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  1   .  Introduction 

 Lithium-ion batteries are considered to be one of the best can-
didates for hybrid electric vehicle (HEV) and plug-in hybrid 
electric vehicle (PHEV) applications. Among the commercially 
available cathode materials for Li-ion batteries, the 4 V spinel 
LiMn 2 O 4  and 3.4 V olivine LiFePO 4  have drawn lots of atten-
tion due to their excellent cyclic performance, environmentally 

friendly nature, and low cost. Unfor-
tunately, both LiMn 2 O 4  and LiFePO 4  
have low energy densities due to the low 
capacity for the former and the low oper-
ating voltage for the later. Recently, Li-
rich layered oxides (represented by the 
chemical formula:  x LiMO 2 (1- x )Li 2 MnO 3 , 
where M represents a transition metal 
ion) are becoming more appealing as they 
exhibit high capacities over 250 mAh g −1  
with high operating voltage (>3.5 V vs. 
Li/Li +  on average). [  1–8  ]  To utilize the Li-
rich layered oxides as electrode materials, 
extensive studies have been carried out 
over the past several years. One very inter-
esting point for this composite material is 
the observation of a 4.5 V voltage plateau 
when charged (delithiation) in the fi rst 
cycle, which is responsible for the extra 
high capacity for this type of material. [  1–8  ]  
The origin of the extra capacity obtained 
in the initial high voltage region has 
been attributed to several possible causes: 

1) Enhanced reactivity of Li 2 MnO 3  structure regions. The irre-
versible loss of oxygen from the lattice, [  2,6,9–11  ]  formation of 
oxygen vacancies, [  6,12–14  ]  or partially oxidized oxygen anions [  15,16  ]  
have been suggested to explain the charge compensation 
mechanism during the delithiation process in the high voltage 
plateau region. 2) The surface reaction through electrode/elec-
trolyte reduction and/or hydrogen exchange. [  5,9,17  ]  3) Oxidation 
of Mn 4+  to Mn 5+  is still one of the explanations that cannot be 
ruled out. [  15,18  ]  The charge compensation mechanism during 
the initial charge and the successive cycling process is not 
clearly understood. 

 Another very important issue from the application point of 
view is how to improve the relatively poor rate capability of the 
Li-rich layered materials. The solid electrolyte interface (SEI) 
layer formed on the cathode surface has been proposed to be 
one of the major reasons for the poor rate performance. [  19,20  ]  
However, the rate capability was not signifi cantly improved, 
even when the SEI on the surface was absent. Recently, Xu et al. 
proposed that the poor rate capability may be caused by the sur-
face phase formed after the initial delithiation. [  21  ]  Although the 
formation of the SEI fi lm or surface phase could slow down 
the kinetics of the lithium extraction/insertion in the surface 
region, the transport behavior in the bulk phase may also be 
important for the rate capability. [  22,23  ]  There are two important 
factors that affect the bulk transport properties: the structural   DOI:  10.1002/aenm.201300950  
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     The high-energy-density, Li-rich layered materials, i.e.,  x LiMO 2 (1- x )Li 2 MnO 3 , 

are promising candidate cathode materials for electric energy storage in plug-

in hybrid electric vehicles (PHEVs) and electric vehicles (EVs). The relatively 

low rate capability is one of the major problems that need to be resolved for 

these materials. To gain insight into the key factors that limit the rate capa-

bility, in situ X-ray absorption spectroscopy (XAS) and X-ray diffraction (XRD) 

studies of the cathode material, Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  [0.5Li(Ni 0.375 Co 0.25 

Mn 0.375 )O 2 ·0.5Li 2 MnO 3 ], are carried out. The partial capacity contributed 

by different structural components and transition metal elements is eluci-

dated and correlated with local structure changes. The characteristic reac-

tion kinetics for each element are identifi ed using a novel time-resolved XAS 

technique. Direct experimental evidence is obtained showing that Mn sites 

have much poorer reaction kinetics both before and after the initial activation 

of Li 2 MnO 3 , compared to Ni and Co. These results indicate that Li 2 MnO 3  may 

be the key component that limits the rate capability of Li-rich layered mate-

rials and provide guidance for designing Li-rich layered materials with the 

desired balance of energy density and rate capability for different applications.      
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the different reaction rates between the LiMO 2  and Li 2 MnO 3  
components. Although the poor electrochemical activity of the 
Li 2 MnO 3  component, [  24–26  ]  can be enhanced signifi cantly in the 
composite structure compared to that in the non-composite 
structure due to an unclear synergy effect, experimental results 
distinguishing the kinetic properties of each component in the 
composite would be very helpful for understanding the funda-
mentals of the kinetic properties. For the elemental factor, the 
charge transfer rate of each individual transition metal element 
(Ni, Co, and Mn), as well as the local structural changes near 
each of them are very important, particularly for Mn, which 
has at least two different structural environments (LiMO 2  and 
Li 2 MnO 3 ). Therefore, an in-depth understanding with ele-
mental selectivity for the delithiation kinetics that distinguishes 
the LiMnO 2  and Li 2 MnO 3  components in bulk will provide val-
uable guidance for the optimization of Li-rich layered materials 
with improved rate capability. 

 The motivation of this work is to understand the rate capa-
bility of Li-rich layered materials and determine its structural 
origins. Due to the structural complexity of Li-rich layered 
materials (two components: LiMO 2 , Li 2 MnO 3 , and multiple 
elements: Ni, Co, Mn), a combination of the X-ray diffraction 

(XRD), X-ray absorption spectroscopy (XAS), and galvanostatic 
intermittent titration technique (GITT) techniques were used 
to determine and differentiate the contributions to the capacity 
from each component and element. Then, a novel time-resolved 
XAS technique was applied to study the reaction kinetics of dif-
ferent components and elements. [  27  ]  The results show that Mn 
sites have poor reaction kinetics compared with Ni and Co, 
both before and after activation of the Li 2 MnO 3  component. To 
the best of our knowledge, this is the fi rst direct experimental 
observation that differentiates the reaction kinetics at different 
transition metal sites in these complex transition metal oxide 
cathode materials (multiple reaction sites).  

