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  1.     Introduction 

 In the past decade, electric vehicles (EVs) 
have made signifi cant progress toward 
commercialization. However, the high 
price of EVs is still a large barrier to 
replace the traditional cars, mainly due 
to the lack of cheap and high-energy bat-
teries. Lithium ion batteries (LIBs) are 
the most popular power sources for port-
able electronics and have been generally 
considered as the most potential power 
source to EVs. [ 1–3 ]  Currently, numerous 
anode materials with high specifi c capaci-
ties (more than 1000 mAh g −1 ) and high 
power density have been developed for 
LIBs; [ 4–6 ]  however, the specifi c capacities 
of the benchmark cathode materials, such 
as LiCoO 2 , LiFePO 4 , and LiMn 2 O 4 , are still 
limited to <150 mAh g −1 , being the bottle-
neck of the LIB system. [ 7 ]  

 Li-rich layered cathode materials have 
attracted much recent attention due to 
their extraordinary high specifi c capacity of 
more than 250 mAh g −1  at room tempera-

ture. Generally, they are described as  x Li 2 MnO 3 �(1– x )LiMO 2  
(M = Mn, Ni, Co or their mixture), in which the Li 2 MnO 3  can be 
activated by high voltage charging to provide the extra capacity. [ 8 ]  
To meet the demand of practical applications, there are still sig-
nifi cant challenges associated with the Li-rich cathode materials 
including the poor long-term cycling stability, low power den-
sity, and voltage decline, and some advanced techniques such 
as surface coating and modifi cation have been well developed to 
overcome these problems. [ 9,10 ]  But more importantly, the funda-
mental understanding of the electrochemical reactions and the 
corresponding crystal structure evolutions of the Li-rich mate-
rials have still not been fully revealed due to the complexity of 
their compositions and structures. [ 11–14 ]  

 Li-rich materials within the Li–Ni–Mn–O system are 
favorable because of the absence of expensive and toxic Co. 
Among them, the Li 1.2 Mn 0.6 Ni 0.2 O 2  material has been well 
studied as a representative composition. [ 15,16 ]  A long and fl at 
plateau is featured from around 4.5 to 4.8 V during the 1st 
charge, and the activation of the Li 2 MnO 3  phase has been dem-
onstrated to be the intrinsic reason for such a long plateau 
which involves a few subreactions including Li +  extraction from 
both the Li and the transition metal (TM) layers, oxygen release 
from the crystal lattice, and the TM ion diffusion into the Li 
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layers. [ 16–18 ]  However, as the Li 2 MnO 3  phase is often completely 
activated in the 1st cycle, it is diffi cult to investigate these sub-
reactions separately, therefore, in most cases, they are basically 
considered to occur simultaneously as a whole reaction. [ 19 ]  In 
our recent work, it was found that the rate of Li 2 MnO 3  phase 
activation could be adjusted by controlling the doping level of 
Ni or Co. [ 20,21 ]  The incomplete Li 2 MnO 3  activation process in 
the initial cycles can provide an excellent opportunity to study 
the intermediate state, phase and subreactions of the Li-rich 
cathode materials. 

 Based on a Ni-poor Li-rich cathode material providing con-
trolled Li 2 MnO 3  activation rate, we report a detailed study on 
the reaction kinetics involved in the Li 2 MnO 3  activation by a 
combined electrochemical analysis and structural characteriza-
tion. A prominent oxygen-generation plateau was observed in 
the 1st charge above 4.6 V, accompanied by Li extraction from 
only the Li layers as indicated by the continuous expansion of 
the  c -parameter. Meanwhile, no change of the Li-TM ordering 
in the TM layer can be detected in the synchrotron in situ X-ray 
diffraction (XRD) pattern. From the sectional charge/discharge 
capacity investigation and high angle annular dark-fi eld scan-
ning transmission electron microscopy (HAADF-STEM) obser-
vations, it was also found that although the oxygen release 
plateau disappeared within the initial 5 cycles, the Li 2 MnO 3  
activation process continued for many more cycles with gradual 
capacity increase, crystal structure evolution, consequent 
voltage decline, and growth of TMs in the Li layers, strongly 
indicating that the two subreactions of oxygen release and TM 
ion rearrangement do not occur concurrently, and the latter is 
the key kinetic step in the Li 2 MnO 3  activation and results in 
the unusual phenomenon of gradual capacity increase. These 
fi ndings can help to better understand the electrochemical 
activation mechanism and kinetics of the Li 2 MnO 3  phase and 

the corresponding structure transformation in Li-rich cathode 
materials. More importantly, they also provide clues to guide 
the exploration of cost-effective and high-energy cathode mate-
rials for high-performance LIBs.  

