnO3 → 2Li+ + 2e− + 0.5O2 + MnO2) at the 4.5 V 
plateau [8,56,63], further confirmed by operando XRD and OEMS ex-
periments. After the oxygen oxidation process, especially in the poten-
tial range of 4.7–4.8 V, all the bands tend to become weaken due to the 
increase in the structural distortions, as observed previously for the 
LR-NCM cathode materials [38,41]. During the discharge, partially 
reversed process can be seen: the Raman intensity of Ni3+− O band de-
creases as a result of the reduction of Ni4+ to Ni3+ and Fe4+ to Fe3+

(Figs. 5b and S4b), corresponding to the two reduction peaks at 4.26 and 
3.85 V in the dQ/dV plots (Fig. 2d). The Ni3+− O Raman peaks disappear 
at around 3.68 V, indicating that Ni3+ is completely reduced to Ni2+. The 
A1g and Eg bands can be observed when the potential becomes more 
negative than 3.52 V, reemerging towards the end of discharge due to 
the Li+-intercalation. However, these two bands become much broader 
compared to the uncycled cathode at OCV, indicating that local struc-
tural order is not fully restored due to the partial irreversibility of oxy-
gen redox. Interestingly, we do not see any new bands corresponding to 
the formation of spinel structure (typically around 640 cm− 1) in the 
discharge state as generally reported for the LR-NCM cathode materials 
[38], confirming the inhibition of the layered-to-spinel structural 
transformation in the LNFM cathode material. 

3.4. Gas evolution during cycling 

The evolved gas during the initial cycle in the Li||LNFM half-cell was 
monitored by OEMS (Fig. 6), and the potential profile of the initial cycle 
is shown in Fig. 6a, while evolution of individual characteristic gases 
(CO2, m/z = 44; O2, m/z = 32; POF3, m/z = 85) in Fig. 6b, c and 6d. 
OEMS results show that initial CO2 gas begins to evolve above 4.2 V 
(marked by the gray region in Fig. 6) due to the electro-oxidation of 
Li2CO3 impurities on the surface of the LNFM particles after synthesis 
[32,33,64]. However, there is an ongoing discussion in literature that 
besides carbonate oxidation, the CO2 evolution can be caused by the 
oxidation of the cathode, accompanied by Li+-deintercalation and the 
strong oxidizing ability of high-valence nickel ions to oxidize the elec-
trolyte, as this CO2 release is seen also in non LR-NCMs [65]. With 
further increasing potential, CO2 is continuously released up to ≈4.5 V, 
accompanied by the onset of slow O2 release induced by the activation of 
Li2MnO3 component above 4.2 V [32,33,66]. The possible origins of the 
CO2 evolution in the region from 4.2 to 4.5 V is from the oxidative 
decomposition of the electrolyte at high-potentials, facilitated by the 
initial release of superoxide radicals during the surface reconstruction of 
the LNFM active material [66,67]. 

When the potential reaches values above 4.5 V, the rate of CO2 
evolution is significantly increased, which correlates with a rapid in-
crease of the O2 evolution rate, and a maximum gassing rate is obtained 
at the end of the initial charge (4.8 V). The O2 release is in accordance 
with the irreversible structural evolution of LNFM during initial charge- 
discharge process, detected by XRD (Fig. 4a). The CO2 evolution in this 
region is considered to be mainly caused by the chemical side-reactions 
between the alkyl carbonate solvents in the electrolyte and the reactive 
oxygen species (O2)n− released from LNFM material [32,33,66,67]. 
Finally, CO2 and O2 evolution rates decrease upon discharge and reach 
nearly zero when potential drops below 3.5 V. The total amount of CO2 
and O2 released from the LNFM cathode during the initial cycle is ≈ 362 
and ≈ 57 μmol g− 1, respectively. While evolution of the PF6

− decom-
position product, POF3 (Fig. 6d), is proceeding in the similar fashion as 
CO2 on charge, and only a rather small amount of POF3 is detected 
(≈3.42 μmol g− 1). The gas evolution during the initial cycle is similar to 
that observed for Li-rich cathode materials, such as LR-NCMs [32,33,66, 
67], however, their respective gas amounts differ vastly for the different 

Fig. 5. (a) Charge-discharge potential profiles and (b) contour plot Raman 
structural evolution of Co-free LNFM cathode material during initial cycle in the 
standard electrolyte, cycled between 2.0 and 4.8 V at C/25 rate. 
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materials, compositions of the electrolyte and cycling conditions, etc. 
[32,33,65,66]. Nevertheless, the overall gas amounts in case of LNFM is 
much lower than that detected for LR-NCMs. From the second cycle 
onwards, no potential plateau on the charge is observed in the potential 
region of 4.4–4.6 V (Fig. 2b), as there is no more Li2MnO3 to activate, in 
contrast to the first cycle. This confirms that the activation of the 
Li2MnO3 domains is completed during the first charge. Therefore, as 
well no further evolution of O2 can be detected in the second cycle, as 
confirmed by OEMS data of the 2nd cycle (Fig. S5) and consistent with 

the previous reports [32,33,66]. 