  2   .  Results and Discussion 

  2.1   .  Material Characterization and Electrochemical Properties 

 The pristine Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  material was characterized 
by XRD, XAS, scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM).  Figure    1   shows the XRD 
pattern of the pristine Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2 . The pattern 
presents relatively sharp peaks, indicative of good crystalline 

      Figure 1.  Characterization of pristine Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  material: a) XRD data, b) SEM image, c) SAED, and d) XAS. All results suggest that the 
Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  material can be considered to be a composite integrated with rhombohedral Li(Ni 0.375 Co 0.25 Mn 0.375 )O 2  and monoclinic Li 2 MnO 3  
structure domains. 
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layers in the C2/m structure. Li 2 MnO 3  can also be written as 
Li[Li 1/3 Mn 2/3 ]O 2  and the [100] zone axis corresponds to the 
[210] zone axis in R3m  the space group. The HAADF image of 
pristine Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  recorded along the [100] zone 
axis (based on the C2/m space group) is shown in Figure  2 a. 
Because the image intensity of each atomic column refl ects the 
average atomic number of each atomic column (proportional to 
 Z  1.7 ), the bright dots in Figure  2 a result from the heavy atomic 
columns (Ni, Co, and Mn) in Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2 , while 
light atoms are nearly invisible in the image. It can be observed 
that there are some areas with continuous dots contrast (area I 
and III) and some other areas with discontinuous dots contrast 
(area II and IV), as also refl ected in the HAADF line profi le in 
Figure  2 b. Indeed, Li 1/3 (Mn) 2/3  slabs are refl ected in the discon-
tinuous areas while the M (transition metal ion) slabs in the 
LiMO 2  component are refl ected in the continuous areas. This 
clearly reveals the coexistence of Li 2 MnO 3 -like and LiMO 2 -like 
areas within the (001) transition metal planes. The domain size 
of Li 2 MnO 3  and LiMO 2  with [001] direction is about 2–4 nm. 
Energy-dispersive X-ray spectroscopy (EDX)-STEM mapping 
was performed to study the elemental distribution of the pris-
tine Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  material, the results (Supporting 
Information Figure S2) further prove the coexistence of the 
nanosized Li 2 MnO 3  and LMO 2  components, and agree well 
with HAADF observations.  

 The electrochemical performance of the Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  
material is presented in  Figure    3  . The Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  
electrode was cycled under a current density of 21 mAg −1  between 
2 V and 4.8 V and the results are shown in Figure  3 a,b. A voltage 
plateau around 4.5 V, which is the typical feature of Li-rich lay-
ered materials, can be observed during the fi rst charge. It disap-
pears upon further cycling, indicating an irreversible structure 
change during the fi rst charge. The capacities obtained for the 
fi rst charge and discharge are about 320 and 252 mAh g −1 , respec-
tively. The irreversible capacity in the fi rst cycle is 68 mAh g −1  and 

structure of the material. Most refl ections can be indexed in 
terms of a rhombohedral structure ( R3m  , LiCoO 2 ), while a set 
of weak refl ections (around 12°) can be indexed to a monoclinic 
structure (C2/m, Li 2 MnO 3 ). Figure  1 b shows the representa-
tive SEM images of the Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  electrode. It 
can be observed that the micrometer-sized particles are buried 
in carbon (graphite and acetylene black) and binder. Selected-
area electron diffraction (SAED) presents clear evidence of the 
coexistence of LiMO 2  (M = Ni, Co, Mn) and Li 2 MnO 3  domains. 
The pattern can be considered to be the superposition of a 
rhombohedral LiCoO 2  pattern and three monoclinic Li 2 MnO 3  
patterns rotated 120° along the [001] axis. [  28  ]  Mn extended X-ray 
absorption fi ne structure (EXAFS) spectra also confi rm that the 
local environment of Mn absorbers in Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  
is in an intermediate state between LiNi 1/3 Co 1/3 Mn 1/3 O 2  and 
Li 2 MnO 3 . Overall, the investigated Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  
material can be considered to be a composite integrated 
by two layered components, Li(Ni 0.375 Co 0.25 Mn 0.375 )O 2  and 
Li(Li 1/3 Mn 2/3 )O 2 . [  29–33  ]  As shown in Supporting Information 
Figure S1, the K-edge positions for the Mn, Co, and Ni are very 
close to those of the references Li 2 MnO 3  (Mn 4+ ), LiCoO 2  (Co 3+ ), 
and NiO (Ni 2+ ), respectively, suggesting that the oxidation states 
of the selected absorbing atoms in the pristine sample are close 
to Mn 4+ , Co 3+ , and Ni 2+ .  

 To further understand the structure of Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2 , 
aberration-corrected high-angle annular-dark-fi eld scanning 
transmission electron microscopy (HAADF-STEM) was used 
to obtain a direct image of the atomic structure ( Figure    2  ). 
The layered components of both Li 2 MnO 3  and LiMO 2  in the 
Li-rich layered materials are derived from rhombohedral 
 α -NaFeO 2  with Li and M (transition metal ions) occupying 
the Na and Fe sites, respectively. For Li 2 MnO 3 , one third of 
the sites in the transition metal ion plane are replaced by Li 
to form an ordered Li 1/3 Mn 2/3  slab. The Li 1/3 Mn 2/3  slabs and 
the Li interslab layers alternatively stack between the oxygen 

      Figure 2.  a) HAADF image of pristine Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  recorded along the [100] zone axis based on C2/m space group, corresponding to the 
[210] zone axis in the R3m  space group. b) Line profi les of the HAADF image. 
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performance, and it can be seen that a 248 mAh g −1  capacity can 
be achieved after 75 cycles. The rate performance of the Li 1.2 Ni 