  2.     Results and Discussion 

 The composition of the material was determined to be 
Li 1.25 Mn 0.625 Ni 0.125 O 2  by ICP-AES analysis. As shown in 
 Figure    1  a, all the main diffraction peaks are sharp, clear, and 
well fi tted with the typical layered  R -3 m  space group (JCPDS 
No. 84–1634) except for a few minor peaks located between 20° 
and 25° (marked in red in Figure  1 a), which are due to a local-
ized LiTM 6  superlattice in the Li 2 MnO 3 -like monoclinic struc-
ture. [ 8,22,23 ]  It has been well accepted that Li 2 MnO 3  is a more 
common notation of Li[Li 1/3 Mn 2/3 ]O 2 , in which 1/3 of the Mn in 
the TM layers of typical layered LiMnO 2  structure are replaced 
by Li. [ 8 ]  Here in our Li 1.25 Mn 0.625 Ni 0.125 O 2  material, considering 
its close crystal structure with Li 2 MnO 3  as indicated by XRD 
study, it will be notated as Li 1.87 Mn 0.94 Ni 0.19 O 3  in the following 
content. A high (003)/(104) peak intensity ratio (>1.2) can be 
clearly observed with well split (006)/(012) and (018)/(110) peaks 
pairs, suggesting a low degree of TM ions in the Li layers. [ 24 ]  
All these observations demonstrate a highly crystalline mate-
rial with a typical layered monoclinic structure. To identify the 
valence state of Mn and Ni in the pristine Li 1.87 Mn 0.94 Ni 0.19 O 3  
composite, X-ray photoelectron spectrometry (XPS) was 
performed and the spectra of Mn- and Ni-2p is shown in 
Figure  1 b,c. The Mn 2p 3/2  binding energy is around 642.2 eV, 
which is consistent with that of Mn 4+ . [ 25,26 ]  Generally, the Ni 
2p 3/2  energy in XPS is around 854 eV for Ni 2+  and 856 eV for 
Ni 3+ . The Ni 2p 3/2  energy here is located at 854.9 eV, indicating 
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 Figure 1.    a) Powder X-ray diffraction pattern; b,c) XPS spectra of Mn 2p  and Ni 2p ; d,e) FE-SEM images; f) TEM image of the pristine Li 1.87 Mn 0.94 Ni 0.19 O 3  
composite.
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the coexistence of both Ni 2+  and Ni 3+ . [ 27–29 ]  Considering the 
composition of Li 1.87 Mn 0.94 Ni 0.19 O 3  from ICP-AES analysis, a 
larger portion of Ni 2+  and a trace amount of Mn 3+  is expected to 
maintain the charge neutrality of the material. The morphology 
and microstructure of the pristine Li 1.87 Mn 0.94 Ni 0.19 O 3  com-
posite were observed by fi eld-emission scanning electron 
microscope (FE-SEM) as shown in Figure  1 d,e. Spherical 
microparticles can be seen with a diameter of around 2 to 
3 µm. With a higher magnifi cation, it is found they are in fact 
porous nanocrystals formed from subunits of around 100 nm. 
Such a hierarchical microstructure is also confi rmed in the 
TEM image (Figure  1 f) where 2–3 µm particles present with 
rough surfaces. This is advantageous for cathode materials 
because they can accommodate the lattice strain of the crystal 
structures during long term cycling and concurrently provide 
suffi cient surface area for electrode-electrolyte contact. [ 30,31 ]   

