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Resolving the relationship between capacity/voltage decay and 
phase transition by accelerating the layered to spinel transition†
Qi Pang,a Mengke Zhang,a Yang Song,a Yueying Liu,a Manqi Tang,a Sunqi Su,b Lang Qiu,*a Yao 
Xiao,*b,c Xiaodong Guo*a

Lithium-rich cathode materials are one of the most promising choices for lithium-ion batteries due to their excellent energy 
density (>900 Wh kg−1). However, its severe voltage/capacity degradation during cycling has seriously hindered the further 
commercialization of lithium-rich cathode materials. Current research efforts are focused on enhancing its voltage and 
capacity retention. Here, the coating of FeF3 on specific crystal plane is utilized to achieve a very different degradation trend 
from that of the as-received material. Using this as an entry point, the relationship between voltage and capacity 
degradation was studied in depth. The oriented coated material undergoes a more drastic phase transition during cycling, 
yet its voltage decay remains basically the same as that of the original sample (79.62% vs. 78.36% for the pristine material). 
Notably, the capacity retention rate is significantly improved (97% after 200 cycles vs. 75% for the pristine material). These 
findings suggest that the capacity degradation and the voltage decay do not interact with each other, and that the phase 
transition during cycling does not seem to negatively affect the voltage. This conclusion can also be extrapolated to other 
oxygen-reducing oxide systems to help understand the relationship between capacity and voltage decay. The modification 
is generalized and applicable to other cathode materials.

Introduction

Nowadays, in the face of problems such as environmental pollution 
and climate warming caused by the overexploitation of fossil energy 
sources around the world, there is an urgent need to replace non-
renewable fossil energy sources with renewable energy sources. 
Therefore, researchers are looking for ways to improve the efficiency 
of renewable energy sources. In the current field of cathode 
materials, Li-rich manganese-based cathode materials (LRMs) with 
the chemical formula Li1+xTM1-xO2 (LLOs, TM = Ni, Co, Mn, etc.) have 
emerged as the most promising cathode materials due to their high 
specific capacity over 250 mA h g−1.1-5 Compared with traditional 
lithium-ion battery cathode materials (e.g. LiCoO2, LiFePO4, etc.), 
which realize chemical energy storage through the redox of metal 
cations, LRMs can take advantage of the unique Li-O-Li structural 
features to achieve the oxidation-reduction of oxygen atoms, and 
thus express an additional capacity contribution on the basis of metal 
ion redox. However, its inherent low first-time coulombic efficiency 
and voltage/capacity decay during cycling not only lead to the 
continuous decrease of battery energy density, but also seriously 
hinder the further commercialization and application of LRMs.6 

Many works have shown that capacity decay is related to various 
structural degradations caused by oxygen loss, including layered-to-

spinel/rock phase transition, cracks, and surface side reactions.7-9 
Voltage decay is related to the occurrence of low-potential redox 
pairs during cycling, layered-to-spinel structural transition, and 
increased interfacial resistance. Hu et al.10 found that the voltage 
plateau of LRMs continued to decline during cycling despite little 
change in capacity. This suggests that the capacity compensation 
effect between elements can maintain the overall capacity to a 
certain extent, but the voltage decay is not effectively controlled, 
implying that the relationship between voltage decay and capacity 
decay is not simply linear. On the contrary, Sun et al.11 point out that 
irreversible lattice oxygen loss exacerbates structural deformation 
and phase transition, leading to simultaneous voltage and capacity 
decay. This observation emphasizes the coupled relationship 
between voltage decay and capacity decay, i.e., the dual effect of 
structural changes on both. Thus, these two perspectives 
demonstrate a significantly different relationship between voltage 
and capacity decay: Hu et al.10 focus on the compensating effect of 
capacity on voltage, while Sun et al.11 emphasize the synchronous 
decay triggered by structural deformation. However, the existing 
literature provides no clear explanation for the correlation between 
capacity and voltage decay. Therefore, further research is required 
to analyze the relationship between voltage and capacity decay, in 
order to reveal their intrinsic connection and interaction mechanism.

