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Probing the Initiation of Voltage Decay in Li-Rich 
Layered Cathode Materials at Atomic Scale 
 

Yan Wu,*,†, ‡ Cheng Ma,§,‡ Jihui Yang,ǁ‖ Zicheng Li,┴ Lawrence F. Allard,§ 

Chengdu Liang,§ and Miaofang Chi*,§ 

Li-rich layered oxides hold great promise for improving the energy density of present-day Li-ion 
batteries. Their application is, however, limited by the voltage decay upon cycling, and the origin 
of such a phenomenon is poorly understood. A major issue is determining the voltage range over 
which the detrimental reactions originate. In the present study, a unique yet effective approach 
was employed to probe this issue. Instead of studying the material during the first cycle, the 
electrochemical behavior and evolution of the atomic structures were compared in extensively 
cycled specimens under varied charge/discharge voltages. With the upper cutoff voltage lowered 
from 4.8 to 4.4 V, the voltage decay ceased to occur even after 60 cycles. In the meantime, the 
material maintained its layered structure without any spinel phase emerging at the surface, which 
is unambiguously shown by the atomic-resolution Z-contrast imaging and electron energy loss 
spectroscopy. These results have conclusively demonstrated that the structural/chemical 
changes responsible for the voltage decay began between 4.4 and 4.8 V, where the layered-to-
spinel transition was the most dramatic structural change observed.  This discovery lays 
important groundwork for the mechanistic understanding of the voltage decay in Li-rich layered 
cathode materials.  
 
 
 
 

Introduction 

Rechargeable Li-ion batteries have revolutionized the industry 
of portable electronic devices, and are currently regarded as one 
of the most promising energy-storage technologies for enabling 
electric vehicles and smart grids.1 However, these heavy-duty 
applications demand much higher energy density than that in 
the present generation of Li-ion batteries.1 Among all the 
available options, adopting cathodes with a higher capacity is 
one of the most effective approaches for improving the energy 
density.2  In this regard, the Li-rich layered oxides, (1-
x)LiMO2-xLi2MnO3 (M = Ni, Co, or Mn), are particularly 
attractive, as their capacity of ~250 mAh g-1  greatly surpasses 
those of all the other widely studied systems (which are 
typically lower than 200 mAh g-1).3 However, these compounds 
are plagued by severe voltage decay upon cycling.4 Besides 

decreasing the energy density, this deleterious phenomenon 
causes difficulty in evaluating the state of charge of the battery, 
and thus raises safety concerns associated with overcharge.4c 
Such a drawback prevents practical applications of this high-
capacity cathode material.4  
 
The prerequisite for tackling the voltage decay issue is a 
mechanistic understanding of this phenomenon. The initial 
delithiation of (1-x)LiMO2-xLi2MnO3 consists of two distinct 
steps.3d, 4d, 5 In the first step, the charge compensation for the Li 
extraction is realized by oxidation of the M cations, which 
corresponds to a sloping region below 4.5 V in the voltage 
profile. Afterwards, the seemingly inactive Li2MnO3 
component is activated via the removal of both Li and O, 
forming a plateau region above 4.5 V. While the voltage decay 
has been commonly assumed to relate to certain 
structural/chemical changes that initiate in this two-step 
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process,4a, 4d, 6 the specific origin remains unclear. Many studies 
attribute the voltage decay to the development of a spinel phase 
during cycling, but the definitive evidence is still elusive.6c In 
addition, other phenomena, such as the migration of transition-
metal (TM) cations into the Li sites at the particle surface6c and 
disruption of cation ordering,7 etc., were frequently speculated 
to contribute to the voltage decay. In order to identify the 
primary cause from all these possibilities, it is essential to know 
the exact voltage range where the detrimental effect initiates.  
However, the related studies are mainly focused on observing 
the structural evolution after full voltage range cycles, while the 
cause of such vulnarable voltage decay is still in strong debate.  
tThe most widely believed (although not yet conclusively cause 
for the voltage decay. According to the first-principles 
calculations and the associated structural analysis, the 
emergence of the spinel phase is facilitated by two structural 
changes during the initial charge:6b the formation of Litet–
V(TM)Li–Litet dumbbells (Litet and V(TM)Li refer to the Li at 
the tetrahedral site and Li vacancy in the transition-metal layer, 
respectively), and migration of transition-metal cations into the 
Li layer. Both of them occur in the sloping region (below 4.5 V) 
of the charge profile.6b However, it is also reported that the 
voltage decay behavior is governed by the plateau region 
(above 4.5 V);4c the compositions with a short plateau were 
found to exhibit much stable voltage profile. Furthermore, the 
oxidation of electrolytes and corrosion/fragmentation of 
particles have been observed to accompany the massive 
layered-to-spinel transition, implying the spinel phase could 
possibly be induced by an overly high cycling voltage 
(typically 4.8 V)4a, 4c, 8 that is beyond the electrochemical 
window of the electrolyte (typically 1-4.7V1a).6d, 9 Clearly the 
voltage range where the detrimental effect takes place cannot be 
conclusively identified based on the existing literatures.  
 
