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ABSTRACT: The nickel-rich layered oxide LiNi0.8Mn0.1Co0.1O2 (NMC811) is a promising future cathode material for lithium-ion 
batteries in electric vehicles due to its high specific energy density. However, it exhibits fast voltage and capacity fading. In this 
article, we combine electrochemistry, operando synchrotron X-ray diffraction (XRD), and ex situ solid-state NMR spectroscopy to 
provide new insights into the structural changes and lithium dynamics of NMC811 during electrochemical charge and discharge, 
which are essential for a better understanding of its fast degradation. The evolution of the interlayer spacing is tracked by XRD, 
showing that it gradually increases upon delithiation before collapsing at high state-of-charge (SOC). Importantly, no two-phase 
O3→O1 transition is observed at high SOC, demonstrating that this cannot be a major cause of degradation. A strong increase of Li 
dynamics accompanies the increase of the interlayer spacing, which is shown by 7Li NMR and electrochemical characterization. At 
high SOC, Li mobility drops considerably, and Li/vacancy ordering can be observed by NMR. A detailed analysis of 7Li NMR spectra 
at different SOC is provided, demonstrating how Li NMR can be used to extract information on the dynamics of such challenging 
paramagnetic samples with several hundred different local Li environments. The insights on the evolution of structure and dynamics 
of NMC811 will further the understanding of its cycling behavior and contribute to the efforts of mitigating its performance fade. 

INTRODUCTION 

Improved rechargeable batteries are required to enable the 
shift of the automotive industry from internal combustion en-
gines to electric motors. Lithium-ion batteries (LIBs) are con-
sidered as the most promising candidates to enable electromo-
bility with a reasonable driving range at an affordable cost, 
largely due to their high energy density and long lifetimes. The 
first-generation cathode material in commercial LIBs, the lay-
ered material LiCoO2, has a limited practical capacity 
(~155 mAh g−1) and research has, therefore, been devoted to de-
velop cheaper alternatives with higher energy densities and 
higher rates. One promising approach is to replace part of the 
cobalt by other transition metals (TMs) such as nickel and man-
ganese. This yields isostructural materials, LiNixMnyCozO2, 
which are usually referred to as NMCXYZ,1 with X, Y and Z in-
dicating the Ni, Mn and Co molar ratios. Such NMC materials 
have already been commercialized for use in LIBs in a variety 
of ratios (NMC111, NMC532, NMC622). However, a great in-
terest still lies in NMC materials with even higher nickel con-
tent as they can provide higher specific capacity within the same 
voltage window and further decrease dependence on scarce, ge-
ographically-concentrated, and expensive cobalt.2,3 

NMC811 (LiNi0.8Mn0.1Co0.1O2) is a Ni-rich NMC composi-
tion that is currently attracting considerable attention as a future 
cathode material. It can deliver a high specific capacity of 
~200 mAh g−1 with a moderately high average discharge poten-
tial of ~3.8 V vs Li+/Li, resulting in a substantial increase of 

~25% in energy density compared to LiCoO2 (based on the 
cathode material only).3 NMC811 adopts the −NaFeO2 lay-
ered oxide structure, which is characterized by a close-packed 
oxygen lattice and alternating layers of lithium and TM ions in 
octahedral coordination environments.4 

Severe challenges still need to be overcome in order to 
achieve successful commercialization of NMC811 cathodes, 
most importantly their considerably faster voltage and capacity 
fading as compared to NMC materials with lower Ni content.2,5 
Moreover, Ni-rich NMCs exhibit poorer chemical stability un-
der ambient conditions and poorer thermal stability.2,6,7 It is still 
not fully understood what causes the fast performance fading, 
although it is widely acknowledged that it arises at least in part 
from processes that occur, or are initiated, at high state-of-
charge (SOC), as performance fading is much more severe 
when cells are charged beyond  ~4.2 V vs Li+/Li.5 

Charging to high voltages is accompanied by a clear redox 
process at ~4.2 V in the differential capacity profile that is not 
present for NMC materials with lower Ni content.2,5 In the 
structurally-related LiNiO2, a similar redox peak is observed in 
the differential capacity profile at the top of charge and is as-
signed to a two-phase O3→O1 transition caused by shearing of 
the TM-O layers.8,9 The O3/O1 classification was introduced by 
Delmas et al.,10 the “O” signifying that lithium is in an octahe-
dral coordination environment, and “3” and “1” indicating that 
there are three and one NiO2 sheets in the crystallographic re-
peat unit, respectively.10 In the context of LiNiO2 and Ni-rich 
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NMCs, the O3 and O1 phases are often referred to as H2 and 
H3, following the naming used in an in situ X-ray diffraction 
(XRD) study of LiNiO2, where they correspond to the second 
and third hexagonal phases found during charge.8 The O3→O1 
transition in LiNiO2 and the associated strain developed in the 
lattice lead to particle cracking and strongly impair its cycling 
stability.8,9 