 The Li 1.87 Mn 0.94 Ni 0.19 O 3  material was electrochemically 
tested in a coin cell at room temperature under a current 
density of 30 mA g −1  (0.1C) between 2 and 4.8 V ( Figure    2  a). 
Interestingly, both the specifi c charge and discharge capacities 
of this material continuously increased from >>100 mAh g −1  
in the 1st cycle to nearly 220 mAh g −1  in the 20th cycle, and 
then exhibited a smooth continual increase until the 100th 
cycle where the capacity is about 280 mAh g −1 . This phenom-
enon of a prominent capacity increase over cycles has been 
attributed to the relatively small amounts of Ni or Co, which 
are not suffi cient to completely activate the Li 2 MnO 3  in the fi rst 
cycle and results in the gradual capacity increase over quite a 
few cycles and the associated phase transformation from the 
parent layered structure to a new spinel phase. [ 20,32 ]  It should 
be noted that the Columbic effi ciency of this material did not 

have a gradual increase. Like most of the Li-rich materials, it 
was relatively low in the 1st cycle and then jumped up drasti-
cally to more than 90% in the 2nd cycle and rapidly became 
stable at almost 100% after the 5th cycle. Such a low 1st-cycle 
effi ciency has been reported to originate from the partially irre-
versible reactions involving the simultaneous release of oxygen 
and extraction of Li during the high-voltage charging process in 
the 1st cycle. [ 8,16 ]   

 Further information of typical charge/discharge curves are 
presented in Figure  2 b. In the 1st charge curve, two plateaus 
can be clearly identifi ed. In the fi rst one from 2–4.6 V, a specifi c 
charge capacity of 55.1 mAh g −1  was achieved. This is mainly 
due to the oxidation of Ni 2+  to Ni 3+  and Ni 4+ , and possibly also 
the oxidation of a minor residual of Mn 3+  to Mn 4+ . The second 
high-voltage charging plateau from 4.6–4.8 V is character-
istic of the lattice oxygen release in Li-rich cathode materials 
as has been well demonstrated in the literature. [ 16,17 ]  Here in 
our Li 1.87 Mn 0.94 Ni 0.19 O 3  material, this plateau can be clearly 
seen in the 1st charge curve as a long and fl at tail, delivering a 
specifi c charge capacity of 67.2 mAh g −1 . In fact, our materials 
Li 1.87 Mn 0.94 Ni 0.19 O 3  can also be formulated as 2/3Li 2 MnO 3 –
1/3Li[Mn 1/2 Ni 1/2 ]O 2 , where the weight percentage of Li 2 MnO 3  
is about 71%. Suppose all the specifi c capacity above 4.6 V in 
the fi rst charge is from Li 2 MnO 3  activation, it can be roughly 
estimated that 20% of the Li 2 MnO 3  was activated in the fi rst 
cycle (theoretical specifi c capacity of Li 2 MnO 3  activation to gen-
erate Li 2 O and MnO 2  is 458.6 mAh g −1 ). After the fi rst cycle, 
this long and fl at plateau above 4.6 V gets shorter quickly and 
disappears after 5 cycles. 

 In the following cycles, the charge curves gradually evolve 
into two slopes with one from 2.9 to 3.6 V and the other from 
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 Figure 2.    a) Charge and discharge capacities and the corresponding Columbic effi ciency (blue points) of the Li 1.87 Mn 0.94 Ni 0.19 O 3  material in the fi rst 
100 cycles at 30 mA g −1  between 2 and 4.8 V. b) Detailed charge/discharge curves of this material in some typical cycles. c) Net charge capacities in 
the voltage ranges of 2–3.8, 3.8–4.6, and 4.6–4.8 V; and d) net discharge capacities in the voltage ranges of 4.8–3.5, 3.5–2.8, and 2.8–2 V in the fi rst 
100 cycles.
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 Figure 3.    Selected area in situ XRD patterns and corresponding 1st cycle charge/discharge profi le versus time of the Li 1.87 Mn 0.94 Ni 0.19 O 3  composite. 
a) The stacked in situ XRD patterns and b) the color-coded, time-resolved, intensity distribution plots with reference color bar underneath.
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3.6 to 4.8 V. The former slope regularly evolved from nothing 
in the fi rst charge to a long and fl at one at the end of the 100th 
cycle in which a charge capacity of about 141.4 mAh g −1  was 
achieved. Considering the total charge capacity increase of 
159.1 mAh g −1  in the 100th cycle, it is clear that the charge 
capacity mainly increased in this slope region. In contrast, the 
latter slope had just a minor increase in length, but experienced 
a signifi cantly change in shape. On the other side, the two pla-
teaus observed during the fi rst charge were integrated into a 
smooth one after just 5 cycles and this was then maintained 
afterward, indicating cease of the high-voltage oxygen release 
reaction within the initial 5 cycles. Note that it would be com-
plicated to quantitatively estimate the total amount of oxygen 
generation in the initial 5 cycles, because a signifi cant part of 
the charge capacities above 4.6 V may not be contributed by the 
oxygen generation from the 2nd cycle to the 5th cycle. Similarly, 
the discharge curves continually elongated over cycles. The 
growth mainly occurs in the 3 V region, which fi nally forms 
a dominating 3 V plateau. Together with the gradually devel-
oped 3.2 V charge slope, this implies gradual phase transforma-
tion to a new spinel phase during cycling. [ 33,34 ]  In addition, a 
decrease in the discharge voltage between 3 and 3.8 V during 
cycling may be noted. Such a voltage drop has been proposed 
to be related to a hysteresis phenomenon that also signifi es an 
irreversible phase transformation with TM ion diffusion in the 
Li-rich cathode materials. [ 35,36 ]  