0.15 Co 0.1 Mn 0.55 O 2  electrode was also measured (Figure  3 c). This 
shows that the capacity of the Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  electrode 
decreases to 120 mAh g −1  as the current density increases to 460 
mA g −1 . The rate performance is poorer than that of the conven-
tional layered cathode materials. [  34  ]    

  2.2   .  Characterization of Charge Compensation and Local 

Structure Evolution During the 1st Cycle and 2nd Charge 

 To elucidate the changes in the electronic transitions and local 
structure of the Li-rich layered Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  material, 
in situ X-ray absorption spectra at the Mn, Co, and Ni K-edges 
were collected during the fi rst cycle and second charge under a 
constant current of 21 mA g −1 .  Figure    4  a shows the fi rst charge 
curve of the Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2 /Li cell during in situ XAS 
experiments. The selected scan numbers of the corresponding 
XAS spectra are marked on the charge curve. The normalized 
Mn, Co, and Ni K-edge X-ray absorption near edge structure 
(XANES) spectra of the Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  electrode during 
charge are shown in Figure  4 b. In general, the threshold energy 
position of the K-edge XANES spectra of the transition metals 
in oxide is sensitive to their oxidation states, while the shape of 
the peaks is sensitive to the local structural environment of the 
absorbing element. The K-edge XANES spectra for Ni shown in 
Figure  4 b exhibit the entire rigid edge shift towards higher energy 

      Figure 4.  a) The fi rst charging curve of Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  during an in situ XAS experiment (current density: 21 mA g −1 ). Selected XAS scan 
numbers are marked on the charge curves. b) Normalized XANES spectra and c) magnitude of the Fourier transformed Mn, Co, and Ni K-edge spectra 
of Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  collected during the initial charge process. Inset: a schematic view of the coordination environment around the transition 
metal ions.  

      Figure 3.  Electrochemical performance of the Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  
material: a) charge–discharge curves at the 1st, 2nd, 25th, 50th, and 75th 
cycle (current density: 21 mA g −1 , 2–4.8 V); b) cyclic performance; and 
c) rate performance.  
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contribution of Ni, the edge position is plotted as a function of 
charge/discharge states. The half-height energy position was 
used to indicate the oxidation state of Ni. Upon initial charging, 
the half energy values gradually increased towards higher values 
until the charge voltage reached 4.4 V (scan 6), where the edge 
position moved to a value very close to that corresponding 
to the oxidation state of Ni 4+  (using the conventional layered 
Li 1- x  Ni 1/3 Co 1/3 Mn 1/3 O 2  material for  x  > 0.7 as a reference). The 
result is shown in Supporting Information Figure S3. The changes 
in the Mn- and Co- edge position are presented in Supporting 
Information Figure S4. A capacity of ≈120 mAh g −1  was obtained 
in this voltage range (3–4.4 V) from the charging curve. Based on 
the Ni content in the sample, 95 mAh g −1  could be attributed to 
the oxidation from Ni 2+  to Ni 4+  and the remaining 25 mAh g −1  
could be attributed to the contribution of Co. It is generally 
accepted that Co 3+  ions are partially oxidized to Co 3.6+ , [  37  ]  there-
fore 18 mAh g −1  can be attributed to the oxidation of Co 3+ . The 
total capacity from oxidation of Ni and Co is 113 mAh g −1 , which 
is slightly smaller than the 120 mAh g −1  observed in this voltage 
range, probably due to the oxygen redox reaction being involved. 
During the voltage plateau from 4.4 V to 4.8 V, the capacity 
contribution is mainly attributed to Mn and the contributions 
from Ni and Co are not accounted for. During fi rst discharge, a 
252 mAh g −1  capacity was obtained. The Ni K-edge shift started 
at about 4 V, after 45 mAh g −1  capacity had been delivered, and 
ended at 3.3 V, indicating that the Ni 4+  to Ni 2+  reduction mainly 
occurred in this voltage range. Considering that the capacity con-
tributions from reductions of Ni 4+  to Ni 2+  and Co 3.6+  to Co 3+  are 
only 95 mAh g −1  and 18 mAh g −1 , respectively, calculated from 
their contents, if the rest of the capacity (i.e., 252 – 95 – 18 = 
139 mAh g −1 ) is only contributed from the reduction of Mn 4+ , 
the average oxidation state of Mn should be reduced to Mn 3.12+  
(based on the content of Mn in the sample). Such a big valance 
change would have been refl ected in a signifi cant Mn K-edge 
shift in the XANES spectra. However, only a very slight Mn 

continuously until the charging voltage reaches 4.4 V (scan 6, 
marked by the dash line), indicating the oxidation of the Ni 2+  to 
close to Ni 4+  in this charging region. Upon further charging to 
the voltage plateau, only a slight change of the XANES profi le 
can be observed compared to the 4.4 V charged state, with no 
further change in the K-edge energy position, indicating very 
little further oxidation of Ni in this voltage range. The interpreta-
tion of the Mn and Co K-edge spectral changes in this system 
is much more complicated. For Mn, the shape of the XANES 
spectra continuously changes during charging, but the infl ection 
point of the K-edge spectra stays at an almost constant value of 
approximately 6556 eV throughout the entire charging process, 
thus implying that the oxidation state of Mn may remain close to 
Mn 4+  throughout the charging process. These feature variations 
of the Mn K-edge at various states of charge are similar to those 
of conventional layer-structured materials. [  35,36  ]  All of the XANES 
shape changes at the Mn K-edge are caused mainly by the vari-
ation of the local structure during Li deintercalation. Similar to 
the Mn XANES feature, the shape of the Co K-edge spectra con-
tinuously changes but the energy position of the absorption edge 
essentially does not shift at all. Previous work has proposed that 
the charge compensation for the Li deintercalation process in a 
similar cathode system could be achieved mainly at both oxygen 
and cobalt sites simultaneously. [  35  ]   

 As the K-edge energy position changes of Mn and Co 
during charge cannot be used to track their contributions 
to the capacity, in contrast to the case of the Ni K-edge shift, 
other spectral parameters are needed to correlate the structural 
changes with the charge capacity contribution of Mn and Co 
in different charge states. Therefore, we performed EXAFS 
analysis and correlated the Mn and Co charge capacity with 
the peak intensity changes of the Mn–O and Co–O fi rst shell 
obtained by Fourier transform of the K-edge EXAFS spectra 
and changes in the Debye–Waller factors. 