It has been hypothesized that the degradation processes that 
occur in LiNiO2 cells could also be the cause of capacity fade 
in Ni-rich NMCs. Moreover, observed release of lattice oxygen 
at high voltages has also been associated with the occurrence of 
a two-phase O3→O1 transition.5 This is, however, inconsistent 
with prior laboratory in situ XRD experiments that do not show 
a two-phase region at high SOC of NMC811.4,11 Nevertheless, 
the XRD experiments demonstrate pronounced changes of the 
c lattice parameter during electrochemical cycling which corre-
sponds to a change of the interlayer spacing: It first increases 
during charge before it collapses drastically above ~4.2 V, 
meaning that this collapse is correlated to the occurrence of the 
redox peak in the differential capacity profile.4,11 Despite these 
structural changes, no particle cracks were observed by scan-
ning electron microscopy of cycled cathodes,4,11 suggesting that 
they may not be the main reason for cell failure. Other processes 
may therefore be more crucial, including parasitic reactions 
arising from interactions between the electrolyte and the highly 
reactive delithiated cathode surface. 

Apart from the structural changes upon electrochemical cy-
cling of NMC811 cathodes, it is also essential to understand the 
diffusivity of Li ions, which plays an important role in the ki-
netics of battery cycling and in battery degradation.12 Fast Li 
diffusion can enable fast charging of batteries, which is of great 
importance for application in electric vehicles. Sluggish Li dif-
fusion, on the other hand, causes overpotentials to build up, 
leading to reduced utilization of the cathode material and hence 
reduced capacity.12 This effect becomes more severe at faster 
charge/discharge rates and can cause heating of the cell which 
accelerates degradation. In layered NMC materials, the 
transport of Li ions is governed by Li hopping between two 
neighboring octahedral sites through an adjacent tetrahedral 
site.12,13 This tetrahedral site shares faces with four octahedral 
sites, three in the Li layer and one in the TM layer. Generally, 
the activation barrier for a Li ion hopping from an occupied site 
into an adjacent vacant Li site is lowered when the second ad-
jacent Li site is vacant too (a “divacancy hop”), and/or when the 
adjacent TM ion is in a low oxidation state.13–15 Both situations 
lead to lower electrostatic repulsion along the hopping trajec-
tory. Li hopping and the migration barriers are therefore very 
sensitive to the local structure. Noh et al. used the galvanostatic 
intermittent titration technique (GITT) to measure Li diffusion 
coefficients in a series of NMC materials and observed increas-
ing Li diffusivity with increasing Ni content.2 The chemical dif-
fusion coefficient in NMC811 ranges between 10−12 to 
10−13 m2 s−1 in their measurements and varies depending on the 
SOC.2 

In the present study, we provide new insights into the struc-
tural and dynamic processes that occur during charge and dis-
charge of NMC811 cathodes. We present operando synchrotron 
XRD data which confirms that there is no two-phase transition 
at the top of charge, during the electrochemical cycling of the 
material. Moreover, we present a series of ex situ 7Li solid-state 

nuclear magnetic resonance (NMR) spectra of NMC811 cath-
odes, recorded at different SOC. This data shows that substan-
tial Li ion mobility persists until ~70% SOC. Moreover, Li dif-
fusion rates are not uniform over the whole sample and a small 
fraction of mobile Li ions still remains at high SOC. These find-
ings are supported by variable temperature (VT) NMR experi-
ments and electrochemical data obtained with GITT. These in-
sights further the understanding of changes in structure and dy-
namics during charge and discharge of Ni-rich NMC materials 
and will help to optimize their use in LIBs. 

 

MATERIALS AND METHODS 

Materials. Printed NMC811 electrodes were fabricated in 
Argonne National Laboratory (A-C020, made by CAMP facil-
ity) with the following materials: 90 wt% NMC811 (Targray), 
5 wt% conductive carbon (Timcal C45) and 5 wt% PVDF 
binder (Solvay 5130). The electrode sheet was calendared to a 
thickness of ~52 m (including 20 m Al foil) and a porosity 
of ~36.3%. The areal loading of the NMC811 active material is 
8.34 mg cm−2. Circular electrodes with a diameter of ½ inch 
(12.7 mm) were punched out and dried at 120°C under dynamic 
vacuum prior to cell assembly. The electrolyte used in the pre-
sent study is LP30 (1.0 M LiPF6, ethylene carbonate 
(EC):dimethyl carbonate (DMC) 1:1 v/v, battery grade, Sigma 
Aldrich). Li metal (99.95%) disks were purchased from LTS 
Research Laboratories, Inc. All procedures described below 
(sample preparation, coin cell assembly and disassembly, pack-
ing of NMR rotors) were performed in an argon-filled glove box 
with water and oxygen levels below 10 ppm. 

Electrochemical characterization. All electrochemical tests 
in this work were performed on NMC/Li half-cells in 2032 
coin-cell configuration (Cambridge Energy Solutions). One ½ 
inch cathode, one 5/8 inch glass fiber separator (GF/B, What-
man) soaked with 150 L LP30 electrolyte, and one Li metal 
disk were stacked and assembled into the coin cell. 

