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Modulating the Voltage Decay and Cationic Redox Kinetics 
of Li-Rich Cathodes via Controlling the Local Electronic 
Structure

Hung-Ling Yu, Kassa Belay Ibrahim, Po-Wei Chi, Yu-Hsuan Su, Wei-Tin Chen, 
Shao-Chin Tseng, Mau-Tsu Tang, Chi-Liang Chen, Horng-Yi Tang, Chih-Wen Pao, 
Kuei-Hsein Chen, Maw-Kuen Wu,* and Heng-Liang Wu*

Li-rich layered oxide cathodes with conventional transition metal cation and 
unique oxygen anion redox reactions deliver high capacities in Li-ion bat-
teries. However, the oxygen redox process causes the oxygen release, voltage 
fading/hysteresis, and sluggish electrochemical kinetics, which undermine 
the performance of these materials. By combining operando quick-scanning 
X-ray absorption spectroscopy with online gas chromatography, the effect of 
the local electronic structure is elucidated on the reaction mechanism and 
electrochemical kinetics of Li-rich cathodes. The local electronic structure 
of Li-rich cathodes varies with the excess Li (i.e., Li2MnO3 phase) and Ni 
contents. Compared to the Li-rich cathodes with higher amounts of Li2MnO3 
phase (high excess lithium content (HLC) cathode), those with lower 
Li2MnO3 contents (low excess lithium content (LLC) cathode) exhibit revers-
ible anion redox reactions and suppressed voltage hysteresis. The cation oxi-
dation process of LLC cathode is kinetically slower than that of HLC cathode 
and the cation oxidation potential is shifted, likely due to the local coordina-
tion associated with different Li/O ratios. The obtained insights into the effect 
of local electronic structure on the reaction mechanism and kinetics provide a 
better understanding and control of Li-rich cathodes.
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needed to satisfy the growing energy 
demand. The specific energy density of 
LIBs is limited by the low specific capacity 
of cathodes such as lithium 3d tradition 
metal (TM) oxides (LiTMO2, <200 mAh g−1)  
that hinders the development of the 
next-generation LIBs. Thus, the efforts 
in searching for better cathode mate-
rials become pivotal. Cathodes based on  
Li-rich layered TM oxides with chem-
ical formula Li1+x(Ni,Co,Mn)1−xO2, have 
attracted great attentions, mainly due to 
their considerably high capacities.[3,4,7–11]  
Li1.2(Ni0.13Co0.13Mn0.54)O2 has been reported  
to deliver a specific charge capacity of 
≈250 mAh g−1. [2,12,13] Such high capaci-
ties arise from the conventional redox 
processes of TM cations and unique 
redox chemistry of O2− anions.[4,14,15]  
However, Li-rich cathodes suffer from 
oxygen release, voltage fading/hysteresis, 
and poor electrochemical kinetics during 
cycling, which likely result from the 
oxygen redox reactions.[3,8,9,13,16–18]

Establishing the oxygen redox mechanism is essential to 
improve the unfavorable electrochemical properties of Li-rich 
cathodes. Previous studies suggested that the oxygen redox 
activity originates from the LiOLi configuration, which cre-
ates orphaned oxygen electrons (nonbonding O2p bands) in  
Li-rich materials, making the labile LiOLi states available for 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202112394.

1. Introduction

Rechargeable Li-ion battery (LIB) technologies are employed in 
a wide range of applications, including portable devices, renew-
able energy infrastructures, and electrified transportation.[1–6]  
A significant improvement in the energy density of LIBs is 
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oxygen redox reactions.[13,19,20] Bruce and coworkers reported 
that localized electron holes are created in oxygen anions at 
high voltage (>4.5  V) during the charge process.[13] Because 
oxygen anions with localized electron holes are unstable, they 
tend to form short covalent bonds with another oxygen anions 
or TM ions, which promote the migration of the TMs.[21,22] In 
turn, the TM migration could lead to a reshuffling of the elec-
tronic states, shifting the oxygen reduction potential to lower 
values during the discharge process.[4,22] House et  al. showed 
that the TM migration occurs mostly in-plane in 3d Li-rich lay-
ered oxides, and results in the formation of vacancy clusters. 
The oxygen coordination environment is thus changed, which 
shifts the anion redox potential.[17] The irreversible oxygen 
release and redox reactions during the charge–discharge pro-
cess result in the rearrangement and migration of TM ions 
from the TM to the Li layer, which play an essential role in the 
voltage fading and hysteresis of Li-rich cathodes .[17,23,24]