Herein, we prepared two Li-rich manganese-based cathode 
materials with different capacity/voltage decay to reveal the 
relationship between capacity decay and voltage decay. Modified 
materials (referred to as LFF3) were obtained by coating the pristine 
materials (referred to as LRM) with FeF3. Firstly, a premise is 
considered that the introduced substance does not affect the original 
internal structure of the material, and due to the low content, the 
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chemical reaction involved does not have an effect on the overall 
material. Characterization using by XRD, XPS, Raman etc. and 
combined with electrochemical performance analysis, revealed that 
the presence of the spinel phase in LFF3 contributes to stable 
capacity retention (97% after 200 cycles), representing a significant 
improvement over the 75% capacity retention observed in LRM. 
After cycling, the spinel phase content in LRM and LFF3 was 1.03% 
and 9.34%, respectively. However, the voltage retention was close, 
78.36% for LRM and 79.62% for LFF3. The results confirm that there 
is no clear linear relationship between voltage decay and capacity 
decay for LRMs, and break the traditional concept that the transition 
from layered to spinel structure does affect the voltage decay. This 
work could help understand the relationship between capacity and 
voltage decay in other oxide systems containing oxygen redox, and 
facilitated the development of high-performance cathode designs. 

Results and discussions
Structure of LRM and LFF3. Fig. 1a shows primary particles of LFF3 
with FeF3 coated on its specific crystal surface. Fig. 1b, c show the 
XRD patterns of LRM and LFF3. The samples show good crystallinity. 
A clear peak of the hexagonal 𝒂-NaFeO2 structure belonging to the 
space group R3m can be observed. Several weak peaks located at 
≈20-25° belong to the monoclinic Li2MnO3 phase with the space 
group C2/m, which has a unique superlattice honeycomb-ordering 
structure.12, 13 No peaks for FeF3 are found in the X-ray Powder 
Diffraction (XRD) patterns of LFF3 due to the relatively low amount 
of the FeF3 phase (3%).14 In addition, the (006)/(102) and (108)/(110) 
diffraction peaks for all samples are well split, signifying no disruption 
of the higher ordered layered structure after the surface 
modification treatment.15 The I(003)/I(104) values of all samples are 
greater than 1.2.16 Detailed refined lattice parameters are listed in 
Table S1†. The results show that both samples have similar cell 
parameters, phase occupancy, which suggests that the crystal 
structure of LFF3 has not been changed.17 In order to further explore 
the surface chemical states and elemental valence states of the 
materials, X-ray photoelectron spectroscopy (XPS) analyses of Ni 2p, 
Mn 2p, O 1s, F 1s and Fe 2p were performed. The specific information 
is in Fig. S1† and the results show that the Mn valence states of LRM 
and LFF3 remain basically the same, indicating that the modification 
does not lead to a change in the chemical state of Mn3+.18 And the 
binding energy peak belonging to Fe-F in FeF3 was found in Fe 2p (Fig. 
S1e†).14 Raman spectroscopy is sensitive to short-range ordering, 
which is favorable for phase identification, so this test was also 
carried out to detect the local structure. The results of the Raman 
spectra of LRM and LFF3 are shown in Fig. 1d, e. The peaks near 477 
cm−1 and 595 cm−1 belong to the Eg and A1g vibrations of the R3m 
space group, in addition, no peaks appeared near 650 cm−1, 
suggesting that the spinel phase hardly exists before and after 
coating.19 

The surface morphology of the LRM and LFF3 samples was 
investigated by scanning electron microscopy (SEM). As shown in Fig. 
S2†, all samples exhibit spherical secondary particles, which are 
composed of aggregated primary particles, with an approximate size 
of 5 μm. The LFF3 surface (001) crystal plane is rough with the 
presence of a coating layer (Fig. S2b†) compared to the LRM (Fig. 
S2a†). The SEM mapping plots of LRM and LFF3 particles are shown 