Galvanostatic cycling tests on NMC/Li half-cells were con-
ducted at room temperature (20 ± 2 °C) on a VMP2 potentiostat 
(Biologic) at a current density of 10 mA g−1 of NMC811 (equiv-
alent to a rate of C/20 assuming the capacity of NMC811 is 
200 mAh g−1). All electrochemical potentials discussed in this 
work are referenced to Li+/Li. 

GITT experiments were also performed on NMC811/Li half-
cells. Galvanostatic current pulses were applied with magni-
tudes of 10 mA g−1 for 30 minutes, followed by a 4 hour rest 
period. The diffusion coefficient of Li+, Ds, can be calculated 
based on the following equation:16,17 𝐷𝑠 = 4𝜋 (𝐼𝑉𝑚𝐹𝑆 )2 (𝑑𝑈0 𝑑𝑦⁄𝑑𝑉 𝑑√𝑡⁄ )2 , 𝑡 ≪ 𝑅2 𝐷𝑠⁄       [1] 
where I is the current of the short pulses, Vm is the molar volume 
of NMC811, F is Faraday’s constant, S is the active area of the 
composite electrode, U0 is the open circuit voltage (OCV) of the 
NMC811 electrode at the end of each rest period, y is the SOC 
(i.e. y in Li(1−y)Ni0.8Mn0.1Co0.1O2), V and t are the voltage and 
time during pulse periods, respectively, and R is the diffusion 
length. The molar volume Vm and active surface area S are fac-
tors difficult to obtain accurately due to the complex nature of 
the composite electrode, as it contains multiple active and inac-
tive materials, various pores and voids, as well as particles of 
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varying size. Therefore, it is very difficult to obtain accurate 
absolute diffusion coefficients from GITT experiments.17 In this 
work, we assume that Vm and S remain unchanged, and we in-
vestigate the relative changes in Li mobility using the following 
equation:17 𝐷𝑠𝑆2𝑉𝑚2 = 4𝜋 ( 𝐼𝐹)2 (𝑑𝑈0 𝑑𝑦⁄𝑑𝑉 𝑑√𝑡⁄ )2             [2] 

The approach for determining 𝑑𝑈0 𝑑𝑦⁄  and 𝑑𝑉 𝑑√𝑡⁄  was 
adopted from Verma et al.17 Briefly, the experimentally ob-
tained U0 vs y profile was curve-fitted using a polynomial func-
tion, which was then differentiated to determine the values of 𝑑𝑈0 𝑑𝑦⁄  as a function of y. 𝑑𝑉 𝑑√𝑡⁄  values were obtained as 
the slope of the linear function of V vs √𝑡. These linear fittings 
were performed in the range of 100 s < t < 1800 s to ensure a 
good fit. 

Neutron diffraction. Constant-wavelength (1.5483 Å) neu-
tron diffraction was performed on the SPODI18 high-resolution 
diffraction beamline at the Heinz Maier-Leibnitz Zentrum 
(MLZ) in Garching, Germany. More than 12 g NMC811 was 
packed in an argon glovebox into a 13 mm diameter cylindrical 
sample holder of vanadium and sealed with compressed indium 
wire. The sample height completely spanned the neutron irradi-
ation height of 50 mm. 

Operando synchrotron X-ray diffraction. Operando pow-
der diffraction measurements were conducted at beamline 
17BM at the Advanced Photon Source, Argonne National La-
boratory. The experiments were performed at room temperature 
using Argonne's multi-purpose in situ X-ray (AMPIX) cell in 
transmission mode at 0.24141 Å with a 2D area detector. The 
AMPIX cell contains a rigid, conductive glassy carbon window 
to ensure uniform stack pressure and thereby homogenous elec-
trochemical behavior in the cell.19 The NMC811 electrodes for 
operando XRD experiments were  self-standing films consist-
ing of NMC811 powder (Targray), Super P Li carbon black 
(TIMCAL) and poly(tetrafluoroethylene) (Sigma, free flowing 
powder, 1 μm) in a mass ratio of 60:30:10. A stack of NMC811 
self-standing cathode, glass fiber separator soaked with LP30 
electrolyte and Li metal anode was assembled into the AMPIX 
cells, which were galvanostatically cycled at 57.14 mA g−1 of 
NMC811 (equivalent to a rate of C/3.5 assuming the capacity 
of NMC811 is 200 mAh g−1). 

GSAS-II software was used for sequential Rietveld refine-
ment of NMC811 during electrochemical cycling. For the pris-
tine NMC811 material (i.e., operando cell prior to cycling), the 
atomic coordinates, unit-cell parameters, background, zero off-
set and peak shape parameters were refined and used as the in-
itial structure. In the sequential refinement, only the unit-cell 
parameters, oxygen z coordinate and Chebyshev background 
coefficients were allowed to vary. 