Li2MnO3  phase (space group  C2/m) and LiTMO2  phase 
(space group  R-3m) are the building blocks of Li-rich layered 
TM oxides.[25,26] These two phases have different local coordi-
nation environments and exhibit different redox mechanisms. 
For instance, the oxygen redox reactions exhibit a sluggish 
electrochemical kinetics, which mainly occurs in the Li2MnO3 
phase.[3] Several strategies such as doping/substituting cat-
ions and increasing the cation contents have been proposed  
to manipulate the local coordination structure and suppress 
the voltage decay.[16,27,28] Substituting different TM cations 
such as Mn and Ru in the Li1.2Ni0.2TM0.6O2 material has dif-
ferent impacts on the oxygen activation that could result from 
the interaction between TM and lattice oxygen.[29]  In addition, 
the Li content in the TM layer influences the degree of oxygen 
loss and the electrochemical performance.[30] However, studies 
of the electrochemical kinetics of Li-rich cathodes are rare, and 
the effect of the Li2MnO3 phase on the TM and oxygen reaction 
rates remains unclear.

Our approach is to design the Li-rich layered TM oxide 
cathodes with different Li2MnO3 and Ni contents, such as 
Li1.2Ni0.13Co0.13Mn0.54O2 (high excess lithium content, HLC) 
and Li1.08Ni0.34 Co0.08Mn0.5O2 (low excess lithium content, LLC) 
materials. The unfavorable electrochemical properties of Li-rich 
cathodes could be improved by optimizing the local electronic 
structure. We analyze the effect of excess Li on the reversibility 
of the cation and anion redox reactions of the Li-rich cathode 
using a combination of operando quick-scanning X-ray absorp-
tion fine structure (QXAFS) spectroscopy, X-ray diffraction 
(XRD), and online gas chromatography (GC), which ena-
bles monitoring the cation/anion redox kinetics and dynamic 
structure of the cathodes. The two Li-rich cathode materials 
synthesized in this study are composed of Li2MnO3 phase and 
LiTMO2  phase, but exhibit different charge profiles. The LLC 
material shows that the reversible cation/anion redox reac-
tions and voltage decay can be suppressed during cycling. The 
kinetics of the cation oxidation process of the LLC cathode is 
slower than that of the HLC cathode, suggesting that the local 
coordination structure plays a key role in the reaction kinetics. 
The obtained mechanistic insights into the reaction potential 
and the electrochemical kinetics of the cation and anion redox 
processes are crucial for improving the stability of Li-rich 
cathodes.

2. Results and Discussion

The structure of HLC and LLC materials synthesized by 
coprecipitation was characterized using XRD and HR-TEM. 
Figure 1a–c shows the XRD patterns and Rietveld refinements. 
The characteristic XRD peaks were indexed to Li2MnO3-like 
(space group C2/m) and LiTMO2-like (space group R-3m) 
phases. Although previous studies indexed the XRD peaks of Li-
rich cathodes based on structural model of rhombohedral solid 
solution,[31] the superstructure-associated XRD peaks resulting 
from cation ordering in the TM layer of the monoclinic struc-
ture were excluded. Thus, a monoclinic solid solution and a two-
phase model were used to index the HLC cathode materials.[17,26] 
Since some of the XRD peaks of the LLC material could only 
be fitted to the R-3m space group (Figure S1, Supporting Infor-
mation), the two-phase model provides a better fitting for both 
HLC and LLC structures examined in the present study. The 
Rietveld refinement results of the HLC material shows that the 
fractions of C2/m and R-3m space groups are 84.8% and 15.2%, 
whereas the corresponding fractions for the LLC structure are 
56.8% and 43.2%, respectively. The fitting process is described 
in the Supporting Information, and the crystallographic param-
eters are listed in Tables S1–S4 in the Supporting Information.

SEM and HR-TEM measurements were used to further 
examine the morphology and crystal structure of HLC and LLC 
materials (Figure 1di). The representative HR-TEM images and 
selected area electron diffraction (SAED) patterns show the 
highly crystallized structures of HLC and LLC in Figure 1e,f,h,i, 
respectively. Overlapping electron diffraction (ED) patterns of 
the C2/m and R-3m structures along the [103]C2/m and [001]R-3m 
directions are obtained in HLC materials (Figure 1f), in agree-
ment with previous studies.[25] The additional spots marked by 
yellow arrows in the ED patterns result from stacking faults.[32] 
Figure 1i shows the overlapping ED patterns of the LLC mate-
rial along the [-101]C2/m and [-441]R-3m directions, indicating that 
the C2/m and R-3m structure are integrated in the structure. 
The crystal structures of the HLC and LLC materials are shown 
in Figures S2 and S3 in the Supporting Information.