 To have a more straightforward comparison of the capacity 
evolution, both the charge and discharge curves are split into 
three voltage regions corresponding to different redox reac-
tions and the varying tendency of the specifi c capacity in each 
region during cycling has been plotted in Figure  2 c,d. For the 
charge process, although the whole capacity increased with the 
number of cycles, the capacity in the region of 4.6–4.8 V actu-
ally decreased signifi cantly in the initial 5 cycles and then kept 
almost stable for the rest of cycles, further implying that the 
high-voltage oxygen-release reaction in our material is highly 
irreversible and fi nished in the initial 5 cycles. The charge 
capacities at 2–3.8 V and discharge capacities at 3.5–2.8 V are 
characteristic of a new spinel phase induced by TM diffusion 
to the Li layers. And both of them present very similar trend 
of continuous increase in the fi rst 100 cycles. Meanwhile, 
the charge capacities at 3.8–4.6 V and discharge capacities at 
4.8–3.5 V mainly involve the Li extraction from and Li insertion 
into the Li layers of the original layered phase. And they gradu-
ally decreased over cycles. All the behaviors of charge and dis-
charge capacities in these typical regions indicate a continuous 
TM diffusion process and consequent phase evolution from 
layered one to the spinel-like phase over the whole 100 cycles. 
Based on the electrochemical analysis, it appears that the TM 
diffusion process may feature a much slower kinetics than the 
oxygen release reaction. 

 In situ XRD is a powerful technique to monitor the real-
time structural transformation and lattice change of inor-
ganic electrode materials during electrochemical reactions. 
To further understand the crystal structure changes of our 
Li 1.87 Mn 0.94 Ni 0.19 O 3  material during the 1st cycle between 
2 and 4.8 V, in situ XRD measurement was conducted 
( Figure    3  ). For the convenience of comparison, the 1st cycle is 
divided into three sections by blue lines in both Figure  3  and 

 Figure    4  : C1 for charging between open-circuit voltage to 4.6 V, 
C2 between 4.6 and 4.8 V and D1 for the whole discharge. For 
clearer observation, only the characteristic diffraction peaks 
of the cathode material: (003), (020) mon , (110) mon , (101), (104), 
(110), and (113) are presented. Figure  3 a shows the stacked in 
situ XRD patterns. The red and black colors represent the cor-
responding charge and discharge processes. Figure  3 b shows 
the color-coded time-resolved intensity plots in which a more 
straightforward detection on the evolution of the diffraction 
peaks in both intensity and position can be acquired by direct 
visual observation of the color distribution versus time. The 
reference color bar is located under each XRD peak/peak pair, 
respectively. In addition, the change of  a  and  c  lattice para-
meters of the monoclinic unit cell and the related cell volume 
calculated by Rietveld refi nement were displayed versus time 
in Figure  4 .   
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 Figure 4.    Change of the Rietveld refi ned  a  and  c -lattice parameters and 
corresponding unit cell volume during the 1st cycle.
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 First, in the C1 region, the (003) peak shifts prominently to 
the lower 2θ range while the (104) and (113) peaks move toward 
the higher range, indicating a higher  d -spacing of the Li layers 
in the unit cell. This is evidently supported by the steep increase 
of the  c -parameter that can be explained by simple Li extraction 
from the Li layers that results in stronger electrostatic repulsion 
of the neighboring oxygen layers. [ 17,37 ]  Conversely, the value of 
the  a -parameter drops in C1 region. This is probably due to the 
oxidation of the Ni 2+  (0.69 Å) to Ni 3+  (0.56 Å) and further to 
Ni 4+  (0.48 Å) that leads to smaller ionic radii and metal–metal 
interaction length. [ 37 ]  