The difficulty of probing this issue lies in the fact that the 
voltage decay is a cumulative phenomenon that would not 
become sufficiently significant for observation before a large 
number of cycles. As a result, the direct examination of the 
structure/chemistry at different stages of the first cycle can 
hardly provide conclusive insight into the voltage range where 
the relevant changes occur. Furthermore, the layered-to-spinel 
transition typically initiates at the surface of the particle, and, if 
the material is of high quality, the spinel layer would only be 
several nanometers thick even after extensive cycling. Such a 
localized nature makes the detailed study particularly 
challenging. In this study, we employed a unique approach to 
probe this issue. Instead of studying the material during the first 
cycle, we compared the electrochemical behaviors of the 
specimens that were extensively cycled under varied upper 
cutoff voltages. The associated structural/chemical evolutions 
were unravelled in the atomic scale via the state-of-the-art 
scanning transmission electron microscopy (STEM) and 
electron energy loss spectroscopy (EELS). These analyses 
pinpointed the voltage range where the key detrimental 
reactions occurred, and directly visualized the most dramatic 
structural change initiating in this voltage range. This is an 
important step towards understanding the voltage decay 
mechanism in the high-capacity Li-rich layered cathode 
material.  
 
Results and discussion  

An extensively investigated composition, 
0.5LiMn1/3Ni1/3Co1/3O2-0.5Li2MnO3 (equivalent to 
Li1.2Mn0.54Ni0.13Co0.13O2), was selected for this study. When 
cycled at C/10 rate (the rate used in most studies), the material 
showed charge/discharge profiles (Figure 1a) consistent with 
those reported in literature.4c, 9a, 10 Nevertheless, the evolution of 
the cell voltage cannot be straightforwardly learned from these 
curves, as the discharge capacity was also decreasing at this rate. 
In order to eliminate such a distraction, the material was cycled 
at a much slower rate of C/100 for the 1st and 60th cycles. As 
shown in Supporting Information Figure S1, the capacity barely 
changed, and a simple comparison between the two discharge 
curves unambiguously revealed obvious voltage decay. 
Although the voltage evolution in the charge/discharge curves 
at C/10 was obscured by the decreasing capacity, it can still be 
quantified via the nominal voltage. Figure 1b displays the 
nominal voltage vs. cycle number plot at C/10 rate. A 
continuous degradation of the voltage was immediately visible. 
After 60 cycles, the nominal voltage dropped from 3.61 to 3.05 
V; only around 85% of the initial value was retained. Clearly 
the voltage decay always occurred regardless of the 
charge/discharge rate.  
 

 
An in-depth understanding of the voltage decay phenomenon 
can be reached via scrutinizing the evolution of each redox 
reactions during cycling. Figure 2 shows the dQ/dV plots of 
the electrochemical data at C/10. The discharge curve following 
the first charge to 4.8 V (Figure 2a) exhibited two peaks at 
around 3.5 and 3.75 V. The 3.75 V peak corresponded to the 
reduction of Co4+/3+ and Ni4+/3+/2+,4b which cannot be 
distinguished from each other in the plot, while the 3.5 V peak 
was associated with the reduction of Mn4+/3+ in the activated 
Li2MnO3 (or MnO2) component.4b During further cycling, an 
additional peak emerged at a voltage slightly lower than the 
Mn4+/3+ reduction peak, forming a short plateau between 3.2 
and 3.5 V in the dQ/dV curve (Figure 2c). While this peak was 
shifting towards lower voltages, its magnitude kept increasing 
at the expense of the other two peaks. At the 60th cycle (Figure 
2e), the two reduction peaks of the layered phase were barely 
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visible; the discharge curve only showed a pronounced peak at 
around 3V, which was close to that was expected for a pure 
spinel.4b, 11 This observation clearly suggested the layered-to-
spinel transition was taking place gradually.4b, 4d, 10 It should be 
noted that the layered phase should be present at the 60th cycle. 
Its presence was again obscured by the fast cycling rate. When 
the 60th cycle was performed at C/100, the reduction peak of the 
layered phase was still distinctly visible, residing in a lower 
voltage than that in the first discharge curve (Supporting 
Information Figure S2).  
 