We next examined the electrochemical properties of the 
HLC and LLC cathodes. Figure 2a–c shows the corresponding 
charge–discharge profiles and electrochemical performance. 
The HLC cathode gives specific charge and discharge capacities 
of 300 and 236 mAh g−1 in the initial cycle, respectively. The 
charge profile of the HLC cathode shows an extended plateau 
in the high-potential region (>4.4 V) in the first cycle, which is 
a typical feature of Li-rich layered oxide materials (Figure 2a).[3] 
The characteristic plateau associated with the anion oxidation 
process disappears during cycling, which could result from 
the irreversible anion redox process.[33–35] In contrast, the LLC 
cathode exhibits a shorter plateau in the high-potential region, 
likely as a result of the low Li content in the TM layers of LLC 
material (Figure  2b). Figure  2c shows that the cycling perfor-
mance of HLC cathode fades in the subsequent cycles and 
exhibits a discharge capacity of 185 mAh g−1 after 50 cycles. 
The discharge capacity drops severely in the second cycle,[16,36] 
which could result from the irreversible surface oxygen loss in 
the first cycle.[17] A specific discharge capacity of ≈200 mAh g−1  
is obtained after 50 cycles for the LLC cathode, showing an 
improved electrochemical stability.
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The differential capacity (dQ/dV, where V and Q are the 
voltage and capacity, respectively) plots of HLC and LLC 
cathode obtained in the first cycle show strong oxidation peaks 
at 3.9 and 4.5 V,  respectively,  corresponding  to the TM cation 
(peaks A,C) and anion (O2−) oxidation (peaks B,D) processes 
(Figure 2d,e).[37] During the anion oxidation process, the forma-
tion of oxygen dimers and released oxygen gas have been pro-
posed.[4,13,17] Compared to the intensity of peak B in the plot of 
the HLC cathode, the weaker intensity of peak D could result 
from the lower Li content in the TM layer of the LLC material. 
More oxygen anions are oxidized in the HLC cathode. Since 
more oxygen redox reaction results in more specific capacity, 
the theoretical capacity of HLC cathode is higher than that 
of LLC cathode in the initial cycle. The additional reduction 
peak (peak E) drastically shifts toward the low-potential region 
during cycling (marked by arrow), suggesting that the voltage 
decay is severe in the HLC material. Because the reduction 

potential changes during cycling, the detailed reduction mecha-
nism of the corresponding reduction peaks F-I is needed.

To study the effect of the Li content on the voltage fading 
during cycling, the voltage fading was quantitatively analyzed 
using the average potential (E) of the discharge profiles.[38] 

The charge or discharge energy was calculated as V Q dQ( )
Q

0∫ ,  

whereas the average potential was estimated from the relation 

Q V Q dQ E Q1 ( ) /
Q

0∫ = . Figure  2f shows that the averaged voltage 

of the HLC cathode decreases continuously during cycling, 
resulting in severe voltage fading.

Nanostructured electrode materials have been proposed 
to improve the electrochemical performance of batteries.[39] 
The morphology and particle size of materials influence the 
electrochemical properties of materials.[39] The primary particle 
of HLC and LLC materials obtained from SEM images was 

Figure 1.  a) XRD patterns and Rietveld refinements of b) HLC and c) LLC materials. SEM, HR-TEM, and SAED images of d–f) HLC and g–i) LLC 
materials. C and R denote C2/m and R-3m space groups, respectively.
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analyzed statistically using ImageJ (Figure S4a,b, Supporting 
Information). Figure S4c in the Supporting Information shows 
the N2 adsorption–desorption isotherms of HLC and LLC mate-
rials. The detailed information regarding the statistical analysis 
of primary particle and the BET surface areas of HLC and 
LLC materials is provided in the supporting information. The 
dynamic light scattering (DLS) results could provide the gen-
eral information regarding the particle size of materials. DLS 
results show that the averaged particles sizes of HLC and LLC 
materials are 736 and 798 nm, respectively, suggesting that the 
averaged particle size of HLC material is only ≈8% smaller than 
that of LLC material (Figure S4d, Supporting Information). 
Thus, the material with different particle size could change the 
electrochemical behavior slightly.

In order to investigate the effect of the Li2MnO3-like structure 
on the TM redox process, we examined operando X-ray absorp-
tion spectroscopy (XAS) of HLC and LLC cathodes obtained 
at representative potentials during the charge and discharge 
process. Figure  3a,b shows the representative operando Ni K-
edge X-ray absorption near edge structure (XANES) spectra of 
HLC and LLC cathode in the first cycle. Before collecting the 
XAS spectrum, the battery was held at the specific potential for 
30  min to ensure the completed reaction during the galvano-
static charge–discharge process. The absorption energy of white 
line (WL) position of HLC cathode at the Ni K-edge XANES 
spectra and the corresponding charge–discharge curves are 
shown in Figure 3c,d. Based on the WL position at the Ni K-edge 
XANES spectra of NiO (Ni2+) and LiNiO2 (Ni3+), our results indi-
cate that Ni is oxidized from Ni2+ to Ni4+ at potentials ranging 
from 2.2 to 4.4 V during charge process.[40] The oxidation state 
of Ni remains the constant at potentials above 4.4 V, consistent 

with the conclusion that the oxidation process is dominated by 
the anion (O2−) oxidation process rather than the TM oxida-
tion process in the high-potential region (>4.4  V).[13,41] During 
the discharge process, the absorption energy of WL position 
shifts to lower energy as a result of Ni reduction. The absorp-
tion energy of WL position changes monotonically during the 
discharge process, suggesting that the anion and TM reduction 
processes could be performed in similar potential regions.