in Fig. S3† and Fig. S4†. The changes in the surface crystal structure 
after surface modification were explored by transmission electron 
microscopy (TEM) and high-resolution transmission electron 
microscopy (HRTEM) characterization along the [010] band axis 
direction Fig. 1f, j. Fig. 1g, k shows the HRTEM images of LRM, LFF3 
extracted from (Fig. S5†), respectively. By fast Fourier transform 
(FFT) analysis (local FFT of the rectangular region in Fig. 1g), it can be 
found that both inside and outside of the LRM (Fig. 1h, i) exhibit a 
planar spacing of 0.47 nm, which corresponds to the layer structure 
with the R3m space group (003) surface. In contrast, crystals with an 
average thickness of ≈12 nm were found attached to the surface of 
FeF3 particles in the LFF3(Fig. 1k).The interior of the LFF3 particles 
(Fig. 1l) remains a layer structure with a spacing of 0.47 nm, 
corresponding to the (003) crystal plane of R3m, and the crystals on 
the surface (Fig. 1m) correspond to the (020) crystal plane of FeF3 
(plane spacing of 0.21 nm).14, 20

This orientated coating may impose additional stresses on the 
material surface, thus affecting the phase transition pathways of the 
material. In addition to this, microstructural variations can have a 
significant impact on the electrochemical behavior of the materials. 
In order to fully understand the practical impact on performance, the 
focus is shifted to the evaluation of electrochemical performance, 
exploring how structural differences affect the capacity and voltage 
stability of the materials during cycling.

Electrochemical performance. Subtle differences in 
microstructures result in LRM and LFF3 exhibiting different 
electrochemical performance. The coin cells are assembled and 
measured at the voltage range of 2.0-4.8 V (relative to Li/Li+) under 
30 oC to evaluate the electrochemical performance. Fig. 2a shows the 
initial charging/discharging curves of LRM and LFF3. The long 
platform period observed at 4.5 V corresponds to the 
electrochemical activation process of Li2MnO3, while the sloped 
region below 4.5 V represents the oxidation process of transition 
metals.21 It is noteworthy that during the first charging of LFF3, the 
potential rises rapidly to 4.5 V, followed by a distinct long platform 
corresponding to an oxygen redox providing a capacity of 197.96 mA 
h g−1 , and this fraction of the oxygen in the LRM provides a capacity 
of 190.68 mA h g−1.Since the redox behavior of the lattice oxygen is 
not fully reversible at high pressures (> 4.5 V), and the release of 
oxygen from the lattice results in the formation of oxygen vacancies, 
which greatly reduces the diffusion energy barrier of TM, accelerates 
the migration of TM, and ultimately accelerates the phase transition 
process. 22 LFF3 exhibits a higher discharge capacity and a higher 
initial Coulombic efficiency of 76.88% compared to 64.51% for LRM.

As shown in Fig. 2b, c, there is no significant difference in voltage 
degradation of LFF3 after coating compared to LRM, but the capacity 
degradation is more significantly improved. The cycling performance 
of LRM and LFF3 was further compared in the voltage interval of 2.0-
4.8 V at 1 C. As shown in Fig. 2d, the difference in the discharge 
capacity between LRM and LFF3 was not large in the first cycle at 1 
C. After 200 cycles, the discharge capacity of LRM decreased from 
187.83 mA h g−1 to 155.01 mA h g−1, with a capacity retention of 75%, 
while the discharge capacity of LFF3 decreased from 192.48 mA h g−1 
to 187.04 mA h g−1, with a capacity retention of 97%. It is noteworthy 
that although LRM and LFF3 show a great difference in capacity 
retention, they exhibit nearly the same decay in voltage. Fig. S6† 
shows the discharge curves of LRM, LFF3 in the 1st, 50th, 100th, 150th, 
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and 200th cycles at 1 C, respectively. The horizontal coordinates are 
normalized so that the voltage-capacity curves of the two materials 
are compared under a unified scale, thus showing more clearly the 
difference in the performance of the materials in the voltage range. 
After 200 cycles, the voltage drop is 769.6 mV for LRM and 723.5 mV 
for LFF3. For a comprehensive comparison of cycling stability and 
voltage decay, the energy density of LRM and LFF3 over 200 cycles 
was plotted (Fig. S7†). The data show that the energy retention of 
LFF3 (80%) is higher than that of LRM (66%), and accordingly, the 
energy density loss decreases from 224 Wh kg−1 to 127 Wh kg−1. And 
the energy efficiency of LFF3 is significantly higher than that of LRM 
throughout the cycle (Fig. S8†). 