NMR sample preparation. NMC811/Li half-cells were cy-
cled galvanostatically at a rate of 10 mA g-1. The cycling was 
stopped either after a defined time to reach a certain SOC (10%, 
25%, 40%, 50%, 65%) or at a defined potential (4.2 V, 4.3 V, 
4.4 V, corresponding to SOC of 75%, 82%, 85%, respectively). 
One cell was charged to 4.4 V and held at this potential until the 
measured current dropped below 1 μA, which resulted in a SOC 
of ≥86%. After cycling, the cathodes were extracted, washed 
three times with DMC (~1 mL) and dried in vacuo for 

30 minutes. The cathode material was then scraped off the cur-
rent collector and packed into a 1.3 mm magic-angle spinning 
(MAS) NMR rotor. The NMR samples weighed between 
3.2 mg and 4.3 mg. 

Solid-state NMR experiments. Solid-state NMR experi-
ments were performed on a 4.7 T (200 MHz 1H Larmor fre-
quency) Bruker Avance III spectrometer, using a Bruker 
1.3 mm double resonance probe. All spectra were acquired at a 
MAS frequency of 60 kHz, and 7Li radiofrequency (rf) pulses 
were applied at ~230 kHz rf field strength. Recycle delays be-
tween 20 ms and 35 ms were employed which were quantitative 
for the bulk signal of NMC811 (but not for the signals of dia-
magnetic Li salts at ~0 ppm). 7Li chemical shifts were refer-
enced externally using Li2CO3 (0 ppm). 

For projection MATPASS20 spectra, 8 t1 increments were 
recorded. The number of transients acquired per t1 increment 
varied between 10240 and 102400 depending on the Li content 
(i.e. SOC) of the sample. 

Variable temperature (VT) spectra were acquired using a ro-
tor-synchronized Hahn echo sequence with a total echo length 
of two rotor periods (33.33 μs). 10240 transients were accumu-
lated for each spectrum. Sample temperatures are reported 
based on an external calibration using the chemical shift of 207Pb 
in Pb(NO3)2.21 

Calculation of NMR spectra. NMR spectra were calculated 

using a random solution model based on previously published 
methods.22,23 Li hopping was incorporated using the formula de-
rived by Norris.24 Details on the calculations can be found in the 
SI. 

 

RESULTS 

Electrochemistry. Figure 1a shows the voltage profile of a 
NMC811/Li half-cell during the first cycle between 4.4 V and 
3.0 V. NMC811 exhibits a high full-charge capacity of 
240 mAh g−1 and discharge capacity of 200 mAh g−1, placing it 
among the highest capacity cathode materials for LIBs. The 
voltage curve is relatively featureless compared to that of 
LiNiO2, where several plateau regions are associated with dis-
tinct first-order (two-phase) structural phase transformations.8,9 
To visualize the remaining details in the voltage profile, incre-
mental capacity analysis was carried out and the resulting 
dQ/dV vs voltage plot is presented in Figure 1b. Three regions, 
which contribute the majority of the capacity, are highlighted in 
Figure 1 as regions I, II, and III. Very limited capacity 
(<20 mAh g−1) is achieved in region IV. The maxima of the 
three peaks in regions I, II and III during charge are found at 
3.68, 4.00, and 4.21 V vs Li+/Li, respectively, which is con-
sistent with previous reports.2,4,11 Moreover, similar features are 
also observed in LiNiO2 cell chemistry, in which these peaks 
are coupled with distinct first-order phase transitions.8,9,12,25 To 
verify whether these phase transitions also occur in NMC811 
materials, we performed operando synchrotron XRD experi-
ments which reveal the structural changes in NMC811 during 
cycling. 
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Figure 1. First charge and discharge voltage curve of a NMC/Li 
half-cell (a) and the corresponding differential capacity (dQ/dV) 
plot (b). 

Neutron diffraction. A high-resolution neutron diffraction 
pattern of NMC811 powder was collected at room temperature 
before manufacturing electrodes. No evidence of secondary 
phases, superstructure peaks, or distorted line shapes was ob-
served (see Figure S10). Thus, the material used here for 
NMC811 electrodes is phase pure and free of significant stack-
ing disorder or strain. 

Operando synchrotron X-ray diffraction. Operando XRD 
data was recorded using Argonne’s multipurpose in situ X-ray 
(AMPIX) cells19 and very hard synchrotron X-ray radiation 
(51 keV). The rigid and electrically-conducting glassy carbon 
X-ray window used in these cells ensures homogenous electro-
chemical cycling of the battery materials without sacrificing 
transparency. Most importantly, the use of AMPIX cells com-
bined with high energy synchrotron radiation and an area detec-
tor enabled us to record ‘instantaneous’ snapshots of the mate-
rial during electrochemical cycling, such that we are averaging 
over less than 0.0005 Li transferred (per formula unit of 
LiNi0.8Mn0.1Co0.1O2) for each XRD pattern. This ensures that 
we do not miss phase transitions that may occur over very short 
time periods and therefore enables us to detect all possible 
structural changes which are observable by XRD. 