Figure 3e,f shows the absorption energy of WL position of the 
LLC cathode at the Ni K-edge and the corresponding charge–
discharge curves in the first cycle. The extended plateau in high-
potential region is suppressed during the charge process, which 
could be associated with the lower Li content in the TM layer of 
the LLC cathode. Interestingly, the plots of the absorption energy 
of WL position exhibit two slopes (indicated by the dashed lines) 
during the discharge process (Figure 3f). The oxidation state of Ni 
remains constant from 4.6 to 4.4 V and then changes substantially 
below 4.4  V, likely resulting from the anion and TM reduction 
processes, respectively. The detailed operando Ni K-edge X-ray 
absorption spectra are shown in Figure S5 in the Supporting 
Information. Sequential anion and TM reduction processes were 
observed in the LLC cathode during the second cycle (Figure S6,  
Supporting Information), corresponding to the suppressed 
voltage fading. In addition, the Ni K-edge absorption energy of 
the LLC cathode is lower than that of the HLC cathode in the 
fully charged state, which is associated with the higher Ni con-
tent in the LLC cathode. Figure S7 in the Supporting Information 
shows XAS mappings at the Ni K-edge of HLC and LLC particles, 
obtained at 4.6 and 4.4 V during the discharge process. The fully 
charged state of Ni (Ni4+) is uniformly distributed on the HLC 
particles at 4.6 V, in agreement with the operando XAS results.

Figure 2.  Charge–discharge profiles of a) HLC and b) LLC cathodes. c) Electrochemical performance of LLC and HLC cathodes obtained at a rate of 
20 mA g−1 in the potential range of 4.6–2.2 V. dQ/dV plots of d) HLC and e) LLC cathodes. f) Average potential of charge–discharge profiles.
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Next, we studied the role of Co and Mn in the reaction mech-
anism of HLC and LLC cathode. The operando X-ray absorption 
spectra at the Co K-edge show the presence of Co3+ in the pris-
tine materials and the Co redox process emerges to compensate 
the Li ion insertion and extraction (Figure S8, Supporting Infor-
mation). The feature of Mn K-edge X-ray absorption spectra of 
the HLC and LLC cathodes changes with the isosbestic points 
(Figure S9, Supporting Information), and the energy position of 
the pre-edge peaks at 6538–6546 eV remains unchanged during 
cycling, which is consistent with previous studies (Figure S10, 
Supporting Information). Thus, only the electronic structure of 
the HLC and LLC cathodes changes, whereas the oxidation state 
of Mn is maintained during cycling.[42] The participation of TM 
cations in the electrochemical reactions and XANES at the Co 
and Mn K-edge are discussed in the Supporting Information.

The pre-edge peaks at 6538–6546  eV in the Mn K-edge 
XANES spectra are associated with the local structure ordering 
and the intensity reflects the deformation of MnO6 octahedra.[43] 
Figure S11 in the Supporting Information shows that the inten-
sity of the pre-edge peaks of the HLC cathode increases during 
the charge process and becomes much larger at potentials 

above 4.4 V. Compared to the Ni4+O and Co4+O bonds, the 
Mn4+O bond is less covalent, which could promote the forma-
tion of localized holes in the oxygen anions.[13] The distortion 
of MnO6 octahedra likely results from the change in the 
Mn4+–O interactions, while the Ni4+O/Co4+O interactions 
are invariant.[44] Thus, the anion redox process could result in 
a continuous change in the local structure of Mn. Also, MnO6 
octahedra are more distorted in the HLC than LLC cathode 
during the charge process. The variations in bond length and 
distortion of the HLC and LLC cathodes were evaluated using 
the operando Fourier transformed (FT) EXAFS spectra at the 
Mn K-edge (Figures S12 and S13, Supporting Information). The 
Debye–Waller factor of Mn-O in the two cathodes shows that 
severe distortion of MnO6 octahedra in the HLC cathode results 
from the TM migration during the anion oxidation process.[43]

Lattice oxygen is known to compensate the charges beyond 
TM redox during the anion redox process which causes sig-
nificant TM migration, irreversible surface oxygen loss and 
structural instability.[18,45] In order to study the extent of oxygen 
participation and the effect of the Li2MnO3-like structure on the 
oxygen reactivity, i.e., 2O2− → O2 + 4e−, ex situ O K-edge X-ray 