 After C1, a long and fl at charging plateau starts at around 
4.6 V in region C2. The (003), (104) and (113) peaks follow the 
trend observed in region C1, although the change is slower. 
The  c -parameter keeps increasing. It should be pointed 
out that the  c -parameter in C2 region behaves totally differ-
ently from what reported previously where the  c -parameter 
decreased signifi cantly near 4.8 V due to the proposed Li 
extraction from the TM layers, [ 17,37 ]  strongly implying the Li 
ions were extracted from the Li layers rather than the TM 
layers in our Li 1.87 Mn 0.94 Ni 0.19 O 3  material in this high-voltage 
region. More importantly, from both the stacked linear diffrac-
tion pattern and the color-coded intensity plots in Figure  3 , it 
can be found that the height and intensity of the (020) mon  and 
(110) mon  peaks are basically unchanged in both the C1 and C2 
regions. In many reported Li-rich cathode materials, a large 
portion of the Li ions in the TM layers will be extracted during 
the high-voltage charging process in the 1st cycle, leading 
to the breakup of the LiTM 6  ordering and consequently, the 
decay or disappearance of the (020) mon  and (110) mon  diffraction 
peaks. [ 17,38 ]  Therefore, the preservation of these peaks here 
provides strong evidence to the fact that the LiTM 6  ordering 
in the TM layers is stable and the Li ions are not extracted 

from the TM layer in the C2 voltage region. Moreover, the 
 c -parameter increases more slowly in C2 than in C1, and this 
can be also explained by the release of oxygen in C2 region. 
For the  a -parameter, the rapid decrease stops and it only 
slightly decreased within this region due to the further oxida-
tion of tiny amount of residual Ni 3+  and/or Mn 3+ . [ 37,39 ]  This 
means the average radii of the TM ions were almost stable in 
C2 region. As a result, it indicates that the well-known oxygen 
release reaction became the main source to compensate for 
the charge balance on Li extraction at the high charging 
voltage. [ 37 ]  

 In the D1 discharge region, an opposite shift of the (003) 
(104) and (113) peaks can be observed. The  c -parameter 
decreases in the whole D1 region, indicating the reintercalation 
of Li ions into the Li layers that reduces electrostatic repulsion 
between oxygen layers and leads to contraction of the Li layers. 
In contrast, the  a -parameter continually grows in this region 
mainly due to the reduction of Ni 4+  and Mn 4+  that increased the 
cation radii and metal–metal distance on average. [ 37 ]  

 To further investigate the crystal structure evolution of the 
Li 1.87 Mn 0.94 Ni 0.19 O 3  composite during cycling, aberration-cor-
rected high-angle annular-dark-fi eld scanning transmission 
electron microscopy (HAADF-STEM) characterization was per-
formed ( Figure    5  ). Note that only heavy elements like Mn and 
Ni can be observed in HAADF-STEM images as white spots 
while light elements such as Li or O are invisible. [ 40 ]  A highly 
crystallized layered structure with a layer distance of 0.47 nm 
of the pristine sample can be clearly detected from Figure  5 a. 
Note that there are some while spots in the Li layers on the sur-
face area with a thickness of around 2 nm, indicating a small 
amount of TM ions in the Li layers probably due to insuffi cient 
Li source during high temperature calcination. After the 1st 
cycle, the thickness of the surface layer with Li/TM mixing was 
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 Figure 5.    HAADF-STEM images of Li 1.87 Mn 0.94 Ni 0.19 O 3  composite a) before cycling; b) after 1 cycle; c) after 10 cycles and d) after 50 cycles; and the 
corresponding SAED pattern of the sample along [1–10] mon  e) after 1 cycle and f) 50 cycles, respectively.
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almost the same as the pristine sample. This is consistent with 
the in situ XRD observation, further supporting that almost no 
TM ions diffused into the Li layers during the 1st cycle. After 
10 electrochemical cycles, a signifi cantly larger number of white 
spots can be found in the Li layers from the surface up to 7 nm 
into bulk area in Figure  5 c, indicating prominent TM ions dif-
fusion from the TM layers to the Li layers. After 50 cycles, some 
local reticulate patterns can be clearly observed on the original 
parallel lines over the whole crystal framework (Figure  5 d). 
This has been demonstrated to be the characteristics of a defect 
spinel phase, [ 15,33,41 ]  indicating large scale TM diffusion to the 
Li layers during the long-term cycling. Moreover, comparing 
the selected area electron diffusion (SAED) patterns of the 
sample after one cycle and 50 cycles (Figure  5 e,f), extra spots 
(marked with red arrows) can be clearly identifi ed between the 
diffuse scattering lines. These new spots can be well explained 
by a spinel phase which has evolved from the parent layered 
structure, further confi rming the gradual TM ion diffusion 
and structure evolution during long-term electrochemical 
cycling. [ 41–43 ]  More systematic HAADF-STEM observation asso-
ciated with electron energy loss spectroscopy (EELS) can be very 
helpful to further investigate the structure evolution, oxygen 
coordination, and valence of TM ions during the Li 2 MnO 3  acti-
vation process. [ 44,45 ]  These advanced characterizations are on 
the way and the new results will be reported in a future study.  