 
In order to identify the voltage range that the 
structural/chemical changes are associated to the voltage decay, 
the material was cycled between 2 and 4.4 V. In this way, the 
charge/discharge of the LiMn1/3Ni1/3Co1/3O2 component was 
just complete, but the activation of Li2MnO3 has not yet 
initiated. The dQ/dV plots were displayed in Figure 2. In 
comparison with the specimen cycled between 2 and 4.8 V, the 
2-4.4 V cycled specimen showed staggering differences. While 
the Mn4+/3+ redox peaks in the layered phase no longer emerged 
due to the dormant Li2MnO3 component, neither the spinel 
redox peaks nor the voltage decay were observed upon 
repetitive cycling. The only peak in the dQ/dV curves was 
resulting from the Co4+/3+/Ni4+/3+/2+ redox reaction in the layered 
phase. Its position and shape remained largely unchanged even 
at the 60th cycle. This observation manifests that the essential 

cause of the voltage decay lied in certain reactions at the high-
voltage region of 4.4-4.8 V. 
 
The state-of-the-art (scanning) transmission electron 
microscopy [(S)TEM] and electron energy loss spectroscopy 
(EELS) analyses were performed to identify the 
structural/chemical changes showing the same dependence on 
the upper cutoff voltage. The results of the 2-4.8 V cycled  
specimen were shown in Figure 3.  Figure 3a displays the high-

angle annular dark-field (HAADF) image of a pristine particle 
along its [010] zone axis. With the image intensity dictated by 
the average atomic number,12 a perfect layered structure can be 
straightforwardly identified. The arrays of brighter spots were 
the layer consisting of transition metal and Li cations, while the 
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in-between Li layers and oxygen columns did not contribute 
visible contrast due to the small atomic number (see overlaid 
atomic model in Figure 3b). After only one cycle between 2 and 
4.8 V, visible contrast emerged in the Li layer in the outermost 
3-4 unit cells at the surface (Figure 3c and d), and the resulted 
structure matched well with a standard spinel pattern (Figure 
3d). During further cycling, the spinel phase kept growing at 
the expense of the layered phase. The thickness of the spinel 
layer increased from a few unit cells after one cycle to several 
nanometers after 18 cycles (Figure 3e). Accompanied with this 
was the continuously developing lattice strain between the bulk 
and surface. Consequently, nano-regions with different atomic 
configurations emerged in the surface spinel layer, and were 
readily developing into a polycrystalline structure. This was 
evidenced by the fast Fourier transformation (FFT) patterns 
from different regions of the spinel layer (Supporting 
Information Figure S3), and, more straightforwardly, the 
atomic-resolution HAADF image (Figure 3f). After 60 cycles, 
the surfaces generally became much rougher, preventing decent 
Z-contrast imaging at the atomic resolution. In addition, 
sponge-like regions were observed in most particles: the strain 
between certain spinel nano-grains and the surface must 

become so large that they detached from the particle (Figure 
3h).  