3.5. Mechanism for structure and gas evolution during initial cycles 

Based on the characterization results, we propose a mechanism for 
the structure and gas evolution, as well as cathode–electrolyte interfa-
cial reactions, during the initial charge− discharge of Co-free LNFM 
cathode material (Scheme 1). During the initial charge, at 4.08 V, the 
oxidation of the TMs form Ni2+ to Ni4+ and from Fe3+ to Fe4+ is initi-
ated. There is the formation of a surface film up to 4.2 V, as determined 
by in situ EIS. At 4.2 V CO2 gas evolution starts due to the electro- 
oxidation of Li2CO3 impurities on the surface of the LNFM particles 
[66,68]. Next, at 4.55 V, Li+ ions in the TM layer are activated and enter 
the Li layer (which has been confirmed by operando XRD) as well as 
lattice oxygen ions in Li2MnO3 are oxidized to a higher valence state and 
electrolyte oxidation occurs. Moreover, some Li dumbbell may form at 
the ≈4.55 V plateau and remain stable during the charge− discharge 
process, resulting in large irreversible capacity loss during the initial 
cycle. Oxygen at the surface is oxidized to a higher valence state and 
leads to oxygen evolution, this as well correlates with a rapid increase of 
the CO2 evolution rate, as detected by operando OEMS. At 4.7–4.8 V, the 
oxygen and CO2 evolution rates reach maximum. During the first 
discharge, Li+ ions intercalate into the Li layers and Li vacancies in the 
TM layer, which is confirmed by operando XRD and, between 4.26 and 
3.85 V, TM oxidation state changes from Ni4+ to Ni2+ and from Fe4+ to 
Fe3+. At 3.3 V, the same happens to manganese, which transitions from 
Mn4+ to Mn3+. However, the local structural disorder was not observed 
by operando Raman spectroscopy at the end of the discharge (2.0 V). 
Upon long-term cycling, LNFM cathode still retains the features of 
layered pristine structure, which is clearly visible in the dQ/dV (Fig. 2d) 
and confirmed by ex situ XRD and Raman data (Fig. S2). In principle, 
after oxygen release upon charging, TM ions from the TM layer should 
migrate to the Li layer and form spinel-like phase, as generally reported 
for the Li-rich LNMC cathode materials. However, the difference in the 
Co-free LNFM cathode material is that the peroxo-like O–O bonds are 
not formed and the substitution of Co by Fe helps avoiding the 
concentrated accumulation of oxygen oxidation as determined by Wei 
et al. [16]. This is the reason for undetectable formation of the 
spinel-like phase. However, the structural rearrangements occurring 
during the first charge strongly influence the properties of the cath-
ode–electrolyte interface and, thus, affect the charge transfer resistance 
of the LNFM cathode. Overall, these results suggest that Co-substitution 
by Fe plays the important role in stabilizing the material structure, 
leading to reduced layered-to-spinel structural transformation, 

Fig. 6. (a) Charge-discharge potential profile and gas evolution of (b) CO2 and 
(c) O2 and (d) POF3 during initial cycle of Li||LNFM half-cell in the standard 
electrolyte, cycled between 2.0 and 4.8 V at C/25 rate. 

Scheme 1. Possible mechanism for structure and gas evolution and cathode− electrolyte interfacial reactions during the initial charge− discharge processes of Li|| 
LNFM half-cell, cycled between 2.0 and 4.8 V in the standard electrolyte. 
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diminished voltage fade, and thus improves high-potential cutoff cycling 
performance (Fig. 2) of LNFM. 