The operando XRD measurements were carried out on a 
NMC811/Li half-cell during its first electrochemical cycle be-
tween 4.4 V and 3.0 V. The diffraction patterns obtained along 
with the voltage profile of the electrochemical cell are shown in 
Figure 2a. Additional data acquired on cells charged to an upper 

cutoff voltage of 4.2 V and 4.8 V, respectively, are presented in 
Figure S6.  

As expected, the crystal structure of the NMC811 material 
can be indexed in the R3̅m space group. A joint refinement of 
the X-ray pattern before cycling and neutron diffraction data of 
the pristine material was performed as well and can be found in 
Table S1. Based on this refinement, the percentage of Ni2+ in 
the Li layer is less than 1% in the NMC811 material used in this 
work. 

At the very beginning of charge, a two-phase coexistence is 
observed between the pristine material and a partially delithi-
ated phase, the latter continuing to lose more lithium as the con-
centration of the pristine phase decreases (Figure S8), indicat-
ing a non-equilibrium process and resembling the behavior re-
ported by Li et al.4 The process is irreversible and no two-phase 
behavior is seen on discharge (Figure S8b). A similar phenom-
enon was seen for LiNi0.8Co0.15Al0.05O2 (NCA), where this was 
ascribed to the effects of a surface layer containing Li2CO3.26 
This insulating coating impedes the transport of Li ions out of 
the NCA phase, creating an apparent two phase reaction, with 
particles with no or a thinner carbonate coating reacting before 
those with thicker coatings. As a consequence, Li2CO3 is at least 
partially removed on charging. 

Beyond the initial non-equilibrium “two-phase” behavior, 
NMC811 undergoes a solid-solution mechanism during charge 
and discharge with no new phases appearing. This is in contrast 
to the complex phase transitions which occur during the delithi-
ation and lithiation of LiNiO2. Specifically, the O3→O’3 (also 
known as the H1→M) transition during the cycling of LiNiO2 
results in a peak splitting of the (101) reflection due to the for-
mation of a new monoclinic phase and the O3→O1 (also known 
as H2→H3) transition, which happens at high SOC of 
Li1−xNiO2, gives rise to another (003) signal at higher 2θ an-
gles.8,9,12,25 However, neither of these phenomena are observed 
in our operando experiment as highlighted in Figure S7, which 
shows the enlarged regions of the (003) and (101) reflections on 
the first charge. According to these results, we note that no dis-
tinct two-phase transitions occur during the electrochemical 
delithiation and lithiation of NMC811. 

Figure 2b shows the evolution of the a and c lattice parame-
ters as well as the unit cell volume during electrochemical deli-
thiation of NMC811. The trends are analogous to what has been 
observed in previous studies4,11 and are typical for the delithia-
tion behavior of layered lithium TM oxides. The a lattice pa-
rameter decreases upon charging to 4.4 V by maximum 2.1% 
(from 2.87 Å to 2.81 Å). The c lattice parameter shows a non-
monotonic behavior: initially, it increases until a potential of 
~4.1 V is reached (from 14.2 Å to 14.5 Å, Δc = 2.1%) which 
means that the interlayer spacing increases. Above ~4.1 V 
(~70% SOC), it rapidly collapses, reaching values smaller than 
in the fully lithiated state when the potential exceeds 4.2 V. The 
unit cell volume shrinks continuously upon delithiation. While 
the initial lattice contraction is rather moderate and is dominated 
by the a lattice parameter up to ~4.1 V, it then shrinks more 
rapidly, reflecting the collapse of the c lattice parameter. All 
these trends in lattice response to lithium composition are re-
versible on the first discharge (see Figure S6). A closer look at 
the evolution of the interlayer spacing reveals that the Li and 
TM layers behave differently (Figure S9): As the c lattice pa-
rameter increases, the Li layer expands while the thickness of 
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the TM layer decreases. The latter is caused by the decrease in 
the ionic radius of the nickel ions and the increased covalency 
of the Ni–O bonds with increasing charge of the Ni ions. The 
subsequent decrease of the c lattice parameter is initially caused 

by further contraction of the TM layer, which is then followed 
by the collapse of the Li layer from ~75% SOC.  

 

 

Figure 2. (a) Operando synchrotron XRD patterns obtained on a NMC811/Li half-cell, using an AMPIX cell19 and very hard synchrotron 
X-ray radiation. (b) Evolution of the unit cell volume and a and c lattice parameters of NMC811 during the first charge to 4.4 V. The 
parameters were refined from the diffraction patterns in (a). 

Ex situ 7Li solid-state NMR. While X-ray diffraction pro-
vides information regarding the evolution of long-range order 
and unit cell parameters, it is less sensitive to Li ions and their 
local structure and dynamics. For this purpose, solid-state NMR 
is a very powerful technique as it is extremely sensitive to the 
local Li environment. 