 Figure  4 c shows the Fourier transformed (FT) EXAFS spectra 
of Mn, Co, and Ni collected in situ during initial charging. The 
fi rst peak at around 1.5 Å (it is not phase corrected so the bond 
length is smaller than the real value) in the FT spectra corre-
sponds to the metal-oxygen interaction in the fi rst coordination 
sphere, and the second peak at around 2.5 Å is related to the 
metal-metal interaction in the second coordination sphere, as is 
labeled in each spectrum and shown in the scheme in Figure  4 c. 
The most signifi cant changes in intensity are observed at the fi rst 
peak of the metal-oxygen bonding for all Mn, Co, and Ni K-edges 
during the initial charging process. A closer inspection reveals 
that the Ni–O and Co–O peaks complete most of their intensity 
changes when the charging voltage reaches 4.4 V (end of the 
voltage slope, scan 6, marked by dash line). After that, during 
further charging through the voltage plateau region, they only 
exhibit slight changes. In contrast, the Mn-O peak continues its 
intensity changes in the voltage plateau above 4.4 V all the way to 
the end of charge at 4.8 V. This suggests that in the voltage slope 
region (3–4.4 V), the delithiation reaction is mostly related to the 
oxidation of Ni and Co, while in the voltage plateau region, it is 
mostly related to the Mn sites during initial charging. 

 The semiquantitative analysis was performed to elucidate 
the capacity contributions of Ni, Mn, and Co in different charge 
(or discharge) states during the fi rst charge, discharge, and 
the second charge. The results are shown in  Figure    5  . For the 

      Figure 5.  Quantitative correlation of the capacity with the reaction sites. 
Evolution of a) the half-height energy position of the Ni K-edge XANES 
spectra and b) Debye–Waller factors of Mn-O and Co-O during in situ 
XAS measurements. c) The capacity delivered in a corresponding voltage 
range.  
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voltage plateau (around 4.5 V) can be caused by the local struc-
ture changes induced by the lithium extraction from the LiMO 2  
structure. The   σ   Co-O  values show signifi cant increase in the fi rst 
voltage slope region (3–4.5 V). Upon further charging during the 
voltage plateau region, the   σ   Mn-O  values continue to increase and 
reach the maximum value at the end of the fi rst charge, while 
the   σ   Co-O  and   σ   Ni-O  values reveal only a slight change, indicating 
that the lithium-extraction-induced local structure changes 
mainly take place around the Mn sites. To distinguish between 
the contributions from the two different types of structural envi-
ronments around Mn (the Li(Ni 0.375 Co 0.25 Mn 0.375 )O 2  part and 
the Li(Li 1/3 Mn 2/3 )O 2  part), Mn K-edge EXAFS analysis of the the 
conventional layered Li  x  Ni 1/3 Co 1/3 Mn 1/3 O 2  was also performed 
and used as a reference in comparison with Li 1.2 Ni 0.15 Co 0.1 Mn 0
.55 O 2  (Supporting Information Figure S6 and Table S1). As can 
be seen in Figure S6 and Table S1, the decrease of the Mn-O 
peak intensity for Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  after delithiation is 
quite large, but it is almost negligible for LiNi 1/3 Co 1/3 Mn 1/3 O 2 . 
In a similar manner, the difference in the   σ   Mn-O  values between 
pristine ( x  = 1.2) and delithiated ( x  = 0.2) in the Li  x  Ni 0.15 Co 0.1 M
n 0.55 O 2  sample is three times higher than that between the pris-
tine ( x  = 1) and delithiated material ( x  = 0.3) in the conventional 
layered Li  x  Ni 1/3 Co 1/3 Mn 1/3 O 2  (35.1 × 10 −4  vs. 8.8 × 10 −4 ). This 
indicates that the delithiation-induced local structural changes 
surrounding Mn in the layered Li(Ni 0.375 Co 0.25 Mn 0.375 )O 2  part 
are quite small. Therefore, the severe structural changes in the 
Mn–O coordination shell observed during the initial delithiation 
can be mainly attributed to the Li 2 MnO 3  components as a result 
of the elimination of Li/Mn ordering in Li 2 MnO 3  and/or the 
oxygen release accompanied with lithium extraction as observed 
in lithium-rich layered materials. 

 In order to investigate this further, in situ XRD patterns 
were collected during the fi rst charge to observe the long range 
crystal structure changes in the Li 2 MnO 3  component ( Figure    6  ). 

K-edge shift was observed for the discharged electrode compared 
with the pristine electrode (Supporting Information Figure S5), 
indicating that other charge compensation mechanisms need to 
be considered. Based on the recent theoretical calculations for 
Li 2 MnO 3  and the theoretical estimation that the redox potentials 
are in the order O 2−  > Ni 4+ /Ni 3+  > Ni 3+ /Ni 2+  > Mn 4+ /Mn 3+ , [  16,38,39  ]  
the capacity contributions can be tentatively assigned to the reac-
tion at oxygen sites for a 4.8–4 V voltage range, and to the reduc-
tion of Mn 4+  for a 3.3–2 V range. During the second charge, 
the capacity below 3.7 V (before Ni 2+  oxidation) can be assigned 
to the contribution of Mn 3+  to Mn 4+  oxidation, as proposed by 
Atsushi et al (in their case of Li[Ni 0.17 Li 0.2 Co 0.07 Mn 0.56 ]O 2 ). [  40  ]  The 
average oxidation state of Mn ions for this sample after the fi rst 
cycle in the fully discharged state can be estimated as Mn 3.74+  
assuming all of the 45 mAh g −1  capacity is contributed by the 
oxidation of Mn cations to Mn 4+ . This is slightly higher than the 
Mn 3.6+  value reported in ref.  [  40  ] .  