 Based on the above results, the electrochemical behavior 
and corresponding structure evolution of our Ni-poor Li-
rich cathode material during electrochemical cycling can 
be briefl y illustrated in  Figure    6  . In the 1st charge, lattice 
oxygen ions close to the surface area where some TM ions 
that existed in the Li layers were extracted together with Li 

ions from the Li layers, while the Li and TM ions in the TM 
layers were relatively stable (Figure  6 b). In fact, it was theo-
retically demonstrated in our earlier work that the energy 
barrier for oxygen removal is signifi cantly lower (about 6 eV) 
if there is a neighboring Ni in the Li layer. [ 14 ]  After that, less 
and less oxygen ions were further removed from the lattice 
and basically no more after the 5th charge. Meanwhile, as 
the capacity increased with more Li vacancies created in the 
Li layers, Li and TM ions in the TM layers gradually diffused 
into the Li layers (Figure  6 d,e) as this is more energetically 
favorable with a lower Li concentration in the Li layer. [ 14,20 ]  
Additionally, when there is a neighboring oxygen vacancy, the 
TM, particularly the Ni in the TM layers will feature a much 
lower energy barrier to diffuse into the Li layers. As the TM 
ions continued to move into the Li layers and accumulated 
there, some localized spinel-like phase gradually formed with 
some Li ions occupying the tetrahedral sites in the Li layers 
(Figure  6 f). It may be noted from the HAADF-STEM observa-
tion that the structure evolution appears to start from the sur-
face and gradually extend to the bulk area. More importantly, 
in contrast to most Li-rich cathode materials, [ 15,16,38 ]  basically 
no Li or TM extraction from the TM layers was detected in 
our Li 1.87 Mn 0.94 Ni 0.19 O 3  material during the 1st high-voltage 
charge, which can be well attributed to the low Ni-doping. 
This strongly indicates that the oxygen release and TM rear-
rangement processes may not necessarily occur at the same 
time, and the latter plays a key role in determining the acti-
vation rate of the Li 2 MnO 3  phase and consequently the spe-
cifi c capacity of Li-rich cathode materials. Moreover, the reac-
tion kinetics of the TM rearrangement can be adjusted, for 
instance, by changing the ratio of Ni-doping.   

 Figure 6.    Schematic illustration of the crystal structure evolution of the Li 1.87 Mn 0.94 Ni 0.19 O 3  material at different charged states.
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  3.     Conclusions 