With the upper cutoff voltage lowered from 4.8 to 4.4 V, not 
only the voltage decay was largely eliminated, but the 
development of the surface spinel phase also ceased to occur. 
Figure 4a displays the atomic-resolution HAADF-STEM 
image of a particle cycled between 2-4.4 V for 20 times. In 
sharp contrast to the 2-4.8 V cycled material (Figure 3e), the 
layered structure was preserved at the surface. Although faint 
spots symbolizing the transition-metal cations can occasionally 
be observed in the Li layer (Figure 4b), they were far from 
forming the typical spinel pattern shown in Figure 3. After 60 
cycles (Figure 4c), the chance of observing transition-metal 
cations occupying the Li sites were slightly higher; certain Li 
layers at the outmost surface region (< 2nm) exhibited more 
than one atomic columns with visible contrast (marked by 
arrows in Figure 4d). Nevertheless, the amount of spinel phase, 
if any, was still negligibly small.  
The dependence of the layered-to-spinel phase transition on the 
upper cutoff voltage was also corroborated by the EELS data 
(Figure 5). The EELS measurements were performed in 
5nm×5nm regions to minimize the possible beam damage and 
include the contributions from both the surface and the bulk.  
For the specimens cycled between 2 and 4.8 V, the Co- and Ni-
L2,3 edges largely remained at the same position with increasing 
cycling number, but progressive changes were observed for the 
O-K and Mn-L2,3 edges. As shown in Figure 5a, three 
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distinguished peaks were present in the O-K edge (labeled as α, 
β, and γ, respectively). Peak α was associated with the 
transitions of 1s electrons to the 2p states hybridized with TM 
3d orbitals, while peaks β and γ originated from the mixing of 
the O 2p with s and p orbitals of Li and TM atoms. When the 
cycle number increased, peak α became less prominent in 
comparison with the other two peaks. This clearly suggested 
that the electronic environment of oxygen was modified, which 
was consistent with the emergence and growth of the spinel 
phase. Beyond this, more details in the chemical evolution can 
be perceived from the Mn-L2,3 edge, which was caused by the 
transition of electrons from 2p to 3d orbitals and was very 
sensitive to the oxidation states of Mn. As shown in Figure 5b, 
both the L2 and L3 peaks were shifting towards lower energies 
with increasing the cycle number. This suggested Mn was 
slowly reduced during repetitive cycling.13 Since the average 
valence state of transition-metal cations in the spinel structure 
is lower than that of Mn in 0.5Li(Mn1/3Ni1/3Co1/3)O2-
0.5Li2MnO3 (3.5+ vs. 4+), the gradual reduction of Mn further 
supported the observed layered-to-spinel transition during 
cycling. In sharp contrast to the 2-4.8 V-cycled specimen, the 2-
4.4 V-cycled materials did not exhibit any of the 
aforementioned EELS fine-structure evolutions (Figures 5c and 
d). Both the O-K and Mn-L2,3 peaks largely remained 
unchanged even after 60 cycles. Therefore, the 
structural/chemical variation occurring in the 2-4.8 V-cycled 
specimen did not take place, which was in excellent agreement 
with both the electrochemical characterizations and HAADF-
STEM observations.   
 
A comprehensive comparison between the electrochemical data 
and microscopy results presented above can straightforwardly 
reveal an excellent correlation between the voltage decay and 
the layered-to-spinel transition. With the upper cutoff voltage 
lowered from 4.8 to 4.4 V, the voltage remained stable even 
after 60 cycles. In the meanwhile, the spinel phase ceased to 
emerge. Since the layered-to-spinel transition was the most 
substantial structural change between 4.4 and 4.8 V, it must 
contribute significantly to the voltage degradation.  
Furthermore, the fact that the spinel phase emerged only at high 
voltages implied it could be triggered by at least two possible 
factors. First of all, it could be the activation of Li2MnO3 
component, which makes the redox reaction of Mn4+/3+ 
participate in the cycling process. Mn3+ is a Jahn-Teller cation, 
but Mn4+ is not. As a result, severe local distortion can be 
expected in the redox reaction between them, which may 
induce the layered-to-spinel transition.3e The second possibility 
lies in the electrolyte. It is well known that the electrochemical 
window of the organic liquid electrolyte is typically 1-4.7 V.1a 
If the cathode is cycled beyond this range without an effective 
solid-electrolyte interphase (SEI) layer, it might oxidize the 
electrolyte. The identification of the root cause for the layered-
to-spinel transition is beyond the scope of this study. 
Nevertheless, we did observe that the 2-4.4 V cycling after an 

initial activation to 4.8 V led to neither the voltage decay nor 
the spinel redox peaks in the dQ/dV plots (Supporting 
Information Figure S4).  Finally, it should be pointed out that, 
although the layered-to-spinel transition, as the most dramatic 
crystal structure change during cycling, has been demonstrated 
to be closely correlated with the voltage decay, the possibility 
that other reactions were also contributing to the voltage decay 
should not be ruled out. 
 

 
Figure 6. Schematic illustration of the dependence of the 
layered-to-spinel transition on the upper cutoff voltage.  
 