Figure 3.  Operando Ni K-edge XANES spectra of a) HLC and b) LLC cathodes during cycling. The energy of white line position of c,d) HLC and e,f) LLC 
cathodes at the Ni K-edge XANES spectra and the corresponding charge–discharge curves. The absorption energy of white line position was defined 
over the half height of the normalized edge height.
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absorption spectra and online GC were used to examine the 
TM-O hybridization and gas evolution. Figure  4a,b shows the 
O K-edge X-ray absorption spectra of HLC and LLC cathode 
obtained at representative potentials. The spectra were collected 
in TFY mode to study the bulk phenomena with limited inter-
ference from the cathode electrolyte interphase. The pre-edge 
peaks a and b in the spectra are associated with the transition 
from O1s to TM3d–O2p orbitals.[29] During the charge process, 
peak c is formed at 527.8  eV when the potential reached 4.4 V, 
associated with the electron extraction from the TM3d-O2p (anti-
bonding) band in the TM oxidation process (Figure 4a).[22] Upon 
charging the cathode from 4.4 to 4.6 V, the intensity of peak a 
remains constant and peak d is formed at ≈531  eV. Also, the 
intensity of peak d gradually increases during the further charge 
process. Peak d is assigned to oxidized oxygen, i.e., the electrons 
extracted from the nonbonding O2p orbitals form new hole states 
in oxygen orbitals.[17] The O K-edge X-ray absorption spectra 
of the HLC cathode show that the intensity of peak d at 4.4  V 
remains unchanged during the discharge process, suggesting 
that the oxygen reduction potential shifts to lower potential.

In comparison, the O K-edge X-ray absorption spectra of 
the LLC cathode show a decrease in the intensity of peak d at 
4.4 V during the discharge process. Thus, the anion reduction 
process could be carried out at a higher reduction potential in 
the LLC cathode, which is consistent with the operando Ni K-
edge XAS results. The potential for the anion reduction pro-
cess of the HLC cathode shifts to a lower potential, where the 

TM reduction process also takes place. The suppressed voltage 
fading is obtained in the LLC cathode.

The soft XAS results (O K-edge) suggest that the oxygen reac-
tivities of HLC and LLC cathode might be different. Figure 4c,d 
shows online GC measurements of Li metal batteries with HLC 
and LLC cathodes and the corresponding charge–discharge pro-
files. The batteries were cycled between 3 and 4.6 V at a rate of 
20 mA g−1. The Li metal battery with HLC cathode exhibits that 
oxygen evolution is absent until 4.5 V and a released oxygen of 
0.3  µmol g−1 is obtained at 4.55  V during the charge process. 
The oxygen concentration reaches 0.48 µmol g−1 at 4.6 V upon 
further charging, corresponding to the anion oxidation-related 
plateau in the charge profile of the HLC cathode (Figure 4c).[13] 
A lower oxygen release is observed for the Li metal battery 
assembled with the LLC cathode, which suggests a less signifi-
cant oxygen participation in the charge process (Figure 4d). The 
amount of oxygen released in the HLC cathode decreases in the 
second cycle, as a result of irreversible oxygen redox reaction 
(Figure S14, Supporting Information).

The Li-rich cathodes with various excess lithium con-
tents exhibit the irreversible reaction mechanism and voltage 
decay.[22,46,47] To further explore the effect of excess lithium 
content on the reaction mechanism of Li-rich layered TM 
oxide cathodes,  the Li(Ni0.5Co0.2Mn0.3)O2 (NCM523) material 
without excess lithium content was investigated in the present 
study. XRD peaks of the NCM523 material can be fitted to the 
R-3m space group (Figure S15a, Supporting Information). The 

Figure 4.  O K-edge X-ray absorption spectra of a) HLC and b) LLC cathodes obtained at different charge and discharge states. Online gas chroma-
tography measurements of Li metal batteries with c) HLC and d) LLC cathodes and corresponding charge–discharge profiles during the first cycle.

Adv. Funct. Mater. 2022, 32, 2112394
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charge–discharge process and electrochemical performance of 
NCM523 material show that the cycling performance is stable 
in the potential range of 2.2–4.6 V (Figure S15b–d, Supporting 
Information). The crystallographic parameters are listed in 
Tables S5 in the Supporting Information. Operando XAS was 
used to study the reaction mechanism of NCM523 cathode. The 
white line position of Ni K-edge XANES spectra of NCM523 
cathode changes monotonically during cycling (Figure S16, 
Supporting Information). Operando Mn K-edge XAS results of 
the NCM523 cathode show that distortion of MnO6 octahedra 
and TM migration are suppressed in the NCM523 cathode 
(Figures S17 and S18, Supporting Information), which could 
originate from the eliminated anion reduction process. The O 
K-edge XAS (Figure S19, Supporting Information) and online 
gas chromatography measurements of NCM523 exhibit that 
no anion reaction is occurred. Thus, the excess lithium content 
of Li-rich layered TM oxide cathodes has major impacts on the 
reaction mechanism of Li-rich layered TM oxide cathodes.