The rate capability of the two materials is shown in Fig. 2e and 
Fig. S9†, which confirms the better rate capability of LFF3 compared 
to the pristine material. The discharge specific capacities of LFF3 at 
0.1 C, 0.2 C, 0.5 C, 1 C, 3 C, and 5 C are 266.25 mA h g−1, 245.25 mA h 
g−1, 219.36 mA h g−1, 197.67 mA h g−1, 157.51 mA h g−1, 133.07 mA h 
g−1. Additionally, even after experiencing a high discharge rate of 5 C, 
the specific discharge capacity of LFF3 was able to recover 98.85% of 
its initial capacity at 1 C To explore the kinetic properties of the LRM 
and LFF3 samples, employing the corona electrostatic intermittent 
titration technique (GITT). The results show that LFF3 has a higher Li+ 

diffusion rate (Fig. 2f-h). This result is consistent with the results 
analyzed above, the introduction of FeF₃ accelerates the phase 
transition from the layered structure to the spinel phase during 
cycling, contributing to improved Li⁺ diffusion and electrochemical 
performance. 23 Fig. 2i, j show the dQ/dV plots of LRM and LFF3 at 1 
C, respectively, further explaining the role of phase transition on 
stability. The anodic peaks between 2.5 V and 3.5 V correspond to 
the reduction of Mn4+ to Mn3+.24 The anodic peak between 3.5 V and 
4.5 V corresponds to Ni4+ reduction to Ni2+. In addition, LFF3 shows a 
new peak at ~2.7 V (orange arrow) during cycling, which is a 
distinctive feature of low-voltage spinel phase formation. As cycling 
proceeds, the reduction peak of Mn4+/Mn3+ is gradually shifted to 
lower voltages, which is widely believed to be related to the 
structural transition from layered to spinel phases.25, 26Fig. 2i shows 
that the reduction peak of the LRM located at 2.983 V shifted to 
2.880 V (Δ = 103 mV) after 200 cycles, whereas a much larger 
potential shift clearly occurred for LFF3(Fig. 2j), Δ = 491mV (from 
3.172 V to 2.681 V). As the cycle proceeds, LFF3 shows an oxidation 
peak near 3.25-3.75 V, which is related to the phase transition, while 
the peak here is significantly lower in the LRM, suggesting that LFF3 
undergoes a more severe phase transition process during cycling.20 
As shown in Fig. 2k , the modified material did not suppress the 

Fig. 1 Structural characterizations of LRM and LFF3. (a) Schematic of primary particles of LFF3.XRD pattern of (b) LRM and (c) LFF3 with 
Rietveld refinement. Raman spectra of (d) LRM and (e) LFF3. (f) SAED, (g) TEM, (h, i) HRTEM images of LRM. (j) SAED, (k) TEM, (l, m) 
HRTEM images of LFF3.
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voltage degradation, but its capacity per cycle degradation is 
excellent in the literature.27-36 The phase transition resulted in the 
formation of a larger amount of spinel phase. Due to the highly 
reversible nature of the manganese redox process within the spinel 
structure, the formation of the spinel phase in the modified sample 
provided an additional contribution to the overall capacity.

The surface chemical environment. Following the acquisition of 
the electrical performance data, further research will be conducted 
on structural degradation with the objective of decoupling the 
relationship between structure and performance. In order to explore 
the changes in the phases of the material after cycling, X-ray 
diffraction (XRD) was used to probe the material post-cycling. Fig. 3a, 
b show the Rietveld refinement results of the XRD patterns of LRM 
and LFF3 after 200 cycles. (The detailed cell parameters are given in 
Table S2† and Table S3†.) It is clear that the XRD profiles are well 
fitted based on the three-phase model (layered, spinel and rock salt 
phase structures). The results show that after 200 cycles, the main 
phases in both LRM and LFF3 are still layered (Fig. 3c) and the 

proportions of spinel and rock salt phases in LRM are 1.03% and 
3.04%, respectively, while the proportions of spinel and rock salt 
phases in LFF3 are 9.34% and 2.33%, which suggests that LFF3 
undergoes a more severe phase transformation during cycling, with 
more layered transforming into spinel phases.