 
A schematic illustration of these observations was presented in 
Figure 6. The voltage decay was found to be associated with 
the massive formation of spinel phases from the particle surface, 
and this phase transition exhibited a strong dependence on the 
cycling voltage. If the upper cutoff voltage was below 4.4 V, 
the particles would maintain its layered structure even after 60 
cycles. Nevertheless, cycling beyond this voltage, e.g. 2-4.8 V, 
would induce the layered-to-spinel transition that degraded the 
voltage. After a limited number of cycles, only several 
outermost unit cells at the particle surface was transformed into 
the spinel structure. In the following cycles, this spinel phase 
kept growing in the consumption of the layered phase, and 
eventually developed into a polycrystalline structure to 
accommodate the strain between the bulk and the surface. With 
further cycling, the strain became so severe that some 
nanograins in the spinel layer began to detach from the surface. 
Because of the progressive formation of the spinel phase, the 
dQ/dV plots were gradually dominated by the low-voltage 
spinel peak, and thus decay in the nominal voltage was 
observed. 

Conclusions 

We have studied the voltage decay in the promising high-
capacity cathode material Li1.2Mn0.54Ni0.13Co0.13O2 under 
different cycling voltages. While the 2-4.8 V-cycled specimen 
showed severe voltage decay during cycling, the 2-4.4 V-cycled 
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one maintained a stable voltage even after 60 cycles. On the 
other hand, the layered-to-spinel transition occurring in the 
former specimen did not take place in the latter, as shown by 
the detailed atomic-scale structural/chemical analysis. These 
observations indicated that the detrimental reactions causing the 
voltage decay happened between 4.4 and 4.8 V, and also 
demonstrated that the most dramatic crystal structure change 
that initiated and developed in this voltage range was the 
layered-to-spinel transition. This is an important step towards 
understanding the voltage decay in Li-rich layered cathode 
materials.  
 
 
Experimental Details 

Chemical Synthesis: Li[Li0.2Mn0.54Ni0.13Co0.13]O2 powders were 
synthesized by a co-precipitation method in which required 
amounts of the transition metal acetates (Ni(CH3CO2)2·xH2O 
(99+ %, Alfa Aesar), Mn(CH3CO2)2·xH2O (99+ %, Acros 
organics), Co(CH3CO2)2·xH2O (98+ %, Alfa Aesar)) were 
dissolved in deionized water and then added drop by drop into a 
0.1 M KOH solution to form the co-precipitated hydroxides of 
Mn, Co, and Ni. The precipitates were filtered and washed with 
deionized water to remove any residual K+ ions. After drying 
overnight at 100 oC in an oven (in air atmosphere), the co-
precipitated hydroxides were mixed with 3% excess of the 
stoichiometry amount of lithium hydroxide and ground for half 
an hour, then fired in air at 900 oC for 24 h, and then cooled in 
air. The phase purity was verified by the x-ray diffraction. 
Electrochemical Testing: 2032 coin cells were used for 
electrochemical testing.  The cells used a lithium foil as the 
anode, 1 M LiPF6 in ethylene carbonate (EC)/ diethyl carbonate 
(DEC) (1:2 vol.) as the electrolyte. Cathodes were prepared by 
mixing 75 wt.% active material with 20 wt.% acetylene black 
and 5 wt.% PTFE binder. All the cells were cycled 
galvanostatically at C/10 rate between different cutoff voltages 
at 30 °C. 
TEM: TEM characterization was carried out on an aberration 
corrected FEI Titan 80/300 microscope equipped with a Gatan 
Quantum ER EELS spectrometer. The Z-contrast images were 
collected with a convergence semi-angle of 30mrad and inner 
collection semi-angle of 60mrad at 300kV. EELS spectra were 
acquired with a collection semi-angle of 50 mrad, and each 
spectrum presented in this paper is the sum of 40 spectra. 
Samples at different charged states were prepared by 
galvanostatically cycling at C/10 rate to the desired state of 
charge (SOC). The cell was then disassembled in an argon-
filled glove box, and rinsed with dimethyl carbonate (DMC) to 
remove LiPF6 salt. To minimize the exposure to air for the 
electrochemically charged/discharged samples, the TEM 
samples were prepared in an Ar environment and transferred to 
the microscope via vacuum transfer-system. 
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