Although the sluggish reaction kinetics originating from the 
lattice oxygen removal in the anion reduction process is well-
known, the effect of excess Li on the dynamic structure of LLC 
and HLC materials remains unclear. Operando QXAFS spec-
troscopy measurements enable monitoring the time evolution 
of the TM redox process. Figure  5a,b shows the operando Ni 

K-edge X-ray absorption spectra of HLC and LLC cathodes 
during the charge–discharge process. The WL position of 
HLC cathode at the Ni K-edge XANES spectra shifts drasti-
cally to higher absorption energy when the cell is charged from 
3.8 to 4.2  V (Figure  5c), and then changes slightly upon fur-
ther charging above 4.2 V. In contrast, the WL position of LLC 
cathode gradually increases when the cell is charged from 3.8 
to 4.2 V, suggesting that the reaction kinetics of HLC cathode 
is faster than that of LLC cathode (Figure 5d). Previous studies 
proposed that low-valent cations lead to a lower migration bar-
rier for Li.[48] Thus, less TM cations in the TM layer of the HLC 
cathode could result in a faster Li extraction process, in agree-
ment with the galvanostatic intermittent titration technique 
results (Figure S20, Supporting Information).

Interestingly, Ni is further oxidized at potentials ranging 
from 4.2 to 4.4 V. Compared to the HLC cathode, LLC cathode 
exhibits two Ni oxidation steps during the charge process and 
the Ni oxidation process occurs at higher potential region. 
Figure S21 in the Supporting Information shows that the Co 
redox potentials of the HLC and LLC cathode are also different. 
Sun et  al. reported that the TM redox potential is determined 
by the energy gap between energy level of TM3d-O2p (or non-
bonding O2p) and Li redox reactions.[49] As the energy gap 
changes with the Li/O ratio, the lower Li/O ratio in the LLC 

Figure 5.  Operando Ni K-edge X-ray absorption near edge structure spectra of a) HLC and b) LLC cathodes during constant current/constant potential 
cycling. Ni K-edge absorption energies of c,e) HLC and d,f) LLC cathodes and corresponding potential profiles. The absorption energy of WL position 
was evaluated at the half height of the normalized edge height.
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cathode results in a higher potential for some of the TM ions. 
The stacking faults originating from the excess Li could also 
lead to a lower reaction potential.[20] During the discharge pro-
cess from 4.4 to 3.8  V (Figure  5e,f), the Ni K-edge absorption 
energies decrease faster for HLC cathode than LLC cathode. 
The reduced local charge in the TM layer of the HLC material 
could promote a faster Li insertion.[48] The effect of kinetics of 
cation redox process on the electrochemical performance of 
HLC cathode than LLC cathode is discussed in the supporting 
information (Figure S22, Supporting Information).

The effect of the Li2MnO3-like structure on the phase evolu-
tion of the LLOs was further examined using operando XRD 
(Figure 6). Figure 6a,b,d,e shows the contour plots of the oper-
ando XRD data for HLC and LLC cathodes in the representative 
2θ region and the corresponding (003)R-3m and (101)R-3m XRD 
peaks during cycling. The positions of these peaks shift during 
the charge and discharge process. The XRD results show 
the evolution of the LiTMO2 phase of the HLC cathode. The 
detailed operando XRD results of the HLC and LLC cathode 
are provided in the Supporting Information (Figure S23, Sup-
porting Information). Figure  6c,f shows the calculated lattice 
parameters along the a-axis of the HLC and LLC cathodes 
and the corresponding charge–discharge curves at the cutoff 
voltage of 4.6  V. The lattice parameters were calculated by fit-
ting the XRD results with the rhombohedral R-3m space group. 
The changes in the a-axis of HLC cathode are associated with 
the TM redox reactions occurring below 4.4 V during the charge 
process (Figure  6c).[41] The a-axis of HLC cathode changes 
slightly from 4.4 to 4.6 V, consistent with the extended plateau 

in the corresponding charge curve. Since the oxidation state of 
the cations remains the same during the oxygen redox process 
and causes less pronounced changes in the lattice parameters. 
The characteristic structural evolution resulted from the TM 
and oxygen redox processes at different potential ranges are 
consistent with previous studies.[50,51] The calculated lattice 
parameter of the HLC and LLC cathodes follows the same trend 
when the potential varies from 2.2 to 4.4 V. The charge profile 
of the LLC cathode shows that the extended plateau is substan-
tially suppressed. Thus, structural changes resulting from the 
oxygen redox process are barely observed for the LLC cathode 
in the 4.4–4.6 V potential window (Figure 6f).