The change of elemental valence can reflect the stability of 
transition metal ions. The valence and phase composition changes of 
Mn after 200 cycles were investigated by XPS and Raman 
spectroscopy, respectively. Fig. 3d, e show the Mn 2p XPS spectra of 
LRM and LFF3 after cycling, respectively. By comparing the ratio of 
Mn4+ and Mn3+ peak areas in the Mn 2p spectra, the percentage of 
Mn3+ increased from 28.48% to 28.95% (LRM) and from 27.78% to 
37.63%, respectively. For Ni 2p, both LRM (Fig. S10†) and LFF3 (Fig. 
3f) samples moved to higher binding energies after 200 
cycles.However, LFF3 changed more, indicating an increase in the 
oxidation state after cycling. This change in the Ni oxidation state 
may be a combination of the Mn oxidation state and oxygen loss.37, 

38 Raman mapping (Fig. 3g, h) can clearly show that the spinel content 

Fig. 2 Electrochemical performance of LRM and LFF3. (a) The initial charging and discharging curves for LRM and LFF3. Capacity-voltage 
curve for 1-200 cycles for (b) LRM and (c) LFF3 at 1 C after two turns of activation at 0.1 C. (d) Cycling performance at 1 C for LRM and 
LFF3. (e) Rate capability. (f, g) The galvanostatic intermittent titration technique (GITT) curves of the LRM and LFF3 samples measured 
during the charge–discharge process (h) The calculated lithium diffusion coefficient. Corresponding dQ/dV curves of (i) LMR and (j) LFF3 
cathode at different stage of cycling at 1 C rate. (k) Comparison of LRM, LFF3 and the literatures.
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in LFF3 is significantly higher than that in LRM after cycling, and the 
distribution of the spinel phase is not uniform due to the 
directionality of the coating. Accordingly, the proportion of layered 
in LRM after cycling is slightly higher than that in LFF3 and the 
distribution is relatively concentrated, whereas in LFF3, the 
distribution of layered is not as regular as that in LRM due to oriented 
coating in Fig. 3i, j. (Detailed Raman mapping is shown in Fig. S11†.)39 
Combined with the capacity retention analysis of the two materials, 
specifically, while the intensification of the phase transformation of 
the material may lead to changes in the internal structure of the 
material, this does not necessarily lead to a reduction in capacity. 
Instead, this intensified phase transformation may have introduced 
new, stable phases in the modified material or enhanced the 
structural stability of the material, thereby improving the capacity 
retention of the battery.

Structural evolution. After analyzing the material bulk phase, 
then delving into the evolution of the material bulk phase at the 
microscopic level. SEM and TEM images of LRM and LFF3 after cycling 
provide more visual evidence of the structural degradation of the 
materials after cycling. The small magnification SEM are shown in Fig. 

S12†. Apparently, the spherical particles of LFF3 remain more intact, 
but it has more cracks on the surface of the particles. This is because 
FeF3 is coated around specific crystal plane, which exacerbates the 
inhomogeneous expansion and contraction of the material during 
discharging, thus leading to the evolution of the phase structure.40

This inhomogeneous expansion and contraction also lead to 
lattice distortion during cycling, resulting in severe nano-defects, as 
can be observed in the FIB-SEM cross-section images in which 
obvious nanoscale pore structures are present inside the primary 
particles of both LRM (Fig. 4a) and LFF3 (Fig. 4e), and such nano-
defects limit the diffusion of Li+ in the grains and exacerbate the 
transformation of the layered to the spinel phase.41, 42 Fig. 4b shows 
a high-resolution transmission electron microscopy (HRTEM) image 
of the LRM corresponding to the yellow-circled portion of Fig. 4a. The 
bulk phase exhibits a lattice stripe of 0.47 nm, indicating that the 
material still maintains a lamellar structure inside.23 Fig. 4d shows the 
spinel phase on the surface of the particles corresponding to the 
[121] band axis, with a thickness of ~6 nm. In contrast, the content 
of irregular spinel phase is higher in LLF3. And Fig. 4f shows TEM 
image