3.6. Full-cell cycling performance 

As the LNFM material showed excellent electrochemical performance 
in half-cells, we paired the LNFM cathode with graphite anode to evaluate 
its performance in a full-cell. Fig. 7 shows the cycling performance, where 
formation cycles at C/10 were included in the cycling protocol for a better 
monitoring of initial electrochemical behavior [7,10]. The full-cell ex-
hibits the first charge and discharge capacities of 362 and 245 mAh g− 1 

(Fig. 7a), respectively, corresponding to initial Coulombic efficiency of 
68% (Fig. 7c), and delivers high capacity of 216 mAh g− 1 at C/5 with a 
capacity retention of 81% after 100 cycles (Fig. 7c). This is accompanied 
by preservation of the redox peak positions upon multiple Li+-(de)in-
tercalations (Fig. 7b). The Coulombic efficiency is increased and stabi-
lized with cycle number, and is higher than 99.5% throughout cycling 

after the few initial cycles. The capacity and its retention for LNFM 
full-cell is marginally lower than that of half-cell due to lithium inventory 
loss during SEI formation on graphite anode [28]. In addition, the energy 
density (Fig. 7d), calculated from the potential profiles, achieves 
maximum values of about 845 and 723 Wh kg− 1 (per cathode active 
material mass) at C/10 and C/5, respectively, which is higher than 532 Wh 
kg− 1 of graphite||LiCoO2 commercial cell, calculated in the same manner 
[11]. Compared to graphite||LR-NCM cells, it exhibits better specific 
energy retention, even if cycled with higher upper cutoff potential [69, 
70]. The LNFM full-cell still retains energy density of 547 Wh kg− 1 after 
100 cycles at C/5, indicating that the LNFM cathode material can enable 
future high energy density Co-free LIBs. 

4. Conclusions 

Co-free LNFM cathode material was synthesized by a simple co- 
precipitation method. The identification of initial structural changes, 

Fig. 7. (a) Voltage profiles and (b) their differential capacity plots and (c) cycling performance and Coulombic efficiency, (d) Energy density and average discharge 
voltage of graphite||LNFM full-cell, cycled between 2.0 and 4.75 V (corresponding to 4.8 V vs Li+/Li) at C/5 in the standard electrolyte without any additive. The 
specific energy density was calculated based on the mass of LNFM cathode active material. 
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gas evolution and oxygen redox, as well as cathode− electrolyte inter-
facial reactions and their correlation to improved electrochemical per-
formance led to mechanistic understanding of LNFM cathode material. 
By using operando/ex situ and in situ both XRD and Raman techniques, it 
is concluded that, upon Li+-de(intercalation), LNFM layered structure 
remains dominant and there is no significant spinel formation during the 
initial cycles, as well as upon long-term cycling. The combination of 
operando OEMS and in situ EIS experiments allowed us to identify both 
CO2, O2 and POF3 gases and corresponding interfacial reactions at the 
cathode− electrolyte interface during the initial cycling of LNFM cath-
ode. These results show that the weaker oxygen evolution lowers the 
conversion rate of LNFM layered structure to the spinel-like phase, 
alleviating voltage and capacity fade during cycling. Such structural 
stability along with sufficient interfacial stability lead to the improved 
electrochemical performance in half-cells. 

To further highlight the advantages offered by the LNFM cathode 
material, a full-cell comprising high-capacity LNFM cathode and graphite 
anode was electrochemically tested. The energy density of 723 Wh kg− 1 of 
cathode active mass obtained with graphite‖LNFM full-cell is 1.4-fold 
higher than ≈532 Wh kg− 1 of cathode active mass based on graph-
ite‖LiCoO2 conventional LIB, which makes this battery very promising for 
energy storage for electric vehicles applications. We believe that this work 
provides new insights into the available high performance Co-free LNFM 
cathode materials with simple synthesis procedure and already excellent 
performance even without electrolyte optimization. 
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[32] D. Streich, A. Guéguen, M. Mendez, F. Chesneau, P. Novák, E.J. Berg, Online 
electrochemical mass spectrometry of high energy lithium nickel cobalt manganese 
oxide/graphite half- and full-cells with ethylene carbonate and fluoroethylene 
carbonate based electrolytes, J. Electrochem. Soc. 163 (2016) A964–A970, https:// 
doi.org/10.1149/2.0801606jes. 

[33] E. Castel, E.J. Berg, M. El Kazzi, P. Novák, C. Villevieille, Differential 
electrochemical mass spectrometry study of the interface of x Li2MnO3⋅(1- x)LiMO2 
(M = Ni, Co, and Mn) material as a positive electrode in li-ion batteries, Chem. 
Mater. 26 (2014) 5051–5057, https://doi.org/10.1021/cm502201z. 
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