Here, we further discuss the proposed reaction mechanism 
for HLC and LLC cathode. Figure  7a shows the proposed 
reaction mechanisms for HLC and LLC cathodes and the 
corresponding CV results. During the charge process in both 
cathodes, TM cation oxidation occurs first (region I), followed 
by oxygen anion oxidation (region II). Our results show a severe 
voltage decay in the HLC cathode, in which the anion reduction 
process can be carried out at lower potentials, together with the 
TM reduction process. On the other hand, sequential anion and 
TM reduction reactions take place in the LLC cathode during 
the discharge process.

In the following, we discuss possible reasons for the sup-
pressed voltage decay in the LLC cathode. The TM layer is 
known to resemble a honeycomb-like structure, resulting in a 
large amount of Li2MnO3 phase (C2/m structure) in the HLC 
material. The lattice oxygen tends to form oxygen dimers,[21] 
which lead to metal-oxygen decoordination and TM migra-
tion. The voltage decay could originate from the TM migra-
tion during the lithiation process. Figure 7b shows a schematic 
illustration of the TM migration mechanism in HLC and LLC 
cathodes. Since HLC cathode has higher Li2MnO3 contents 
than LLC cathode, cation migration occurs much easier in 
HLC cathode and vacancies are clustered in the TM layer.[17] 
Thus, the different coordination environment of lattice oxygen 
ions could lead to the shift in oxygen reduction potential and 
voltage fading during the lithiation process. The dispersion of 
the Li2MnO3 phase in the LiTMO2 phase framework has been 
reported to affect the TM migration process.[52] Also, previous 
studies have proposed that the voltage hysteresis and voltage 
fading can be limited by controlling the superstructure.[53] The 
lower fraction of Li2MnO3 phase is present in LLC cathode, 
which limits the TM migration and suppresses the voltage 
fading.

3. Conclusions

In summary, detailed spectroscopic and electrochemical anal-
yses of HLC and LLC cathodes were carried out to elucidate the 
effect of the local electronic structure on the reaction mecha-
nism and dynamic structure of Li-rich layered oxides in Li-ion 
batteries. The lower amounts of Li2MnO3 integrated with the 
LiTMO2 phase in the LLC cathode show the improved electro-
chemical stability and suppressed voltage decay during cycling. 
Sequential anion and TM reduction processes are obtained 
during the discharge process. Interestingly, the kinetics of 
the TM redox process in the LLC cathode is slower than that 

Figure 6.  Contour plots of operando XRD results of a,b) HLC and  
d,e) LLC cathodes in representative 2θ regions and corresponding (003)R-3m  
and (101)R-3m XRD peaks (λ  = 0.7749 Å). Calculated lattice parameters 
along the a-axis for c) HLC and f) LLC cathodes and corresponding 
charge–discharge curves at the cutoff voltage of 4.6 V.
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in the HLC cathode. In addition, the HLC cathode shows 
one Ni oxidation process in the potential window from 3.8 to 
4.4 V, whereas the LLC cathode exhibits two Ni oxidation steps. 
Thus, the amount of Li2MnO3 phase affects both the reaction 
mechanism and kinetics of Li-rich cathodes. The evolution of 
the dynamic structure needs to be taken into account when 
addressing the cation and anion redox chemistry in Li-rich 
cathode. Our findings provide new insights into the reaction 
mechanism and kinetics of the TM redox reactions, showing 
that the electrochemical stability and kinetics of TM redox can 
be tuned by modifying the Li2MnO3 phase content.

4. Experimental Section
Material Synthesis and Characterization: Li-rich layered oxides (LLOs) 

including HLC and LLC materials were prepared by coprecipitation. The 
detailed synthesis procedure is shown in the supporting information. 
Li(Ni0.5Co0.2Mn0.3)O2 (NCM523) was purchased from Gredmann. XRD 
measurements of the LLOs were performed at the TLS beamline 01C2 of 
the National Synchrotron Radiation Research Center (NSRRC), Hisnchu, 
Taiwan. The detailed synthesis process and XRD measurements are 
described in the Supporting Information. Scanning electron microscopy 
(SEM) images were obtained using FE-SEM (JEOL JSM-7600F) operated at 
10 keV. Selected area electron diffraction (SAED) measurements were carried 
out using high-resolution transmission electron microscopy (HR-TEM, 
JEOL JEM-2100F) at 200 keV. The aperture used in the SAED measurement 
was ≈1  µm. X-ray absorption spectroscopy mapping measurements were 
performed at the TPS beamline 23A in NSRRC. The DLS measurements 
of HLC and LLC materials were conducted with NANO-ZS (Malvern 
Panalytical). HLC and LLC materials were dispersed in ethanol with a 
concentration of 0.5  mg mL−1 and sonicated for 15  min to obtain a well 
dispersed suspension. The suspension was measured at room temperature 
with an equilibrium time of 30 s. The N2 adsorption–desorption isotherms 
were measured with ASAP 2020 (Micromeritics Co.) at 77 K.