Fig.3 The surface chemical environment of LRM and LFF3. XRD pattern of (a) LRM and (b) LFF3 with Rietveld refinement after 200 cycles. 
(c) The phase fraction (wt%) of LRM and LFF3 The XPS spectra of Mn 2p for (d) LRM and (e) LFF3. (f) The XPS spectra of Ni 2p for LFF3. 
Raman mapping in 630.91 cm−1 of (g) LRM and (h) LFF3 after 200 cycles. Raman mapping in 595.98 cm−1 of (i) LRM and (j) LFF3 after 200 
cycles.
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of LFF3. It can be clearly observed that the atomic arrangement of 
the surface region is different from that of the inner region. The inner 
region (II) and surface region (IV) of the STEM image were zoomed 
in, and the corresponding fast Fourier transform (FFT) patterns were 
provided. Fig. 4g shows a hierarchical arrangement of TM atoms 
(bright spots) with a spacing of 4.7 Å, close to d003 in the LiTMO2 
structure. The corresponding FFT patterns can be matched along the 
direction onto the layered structure. In contrast, the STEM image in 
Fig. 4h shows distinct TM atoms in the interplanar arrangement, and 
the FFT pattern matches the spinel [110] band axis along the 
direction. And the irregular spinel structure on its surface is as thick 
as 10 nm in some regions, and the presence of spinel phases (high-
energy boundaries) at the grain boundaries promotes the dissolution 
of Mn and the migration of TM to the octahedral sites of Li during 
cycling, accelerating the phase transition.43 The TEM results confirm 
that both LRM and LFF3 have undergone some degree of structural 
evolution during cycling, and that the degree of phase 
transformation of LFF3 is more drastic. Fig. 4i is able to show well the 
results of the phase transition of the internal particles after cycling.

Conclusions 
In summary, a material LFF3 with a different voltage/capacity decay 

was constructed from the LRM by using FeF3 coated on specific 
crystal plane. The relationship between capacity decay, voltage 
decay, and phase transition is revealed by analyzing the electrical 
properties and structure of both materials. This work emphasizes 
that there is no specific link between voltage and capacity decay for 
LRMs, and furthermore, the phase transition from layered to spinel 
phases during cycling does not seem to have an effect on voltage 
decay. Although LFF3 undergoes a more drastic phase 
transformation during cycling, it instead shows higher discharge 
capacity (268.06 mA g−1 at 0.1 C) and superior capacity retention 
(97% after 200 cycles), but its voltage retention remains essentially 
unchanged (79.62% compared to 78.36% for LRM), and the 
relationship between the improved capacity retention, similarity in 
voltage retention, and intensified phase transformation suggests 
that there is no specific relationship between capacity retention, 
voltage retention and phase transformation. The relationship 
between the increase in capacity retention, similarity in voltage 
retention, and increase in phase transition indicates that there is no 
positive correlation between voltage and capacity decay. This implies 
that the capacity retention can be maintained at a relatively stable 
level even if the voltage of the material decays during the cycling 
process. This finding suggests that voltage decay and capacity decay 
are two relatively independent phenomena, and that phase 

Fig.4 Structural evolution of LRM and LFF3. (a) The FIB-SEM image, (b) TEM images and (c, d) HRTEM images of LRM. (e) The FIB-SEM 
images, (f) TEM images and (g, h) HRTEM images of LFF3. (i) Schematic diagram of the phase transition after cycling.
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transformation does not negatively affect the stability of voltage 
retention. Although the intensification of the phase transition 
changes the structure of the material, this change does not appear 
to have an impact on voltage stability while improving capacity 
retention. This discovery also provides a new modification idea for 
cathode materials such as lithium cobalt oxide and nickel-cobalt-
aluminum oxide, which have a stable voltage retention rate but a fast 
capacity degradation, to improve their capacity retention rate while 
maintaining their excellent voltage retention rate. Further research 
should focus on these potential mechanisms to fully understand the 
relationship between voltage and capacity decay in order to optimize 
the long-term stability and performance of the materials.
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