 Since the K-edge XANES energy position changes can only 
be used to track the contribution from Ni, but not Mn and 
Co, other local structural parameters, namely Debye–Waller 
factors of the fi rst coordination shells (  σ   Mn-O ,   σ   Co-O , and   σ   Ni-

O ) obtained by fi tting the EXAFS equation with model struc-
tures, [  41  ]  are introduced to track the contributions from Mn and 
Co during cycling. Theoretically, the value of the Debye–Waller 
factor refl ects the random thermal and static vibration of the 
absorbing atoms (Mn, Co, and Ni) around their equilibrium 
atomic positions. [  42  ]  A higher degree of local structural disorder 
that deviates from the ideal model will result in larger values 
of the Debye–Waller factor. [  36  ]  The lithium ion extraction and 
insertion-induced changes in the local disorder are clearly 
refl ected in the changes in the Debye–Waller factors (  σ   Mn-O , 
  σ   Co-O , and   σ   Ni-O ) and they can therefore be used to track the 
contributions of Mn and Co. 

 As shown in Figure  5 b, the   σ   Mn-O  values show a continuous 
increase in the entire voltage range up to 4.8 V during the ini-

      Figure 6.  In situ XRD patterns collected during the fi rst charge. The main peaks, which correspond to (003), (018), (110), (113), and (020) C2/m , refl ec-
tions are highlighted in the right column. For easy comparison with the results presented in the literature, the 2  θ   angle has been converted to values 
that correspond to the more common laboratory Cu Ka radiation (  χ   = 1.54 Å). The disappearance of the (020) refl ection peaks upon charging to the 
voltage plateau above 4.5 V is indicative of the disappearance of Li/Mn ordering within the Li 2 MnO 3  component.  
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while the reaction of Li 2 MnO 3  component in the plateau region 
(4.5–4.8 V) contributes 200 mAh g −1  capacity during the fi rst 
charge process. For the fi rst discharge, before reduction of Ni 4+  
(4.8–4 V), 45 mAh g −1  capacity could be attributed to the charge 
compensation of oxygen. After the 113 mAh g −1  contribution 
from the reduction of Ni 4+  to Ni 2+  and Co 3.6+  to Co 3+  (4–3.3 V), 
the reaction in the low voltage region (3.3–2 V) can be attrib-
uted to the reduction of Mn 4+  ions. During the second charge, 
the charge compensation process shows the similar behavior as 
the fi rst discharge process but in a reversed direction. The large 
variance of the Debye–Waller factor,   σ   Mn-O , further supports 
that the severe local structure changes occurred in the Li 2 MnO 3  
regions. The relatively large   σ   Mn-O ,   σ   Co-O , and   σ   Ni-O  values after 
the fi rst cycle (compared to the pristine sample) indicate the 
irreversible structure changes after the initial activation pro-
cess. In addition, the local structure parameter values of   σ   Mn-O , 
  σ   Co-O , and   σ   Ni-O  associated with the local structure disordering 
are correlated with the lithium content (capacity) in a semi-
quantitative way. They will be used to estimate the delithiated 
extent during constant voltage charge.   

  2.3   .  Reaction Polarization and its Structural Origin 

 The polarization behavior during charge is strongly related to 
the reaction kinetics. The galvanostatic intermittent titration 
technique (GITT) was used to study the reaction kinetics of 
pristine and cycled samples at various states of charge, [  45  ]  which 
can be linked to certain charge compensation mechanisms. 
When the GITT technique is used, the cell is charged by a con-

stant current (CC) at 21 mA g −1  for 1 h and 
then relaxed by cutting off the current for 
12 h to reach a near-equilibrium state; this 
process is then repeated until the fi nal cut-off 
voltage value is reached. The results for the 
fi rst and fi rth charge are plotted in  Figure    8  . 
The voltage difference between the end of 
each interrupted CC charge and the end of 
relaxation, defi ned as the overpotential, [  46  ]  
can be used as an indicator of the kinetics: 
the larger the overpotential, the poorer the 
kinetics. The regions assigned to different 
charge compensation mechanisms according 
to the XAS and XRD results and theoretical 
calculations are marked in Figure  8  using 
horizontal dashed-dotted lines as boundaries.  

 It can be seen in Figure  8 a during the fi rst 
charge that the overpotential values remained 

All major peaks in the XRD patterns can be indexed by the 
 α -NaFeO 2  structure with the R3m   space group for the pris-
tine material, except for a peak in lower angle region (20–21°), 
which can be indexed as (020) with the C2/m space group. This 
is due to the Li/Mn ordering in the transition metal layer and is 
indicative of the presence of the Li 2 MnO 3  components. Before 
the voltage plateau was reached, the typical structure evolution 
features of the conventional layered material can be observed, 
with the (003) peak shift to lower angles refl ecting an increased 
lattice parameter “ c ” due to the increased repulsion between 
the oxygen layers with a simultaneous (110) peak shift to the 
higher angles caused by the decrease in the average metal–
metal distance due to oxidation of Ni 2+  and Co 3+ . Most of the 
decrease in the intensity of the superlattice peak (020) during 
the fi rst charge took place only in the voltage plateau (4.5–4.8 V) 
region. This suggests that the loss of the Li/Mn ordering in 
Li 2 MnO 3  component occurs most in this region. [  10,11,19,43  ]  This 
is in good agreement with the XAS results, which revealed that 
the local structural changes mainly occurred near Mn sites in 
the Li 2 MnO 3  component during initial charging in the voltage 
plateau region. The Li/Mn ordering was not recovered during 
subsequent cyclings (Supporting Information Figure S7), indi-
cating the irreversible structure changes after the initial delithi-
ation process. This is in good agreement with the relative large 
  σ   Mn-O ,   σ   Co-O , and   σ   Ni-O  values throughout the fi rst discharge 
and second charge. This is further supported by the HRTEM 
images, as shown in  Figure    7  . The cycled material shows 
regions with highly degraded (003) lattice fringes randomly dis-
tributed on the nanoscale. The degradation can be considered 
to be a consequence of the irreversible local structure changes 
within the Li 2 MnO 3  component after the initial delithiation pro-
cess and/or the O 2  evolution from the Li 2 MnO 3  components a 
shas been discussed previously. [  44  ]    