The great value of lithium NMR for studying LIB cathode 
materials stems from the sensitivity of the lithium chemical 
shift to the presence of surrounding paramagnetic TM ions.27 
While lithium in a diamagnetic environment resonates close to 
0 ppm, hyperfine interactions with paramagnetic ions can in-
duce shifts of more than 100 ppm. The dominating interaction 
mechanism is the Fermi contact interaction which describes the 
transfer of unpaired electron spin density from the TM unpaired 
electron spins to the 2s orbital of lithium via the bridging oxy-
gen atoms. The sign and magnitude of this interaction are deter-
mined by the symmetry of the TM orbital in which the unpaired 
spins are located and the angle of the TM–O–Li bond.28 To a 
very good approximation, the hyperfine interactions with each 
paramagnetic neighbor can be treated separately, meaning that 
the induced hyperfine shifts are additive. 

Typical hyperfine shifts in layered oxides have been meas-
ured experimentally27 and can be rationalized by DFT calcula-
tions.28 Paramagnetic TM ions in both the first and the second 
coordination shell of lithium affect its chemical shift through 
the Fermi contact interaction, and are usually referred to by the 
bond angle at the bridging oxygen atoms which is close to 90° 
and 180°, respectively. In the layered structure of NMC811, 

each lithium ion has in total six 90° TM neighbors and six 180° 
TM neighbors. As Mn3+−Ni3+ pairs are expected to dispropor-
tionate into Mn4+ and Ni2+ in this type of material,29 we can ex-
pect three paramagnetic species in NMC811: Ni2+, Ni3+, and 
Mn4+. Their expected hyperfine shifts can be extracted from ear-
lier experimental studies and are summarized in Table 1.30 Co3+ 
and Ni4+ are diamagnetic and do not induce hyperfine shifts. 

Table 1. Expected hyperfine shifts (in ppm) of 7Li reso-

nances for different paramagnetic TM ion neighbors in 

NMC811.30 Shifts are given for 90° and 180° interactions.  

 90° 180° 

Ni2+ −30 170 

Ni3+ −15 110 

Mn4+ 250 −60 

 
7Li solid-state NMR experiments were performed on cathode 

materials extracted from NMC811/Li half-cells charged to dif-
ferent SOC, as indicated in Figure 3a. All spectra were acquired 
at low magnetic field (4.7 T) and fast MAS frequency (60 kHz) 
to reduce line broadening arising from hyperfine interactions. 
Figure 3b shows the 7Li solid-state NMR spectra acquired ex 

situ. In general, very broad signals are observed due to the high 
amount of paramagnetic species in the sample and the very 
large number of different TM ion environments that lithium can 
be located in, each environment potentially leading to a differ-
ent 7Li chemical shift. 
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Figure 3. (a) First charge curve of a NMC811/Li half-cell with red 
crosses indicating where cells were stopped for ex situ NMR exper-
iments. (b) 7Li solid-state NMR spectra of ex situ NMC811 cathode 
sample, acquired at a magnetic field strength of 4.7 T and a MAS 
frequency of 60 kHz. The central slices of projection MATPASS20 
spectra are shown with an arbitrary scaling. 

In the pristine material (x = 0.0), one broad signal centered at 
around 570 ppm is observed. This large shift of the resonance 
away from 0 ppm can be explained by the nearby paramagnetic 
Ni (80%) and Mn (10%) ions. Indeed, a hyperfine shift of 
570 ppm is expected for a pure Ni3+ environment (six Ni3+−90° 

and six Ni3+−180° in the first and second coordination shells of 
the Li atom, Table 1). The substitution of Ni3+ ions by other TM 
ions creates environments with larger or smaller chemical 

shifts, the overlap of which leads to the very broad line shape 
observed experimentally. Additionally, a sharp signal at 
~0 ppm is observed which occurs in all spectra in Figure 3b. 
This signal originates from diamagnetic lithium salts such as 
Li2CO3 on the surface of the NMC particles which can form 
during manufacture and storage of NMC811 electrodes.6 

As NMC811 is delithiated, Ni2+ and Ni3+ ions are oxidized to 
Ni4+. Since Ni4+ is diamagnetic, a decrease of the average chem-
ical shift of the Li signal is expected and can be observed in the 
experimental spectra. Interestingly at medium SOC (0.25 ≤ x ≤ 
0.75), a considerable sharpening of the 7Li signal is observed 
which is not consistent with the large range of different Li en-
vironments expected. This observation can however be ex-
plained by an increase in the lithium ion mobility, stimulated by 
the creation of lithium vacancies and the increasing interlayer 
spacing, the latter resulting in a reduction in the activation bar-
rier for Li hopping.14 Fast Li ion hopping between different Li 
sites can be expected to lead to the observation of an NMR sig-
nal at an averaged chemical shift.31 To substantiate this hypoth-
esis, 7Li MAS NMR spectra at variable temperatures (VT) were 
recorded for samples with x = 0.1, x = 0.25, and x = 0.5 (Fig-
ure 4). An increase in temperature is expected to increase the 
lithium hopping rate and hence lead to further sharpening of the 
NMR signals. Indeed, the 7Li signals for x = 0.25 and x = 0.5 
sharpen considerably with increasing temperature (Fig-
ure 4b,c), whereas the line shape for x = 0.1 remains largely un-
changed (Figure 4a). Another indication of fast Li mobility is 
that the remaining signal after a Hahn echo experiment of one 
rotor period drops drastically between the x = 0.1 and x = 0.25 
samples (see Figure S5b).31,32 Lithium hopping during the echo 
period leads to changing resonance frequencies, meaning that 
refocusing of transverse magnetization becomes inefficient and 
signal intensity is lost. The line narrowing, the VT spectra and 
the increased transverse relaxation therefore show that there is 
fast Li ion mobility in NMC811 which sets in at a delithiation 
of ~25%. A more quantitative analysis of Li hopping observed 
by solid-state NMR will be provided in the following section. 