 Due to the low level of Ni-doping in our Li-rich cathode mate-
rial Li 1.87 Mn 0.94 Ni 0.19 O 3 , the Li 2 MnO 3  activation process was 
artifi cially retarded and split into dozens of cycles, providing 
excellent opportunity for us to probe the intermediate state, 
phase and subreactions of the Li-rich cathode materials. With 
detailed electrochemical measurements and material charac-
terization including in situ XRD and HAADF-STEM observa-
tion, it was revealed that the Li extracted in the 1st charge 
was mainly from the Li layers, even at the high voltage range, 
with simultaneous oxygen generation. The LiTM 6  cation 
ordering in the TM layers was basically stable during the 
1st charge. In addition, the oxygen generation stopped after 
the initial 5 cycles while the TM ions continued to diffuse 
from TM layers to the Li layers in all the following cycles, 
resulting in structure transformation from layered phase to 
a new spinel phase that is highly associated with the gradual 
capacity increase of the material. Based on these results, it 
can be deducted that the oxygen release reaction features a 
much faster kinetics than that of the phase transformation 
which involves the diffusion of both Li and TM ions from 
the TM layers to the Li layers, and the latter plays a key role 
in determining the capacity of the Li-rich cathode materials. 
This work not only provides insights in deeper understanding 
of the fundamental electrochemical reaction mechanisms 
and the original structure evolution of the Li-rich cathode 
materials, but also sheds light on the design and develop-
ment of low-cost and high-energy cathode materials for next 
generation battery application.  

  4.     Experimental Section 
  Materials Synthesis : All the chemicals were from Aldrich-Sigma 

without further purifi cation. The Li 1.87 Mn 0.94 Ni 0.19 O 3  cathode material 
synthesis was completed in two steps. First, stoichiometric Mn(NO 3 ) 2  
and Ni(NO 3 ) 2  were dissolved in distilled water and then coprecipitated 
with an equal volume of 0.2  M  sodium carbonate. The immediate light 
brown precipitate was aged at room temperature for 20 h, collected 
and then dried at 100 °C. After that, the precipitate was preheated at 
500 °C in air for 5 h and then calcined with stoichiometric LiOH·H 2 O 
at 900 °C in air for another 12 h to obtain the fi nal product. An excess 
amount of 3 wt% LiOH·H 2 O was used to compensate for loss of Li due 
to volatilization at this temperature. 

  Materials Characterization : The mole ratio of the metal elements 
was determined by a Varian 725-ES inductively coupled plasma atomic 
emission spectroscopy (ICP-AES). Ex situ powder XRD characterization 
for the pristine powder sample was conducted on a Bruker advanced 
x-ray diffractometer (40 kV, 30 mA) with Cu Kα (λ = 0.15406 nm) 
radiation at a scanning rate of 1° min −1 . High resolution synchrotron 
in situ X-ray diffraction patterns were collected in transmission mode 
on powder diffraction beamline of Australian Synchrotron using the 
MY THEN microstrip detector and a Si(111) monochromator with the 
wavelength of 0.8265 Å. 2θ zero-error were determined from a standard 
0.3 mm capillary of a LaB 6 /Si mixture using transmission geometry. 
Corresponding cycling test of the cell was conducted on a Neware 
electrochemical tester under a constant current density of 30 mAh g −1 . [ 46 ]  
Fundamental parameter (FP) approach was employed in TOPAS4.2 to 
perform whole-pattern profi le fi tting of the diffraction data. FE-SEM for 
all the samples was performed on JEOL 7800 equipment to investigate 
their morphological characteristics. STEM observation was conducted 
on JEM-ARM200F at 200kV with a HAADF detector. XPS analysis was 

carried out on a Kratos Axis Ultra X-ray photoelectron spectrometer with 
AlKα (1253.6 eV) X-ray. The measured binding energies were calibrated 
by the CasaXPS software with reference to the C 1s peak at 284.8 eV. 

  Electrochemical Test : All the electrochemical measurements 
were carried out in CR2032 coin cells at room temperature. First, a 
mixture of the active materials, acetylene black and polyvinylidene 
fl uoride were mechanical ground in a mortar with a weight ratio of 7:2:1 
and then coated as a slurry with appropriate amount of  N -methyl-2-
pyrrolidone onto aluminum foil using the doctor blade method. After 
that, the slurry was dried in a vacuum oven at 120 °C for 12 h and then 
cut into working electrodes with an area of 0.7 cm 2  and typical mass 
loading (active material) of about 2.12 mg cm −2 . The whole process of 
CR2032 coin cell fabrication was completed in an argon-fi lled glove box. 

 The as-prepared electrode was assembled as the cathode. Li foil and 
1  M  LiPF 6  in a mixture of ethylene carbonate (EC) and dimethyl carbonate 
(DMC) (1:1) were used as the negative electrode and electrolyte, 
respectively. The galvanostatic charge/discharge measurement was 
performed in a multichannel battery tester (Land CT2001A).  
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