 The proposed charge compensation mechanisms of the 
investigated Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  material are summarized 
in  Table   1 . The reaction mechanisms are based on the analysis 
of both the K-edge XANES and EXAFS spectra and the theo-
retically estimated redox potentials of the transition metal ions. 
Oxidation of the Ni 2+  and the reaction at the Co site contribute 
a combined 113 mAh g −1  capacity in the voltage slope region 
(3–4.4 V, total capacity is 120 mAh g −1  in this voltage range), 

      Figure 7.  HRTEM images of a) pristine and b) fi ve-times cycled Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2 . Irre-
versible structure changes can be observed locally after cycling.  

 Table 1.   Charge compensation mechanism of the Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  
during the fi rst cycle and second discharge process. 

   Mn 3+ - Mn 4+   Ni 2+ - Ni 4+  and 
Co 3+ - Co 3.6+   

Mn 4+ -O 2- x    

1st charge  –  3–4.4 V: 113 mAh g −1   4.4–4.8 V: 200 mAh g −1   

1st discharge  3.3–2 V: 55 mAh g −1   4–3.3 V: 113 mAh g −1   4.8–4 V: 45 mAh g −1   

      4–3.3 V: 39 mAh g −1   

2nd charge  2–3.7 V: 45 mAh g −1   3.7–4.2 V: 113 mAh g −1   4.2–4.8 V: 95 mAh g −1   
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XAS technique was used to dynamically monitor the delithia-
tion process. The time-resolved XAS technique using a mono-
chrometer in continuous motion mode with constant velocity to 
replace the stepwise scanning mode used in conventional XAS 
has the advantages of collecting one spectrum in less than one 
second. The data collection time for each spectrum was opti-
mized to be 15 s to balance the signal-to-noise ratio and the 
number of spectra collected. 

  Figure    9  a shows the 3D Fourier transformed magnitude of 
the Mn K-edge EXAFS spectra collected during 5 V constant 
voltage for the pristine electrode. The most signifi cant change 
is in the fi rst coordination shell (Mn–O) around the Mn atoms. 
The decrease of the fi rst coordination shell peak intensities 
during 5 V constant voltage charge is similar to that observed 
during constant current charge, indicating that the local struc-
ture changes around the Mn sites are caused by Li +  extraction. 
The comparative Fourier transformed magnitude of the corre-
sponding Ni, Co, and Mn K-edge EXAFS spectra during con-
stant voltage charge for a total time of 900 s are plotted in a 
2D view (Figure  9 b), using a color scale for the spectral inten-
sity. For Ni, the fi rst coordination peaks (Ni–O) show dramatic 
changes in both position and intensity within the fi rst 100 s, 
which represents that the charge compensation occurred at the 
Ni sites. The peak intensities decreased fi rst (from 0 s to ≈60 s) 
due to the aforementioned Jahn–Teller distortion caused by the 
oxidation of Ni 2+  to Ni 3+ , [  47,48  ]  then turned around to increase 
with further oxidation of Ni 3+  to Ni 4+ . The EXAFS features 
remain unchanged after 160 s, indicating that the oxidation of 

low in the voltage range between 3 V and 4.3 V, where the 
charge compensation is mainly attributed to the oxidation of 
Ni 2+  and Co 3+  showing the best kinetic region. In contrast, the 
higher values of the polarization in the voltage range between 
4.5 V and 4.8 V, where the charge compensation is believed to 
be mainly in Li 2 MnO 3 , exhibit much more sluggish reaction 
kinetics compared to those in the Li(Ni 0.375 Co 0.25 Mn 0.375 )O 2  
component regions for the initial activation process. 

 The results in Figure  8 b for the fi fth charge show a slight 
decrease in the average reaction overpotential in the corre-
sponding Mn reaction regions (2–3.7 V and 4.2–4.8 V), com-
pared with the initial charge. This delithiation kinetic differ-
ence is understandable due to the irreversible structure change 
after the initial delithiation process in the Li 2 MnO 3  regions. 
Moreover, the average reaction overpotential value is still larger 
than that in the Ni and Co reaction regions, further indicative 
of the different charge compensation mechanisms at the corre-
sponding Ni/Co and Mn sites and their structure origins.  

  2.4   .  Element-Dependent Kinetic Behavior 

 To study the elementally dependent delithiation kinetics, XAS 
spectra were collected in situ during a 5-V constant-voltage 
charge. The applied voltage is higher than all of the redox 
potentials for Ni 2+ /Ni 3+ , Ni 3+ /Ni 4+ , Co 3+ /Co 4+  and the activation 
voltage of Li 2 MnO 3 , therefore the delithiation reaction related 
to Ni, Co, and Mn can be probed simultaneously. In order to 
capture the quick changes in the XAS spectra, a time-resolved 

      Figure 9.  5 V constant voltage charging was applied on the Li 1.2 Ni 0.15 C
o 0.1 Mn 0.55 O 2  electrode. Ni, Co, Mn reacted simultaneously, which was 
recorded using a time-resolved XAS technique. a) Magnitude of the 
Fourier transformed Mn K-edge spectra of Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  col-
lected during 5 V constant voltage charging. b) Projection view of the 
corresponding Ni–O, Co–O, and Mn–O peak magnitudes of the Fourier 
transformed K-edge spectra as functions of charging time. 