Towards the end of charge of NMC811 (x ≥ 0.75), the 7Li 
signal broadens and splits into several peaks, indicating that Li 
hopping slows down substantially. As most of the Ni is now in 
the diamagnetic 4+ oxidation state, more distinct environments 
can be observed in the 7Li NMR spectra. The main cause of the 
resonances shifted to high ppm values are now the Mn4±−90° 
interactions, leading to spectral features at ~250 ppm and 
~500 ppm which correspond to one and two Mn4+ ions in the 
first coordination shell of lithium (Table 1). In addition to these 
environments due to less mobile Li ions, a signal due to mobile 
Li ions can still be identified based on the faster relaxation in 
Hahn echo experiments with different echo lengths (see Fig-
ure S5a). This signal is still very prominent at x = 0.75, but de-
creases markedly for x > 0.75, indicating the preferred extrac-
tion of mobile lithium ions and/or a further decrease of Li mo-
bility, the latter correlated with the collapse of the layer spacing 
at this SOC. 
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Figure 4. Variable temperature 7Li solid-state NMR spectra of Li1-xNi0.8Mn0.1Co0.1O2 at three different SOC: (a) x = 0.1, (b) x = 0.25, (c) 
x = 0.5. Spectra were acquired at 4.7 T under a MAS frequency of 60 kHz, using a Hahn echo pulse sequence. Asterisks in the bottom spectra 
indicate the positions of spinning sidebands for each series of spectra. Note that the chemical shift in ppm decreases with increasing temper-
ature in all samples, which is typical for signals shifted by Fermi contact interactions. See also Figure S1 for modeling of these spectra.

Calculation of the 7Li NMR spectra. To gain more insights 
from the NMR data, the expected 7Li NMR spectra were calcu-
lated following procedures described earlier.22,23 In brief, the 
calculations consider every possible TM environment of a Li 
ion in this system. For each environment, the corresponding 7Li 
chemical shift is determined using the hyperfine shifts given in 
Table 1, and its probability is calculated using the probabilities 
of encountering Ni, Mn, and Co ions (0.8, 0.1, and 0.1, respec-
tively). A 7Li NMR spectrum is then calculated by summing up 
the spectra for all environments. This random solution model 
assumes that TM and Li ions are randomly distributed within 
their layers. More details on the calculations can be found in the 
SI. 

The calculated spectra for x = 0.0 and x = 0.1 are shown in 
Figure 5 and are in good agreement with the respective experi-
mental spectra. Deviations may result from partial ordering of 
TM ions within their layers, arising from the occurrence of 
Ni2+−Mn4+ pairs or larger clusters of certain TM ions as de-
scribed for related NMC materials.30,33 

In order to calculate the spectra in the case of mobile lithium 
ions for x > 0.1, a formula given by Norris was employed.24 It 
allows rapid computation of chemical exchange line shapes 
even when several hundred sites are involved, under the as-
sumption that all Li sites participate in the exchange and that 
the same hopping rate occurs between all sites.24 The resulting 
fits to the experimental spectra of mobile Li ions (0.25 ≤ x ≤ 
0.65) are shown in Figure 5, employing a combination of spec-
tra calculated for mobile (blue) and non-mobile (green) Li ions. 
Excellent agreement between the model and the experimental 
spectra is obtained. These results show that while a large frac-
tion of Li ions has high mobility, there are also domains with 
slower Li ion dynamics at a time scale to which these NMR 
experiments are not sensitive. 

 

Figure 5. Modeling of 7Li solid-state NMR spectra of 
Li1-xNi0.8Mn0.1Co0.1O2. For each SOC, the experimental spectrum 
is shown (black, identical to Figure 3) together with the calculated 
spectrum (red). The calculated spectra for x = 0.0 and x = 0.1 were 
obtained using the model without Li hopping, whereas the other 
calculated spectra are the sum (red) of calculations for mobile 
(blue) and non-mobile (green) Li ions. The peak at ~0 ppm is not 
included in the model. The calculated spectra for x ≥ 0.75 and the 
fraction of mobile Li ions used in the calculations are shown in Fig-
ures S4 and S2a, respectively. 