Cathode Preparation and Electrochemical Measurements: The cathode 
slurry consisted of 80 wt% cathode materials, 10 wt% carbon black (Super 

P, Imerys Graphite & Carbon), and 10 wt% polyvinylidene fluoride (PVDF, 
UBIQ Technology Co., Ltd.) in N-methyl-2-pyrrolidone (NMP, 99%).  
The slurry was cast on an Al foil and the laminate was dried under 
vacuum at 90°C overnight. A coin cell (CR2032) consisting of a Li metal 
anode (300  µm thick), a separator (Celgard 2325, Celgard LLC Co.),  
and a LLOs cathode was assembled in an argon-filled glove box. The 
loading of active material was ≈14  mg cm−2. Galvanostatic charge–
discharge tests were performed between 4.6 and 2.2  V (versus Li/Li+) 
at a current density of 20 mA g−1 using an Arbin cycler (LBTseries, Arbin 
Instruments). Cyclic voltammetry (CV) measurements were performed 
in a potential window from 2.2 to 4.6  V at a scan rate of 0.1  mV s−1 
(600E Potentiostat, CHI Instruments, Inc.). The electrolyte used in the 
experiments was 1 m LiPF6 in ethylene carbonate/diethyl carbonate 
(EC/DEC, 1:1 v/v, Sigma-Aldrich).

Operando XRD and QXAFS Measurements: Operando XRD and 
QXAFS measurements of LLOs were performed at the TLS 01C2 and TPS 
44A beamlines in NSRRC, respectively. In the XRD measurements, the 
batteries were charged and discharged at a current density of 20 mA g−1.  
The acquisition time of XRD pattern was 1 min. In the QXAFS experiment, 
the cell was charged and discharged at constant current (20  mA g−1), 
followed by holding the potential at a given voltage to avoid hysteresis 
phenomena at each reaction step. The quick-scanning monochromator 
(Q-Mono) provides the capability of on-the-fly scan (q-scan), which can 
collect spectrum in sub-second time scale. A full QXAFS spectrum can 
be acquired in 500 ms using q-scan at the Q-Mono oscillation frequency 
of 2  Hz in TPS 44A endstation.[54] In order to increase the signal to 
noise ratio, each Ni, Co, Mn K-edge QXAFS spectrum was averaged by 
120 spectra in this study, i.e., the time resolution was 60 s. The pure 
Mn, Co, and Ni foil were used to calibrate the incident photon energy. 
The QXAFS results obtained in transmission mode were analyzed 
with DEMETER software package.[55] Operando XAS measurements of 
NCM523 cathodes were performed at the TLS 17C beamline in NSRRC. 
Figure S24 in the Supporting Information shows the cell configuration 
for operando XRD and QXAFS measurements.

O K-Edge X-Ray Absorption Spectroscopy and GC Analyses: O K-edge 
XAS measurements were conducted at the TLS beamline 20A in 
NSRRC, Taiwan. Soft XAS measurements of the cathode materials 
were performed in total fluorescence yield (TFY) mode. The soft XAS 
spectra were collected with an exposure time of 50 s and averaged over 
five spectra. The cathode materials were rinsed with DEC solvent in an 

Figure 7.  a) Reaction mechanisms of HLC and LLC cathodes and corresponding CV results. b) Schematic illustrations of cation migration pathways 
in HLC and LLC cathodes.
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argon-filled glove box and dried in vacuum prior to the measurements. 
In order to avoid exposing the cathode materials to ambient air, all the 
prepared cathode materials were kept under vacuum and transferred 
to a chamber filled with argon before the soft XAS measurements. A 
home-built online GC system (Agilent 7890) with a pulsed discharge 
helium ionization detector was used to analyze the gas products.[56,57] 
Since each GC measurement required 30 min, the released gases were 
accumulated in the cell for 30 min during the charge–discharge process 
prior to the GC measurements.

Statistical Analysis: The size of primary particle of HLC and LLC materials 
obtained from SEM images was analyzed statistically using ImageJ. 12 SEM 
images taken from three batches of HLC and LLC samples were analyzed. 
60 primary particles were analyzed for each material. The projected 
areas of primary particles were 0.3 ± 0.25 and 0.26 ± 0.19  µm2 (mean ± 
standard deviation) for HLC and LLC materials, respectively. Three BET 
measurements were done for each sample. The averaged BET surface areas 
of HLC and LLC materials are provided in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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