      Figure 8.  GITT curves of the Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  electrode for Li 
extraction obtained during a) the fi rst charge and b) the fi fth charge. Solid 
line: GITT result; dashed line: open-circuit voltage curve. The regions 
assigned to different charge compensation mechanisms according to the 
XAS results are marked using horizontal dashed-dotted lines as bounda-
ries. The reaction related to Mn shows the poorer kinetics compared to 
Ni and Co.  
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current charge (21 mA g −1 ) at 4.8 V and the spectra for 5 V con-
stant voltage charge after 500 s with the same   σ   Mn-O  values are 
plotted in Supporting Information Figure S8 (as well as the con-
stant current charge at 4.5 V and constant voltage charge after 
160 s). The perfect match of these two curves verifi ed that using 
the   σ   Mn-O  values to indicate the content of Li during delithiation 
is valid. After 500 s, although lithium can be further extracted 
near Mn site, the rate is signifi cantly slowed down, as indicated 
by the leveling off of the   σ   Mn-O  values. The changes of the half-
height energy of Ni K-edge XANES spectra as a function of del-
ithiation time are presented in the bottom part of Figure  10 . The 
oxidation of Ni 2+  to Ni 4+  was almost completed in 160 s where 
it delivers 95 mAh g −1  capacity (based on the Ni content in the 
material). Considering the total delivered capacity estimated 
from the   σ   Mn-O  value is 160 mAh g −1  and assuming the oxida-
tion of Co 3+  contributes 18 mAh g −1  capacity (based on Co con-
tent in material) within this fi rst 160 s, the rest of the capacity 
contributed from the Mn sites is only 47 mAh g −1 . Comparing 
to the estimated total capacity of 207 mAh g −1  from the Mn 
contribution at 500 s (i.e., 320 – 95 – 18), this 47 mAh g −1  is 
a very small portion of it. This indicates that the delithiation 
kinetics at the Mn sites (mostly likely in the Li 2 MnO 3  compo-
nent) are much poorer than at the Ni and Co sites. However, 
it is still surprising that Li +  can be extracted from Li 2 MnO 3  in 
such a short period of time (500 s) because well-crystallized 
pure Li 2 MnO 3  was considered to be electrochemically inactive. 
The electrochemical activity of Li 2 MnO 3  is due to the extremely 
small (nanodimensional) size of the Li 2 MnO 3  domains, which 
are distributed randomly throughout the composite structure 
as was confi rmed by the HAADF-STEM results. The nanosized 
features of Li 2 MnO 3  facilitate the lithium diffusion and extrac-
tion with a concomitant oxygen release.  

 The delithiation kinetic difference between pristine and 
cycled electrodes was also investigated and is presented in 
 Figure    11   for Mn and Ni, respectively. The corresponding 
results for Co are shown in Supporting Information Figure S9. 
The cycled electrode was prepared by pre-cycling the pristine 
electrode under constant current in a voltage range from 2 V 
to 4.8 V for fi ve cycles. Therefore, the activation process of the 
Li 2 MnO 3  component can be considered to be suffi ciently com-
pleted. For Ni, the lithium extraction with a concomitant oxida-
tion of the divalent nickel ions to the tetravalent state reveals 
a very similar kinetic feature for both pristine and cycled 
electrodes, as shown in Figure  11 a. In contrast, the reaction 
kinetic behavior at the Mn sites shows a signifi cant improve-
ment for the cycled electrode, indicated by the fl at   σ   Mn-O  values 
after 500 s. This is also consistent with the GITT observation 
(Figure  8 ). However, the delithiation kinetics in the Mn regions 
for the cycled electrode are still poorer than those in the Ni 
regions, indicating that the delithiation kinetics of this material 
are limited by the reaction around the Mn sites.   

  2.5   .  General Discussion of the Optimization of High-Rate 

Performance Li-Rich Layered Materials 

 Our studies of GITT and time-resolved XAS during constant 
voltage charging at 5 V showed clearly that the poor delithi-
ation kinetics are closely related to the Mn sites (more likely 

Ni 2+  to Ni 4+  was almost completed within the fi rst 3 min. Com-
pared to Ni, the evolution of the local structure around the Co 
and Mn sites caused by Li +  extraction are more straightforward, 
as displayed in Figure  9 b: the fi rst coordination shell peak 
(Co–O and Mn–O) intensities show a continuous decrease. No 
obvious Co–O peak intensity changes can be observed after 200 
s at 5 V charge while the Mn–O peak intensities continued to 
decrease over the entire observation time scale (900 s), indi-
cating much slower delithiation kinetics around the Mn sites.  

 To further determine the reaction dynamic difference 
between each element, quantitative analysis similar to that 
applied for in situ constant current cycling was performed for 
this 5 V constant voltage charge. Assuming the structural trans-
formation undergoes a similar pathway during Li +  extraction 
for both constant current and constant voltage charging, the 
structural parameters extracted from fi tting the XAS spectra col-
lected during in situ constant current charge were used to iden-
tify the delithiation states during constant voltage charge. The 
Debye–Waller factor   σ   Mn-O  values obtained at constant charge 
were correlated with the Li content (specifi c capacity) of the 
sample and used to identify the delithiation level during con-
stant voltage charge. As shown in  Figure    10  , the Debye–Waller 
factor   σ   Mn-O  values for Mn continue to increase for the entire 
900 s time scale (leveling off after 500 s), indicating a contin-
uous structure change caused by lithium extraction. The   σ   Mn-O  
at  t  = 500 s is equal to the value of constant current charge at 
4.8 V. This implies that under 5 V constant voltage charging 
for 500 s, lithium can be extracted to the level equal to the con-
stant current charge (21 mA g −1 ) at 4.8 V, where a 320 mAh g −1  
capacity was obtained. In order to verify the validity of this 
correlation, the FT-EXAFS spectra of Mn K-edge for constant 

      Figure 10.  A quasi-quantitative analysis of the delithiation process of the 
Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  electrode during 5 V constant voltage charging. 
The capacities delivered from Ni and Co are based on their content in 
the material; the total capacity is estimated from the   σ   Mn-O  value that is 
associated with the extracted lithium content. The correlation between 
the   σ   Mn-O  value and the lithium content (capacity) has been identifi ed, as 
discussed for the in situ constant current cycling.  
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capacity can be attributed to the Li 2 MnO 3  component, resulting 
in a large reversible capacity of the Li-rich layered materials 
in addition to the capacity contributed by the Ni and Co redox 
reactions. However, the delithiation kinetics features revealed 
using a time-resolved XAS technique indicate much poorer 
delithiation kinetics in the Mn-related process (mostly in the 
Li 2 MnO 3  component), compared to faster reaction kinetics for 
Ni and Co, which are only minimally affected in a negative way 
by the irreversible structure change of the Li 2 MnO 3  compo-
nent after the initial delithiation process. The major source for 
the slow reaction kinetics was identifi ed in this work as being 
the Li 2 MnO 3  component. A new approach for designing and 
improving Li-rich layered cathode materials with better reaction 
kinetics may be provided by tailoring the Li 2 MnO 3  component. 
In addition, the novel time-revolved technique and analysis 
method used in this study can also be applied to investigate 
the reaction kinetics of other lithium-ion battery materials and 
other battery systems.  

  4   .  Experimental Section 

  Material Characterization : The Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  synthesized 
at Argonne National Laboratory, was analyzed by SEM (JEOL 7600F) 
and TEM (JEOL JEM-2100F). High-quality XRD patterns were collected 
in transmission mode at beamline X14A of NSLS (USA) using a linear 
position sensitive silicon detector. The wavelength used was 0.7748 Å. 

 Aberration-corrected HAADF-STEM and EDX-STEM were performed 
using a JEOL ARM 200F (JEOL, Tokyo, Japan) TEM operated at 200 keV. 
The attainable spatial resolution of the microscope was 80 pm at an 
incident angle of 40 mrad. The Ni–K, Co–K, and Mn–K edges were used 
to collect chemical information for the individual elements. 

  Electrochemical Cells : The Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  cathode electrodes 
were prepared by slurring the active material, carbon black, and 
polyvinylidenefl uoride (PVDF) with a weight ratio of 86:6:8 in  n -methyl 
pyrrolidone (NMP) solvent, then coating the mixture onto an Al foil. 
High-purity lithium foil was used as the anode. The electrolyte was 
1.2  m  LiPF 6  in ethylene carbonate (EC) and dimethyl carbonate (DMC) 
solvent (3:7 by volume, Novolyte Inc.). The 2032-type button cells for 
electrochemical studies were assembled in an argon-fi lled glove box 
and tested on a VMP3 BioLogic electrochemistry workstation. GITT 
experiments (Biologic Inc) were performed by charging/discharging the 
cell for 1 h at a current density of 21 mA g −1  and relaxing for 12 h to 
reach a quasi-equilibrium state and then repeating this process until the 
voltage limitation was reached. 

  X-Ray Absorption Spectroscopy : Hard XAS experiments were carried 
out at beamline X18A of the National Synchrotron Light Source (NSLS) 
at Brookhaven National Laboratory. Both conventional and time-
resolved in situ XAS experiments were performed in transmission mode 
using a Si (111) double-crystal monochromator detuned to 35–45% of 
its original maximum intensity to eliminate the high order harmonics. 
A reference spectrum for each element was simultaneously collected 
with the corresponding spectrum of the in situ cells using transition 
metal foil. Energy calibration was carried out using the fi rst infl ection 
point of the K-edge spectrum of transition metal foil as reference (i.e., 
Ni: 8333 eV). XANES and EXAFS data were analyzed using the ATHENA 
software package. [  49  ]   

  Supporting Information 

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

in the Li 2 MnO 3  component) of  x LiMO 2 (1– x )Li 2 MnO 3  materials 
caused by the disordered structure formed during and after the 
activation of the Li 2 MnO 3  component. Therefore, the Li 2 MnO 3  
component is the key limiting factor for the relatively poor 
rate capability of these materials. In contrast, the Ni and Co 
related to fast delithiation kinetics are not negatively affected 
very much by the activation process. The possible reasons for 
the sluggish kinetics of the Mn-related sites are migration of 
Mn, [  43  ]  oxygen release, and oxygen redox reaction. Because the 
Li 2 MnO 3  is the essential component for these high-energy-
density cathode materials, the right strategy for improving 
the rate capability of these materials would be optimizing the 
properties of Li 2 MnO 3  (minimizing the content, stabilizing 
the Mn lattice, and doping) to balance the energy density and 
rate capability and to meet the requirements for different 
applications.   

  3   .  Conclusions 

 The structure of the Li-rich layered Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  
cathode material has been studied using XRD, XAS, and 
TEM techniques. The results indicate that the Li 1.2 Ni 0.15 Co 0.1 
Mn 0.55 O 2  material is a composite formed by conventional lay-
ered LiMO 2  (M = Ni, Co, Mn) and Li 2 MnO 3  components. The 
aberration-corrected HAADF-STEM image provides direct 
evidence that LiMO 2 - and Li 2 MnO 3 -like domains coexist with 
2–4 nm size. The structural changes and charge compensation 
mechanisms for each LiMO 2  and Li 2 MnO 3  component during 
lithium extraction and insertion have been studied using in situ 

      Figure 11.  Comparison of the delithiation kinetics of the pristine and cycled 
Li 1.2 Ni 0.15 Co 0.1 Mn 0.55 O 2  electrodes under constant voltage charging: a) Ni 
and b) Mn. The Mn sites reveal poorer delithiation kinetics compared to 
Ni, even after initial activation of the Li 2 MnO 3  component.  
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