The differences in dynamics can be explained by different 
activation barriers for Li hops which can vary depending on the 
TM environment and Li/vacancy concentration, as described in 
the introduction. Accordingly, domains with slower diffusion 
can be expected to have a high concentration of Li ions and of 
highly charged TM ions (e.g. Mn4+). The fraction of less mobile 
Li ions decreases with increasing measurement temperature in 
the VT experiments (see Figure S2b), demonstrating that the 
slower diffusion is indeed due to higher activation barriers and 
not due to particle isolation or disconnection. 

For quantifying the Li hopping rates, the linewidths at half 
height of the calculated (ν½,calc) and experimental (ν½,exp) signals 
for mobile Li ions were used, the latter determined from decon-
voluting the experimental spectra. Since the formula used for 
calculating the chemical exchange line shapes incorporates the 
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linewidth of a single Li environment in absence of exchange 
(ν½,no-exch),24 the chosen value influences the hopping rate that is 
obtained. ν½,no-exch is governed by both the 7Li spin-spin relaxa-
tion time and inhomogeneous broadening caused by distribu-
tions in the local environment. In our case, it cannot be deter-
mined experimentally because the signals from different Li en-
vironments overlap. Therefore, three different values were em-
ployed for computing ν½,calc and consequently the hopping rates. 
The results for different SOC are plotted in Figure 6. The small-
est value used (ν½,no-exch = 100 Hz, triangles) is undoubtedly 
smaller than the experimental value and returns the lowest hop-
ping rate. The maximum value for ν½,no-exch (2000 Hz, circles) 
was chosen based on the consideration that the sharpest line ob-
tained experimentally (for x = 0.5 at high temperature) can only 
be modelled if ν½,no-exch ≤ 2500 Hz. While exact hopping rates 
are difficult to extract from the NMR data, clear trends of lith-
ium mobility can be obtained as illustrated in Figure 6. Li ion 
hopping sets in between x = 0.1 and x = 0.25 and reaches a max-
imum at x = 0.4 with a hopping rate of at least 58 kHz. It then 
remains at this high level until x = 0.65, slightly decreasing on 
further delithiation. A clear drop in lithium mobility is seen for 
x ≥ 0.75. 

 

Figure 6. Li ion hopping rates at different SOC calculated from 
line widths of 7Li NMR signals. Different ν½,no-exch values were 
used for the computation of spectra, with the triangles representing 
the minimum Li ion hopping rates. Red shading has been added for 
illustrational purposes. 

At this high SOC (x ≥ 0.75), a straightforward fitting of the 
experimental spectra with the model described above is no 
longer possible (see Figure S4), and in particular the relative 
peak intensities are not well-reproduced. This can be related to 
lithium/vacancy ordering at high SOC where signals originating 
from Li ions in their preferred TM environments will dominate 
the NMR spectrum. For example, purely diamagnetic environ-
ments as well as Mn4+−180° interactions do not appear to be 
favored because no substantial peak intensity at negative chem-
ical shifts can be observed. On the other hand, Mn4+−90° inter-
actions are favorable which is shown by their relatively higher 
peak intensities, meaning that local environments containing 
these environments are observed in higher concentrations than 
predicted by the random solution model. Modelling and under-
standing effects from TM ordering and Li/vacancy ordering on 
the 7Li NMR spectra is beyond the scope of this report and will 
be the subject of further research. 

GITT measurements. GITT was employed as an additional 
method to probe the change in lithium dynamics as a function 
of SOC.  For a GITT experiment, the cell voltage is monitored 
as short pulses at a constant current are applied, interrupted by 
long rest periods during which no current passes through the 
cell.16 A typical voltage and current profile of the cell during 
one pulse and rest period is shown in Figure S11. The OCV pro-
file of the NMC 811 material during the GITT experiment is 
presented in Figure 7a and the extracted results on lithium mo-
bility are summarized in Figure 7b. Due to the difficulty in ac-
curately obtaining the values of the active surface area (S) and 
the molar volume (Vm) of the NMC material, we use the proxy 
of 𝐷𝑠𝑆−2𝑉𝑚−2, denoted as Li mobility in Figure 7b, for the Li+ 
diffusivity to compare the relative Li dynamics as a function of 
SOC (see also Materials and Methods). 

 

Figure 7. OCV curve (a) and Li mobility (b) obtained from GITT 
applied to NMC811/Li half-cells. The first points in (b) (x < 0.1) 
overestimate the Li mobility because the cell potential was not fully 
relaxed when the next current pulse was applied. 

The OCV profile matches the voltage profile under conven-
tional galvanostatic cycling conditions (Figure 1a). For in-
stance, the flatter voltage region at ~4.2 V is observed in both 
results. This confirms that these electrochemical signatures are 
associated with the intrinsic properties at equilibrated states of 
the material, rather than artefacts induced by kinetics or mass-
transport which are likely to occur in galvanostatic cycling ex-
periments. These signatures correlate with the evolution of the 
Li mobility extracted from the GITT on the first charge (Fig-
ure 7b). Li mobility gradually increases from 20% SOC and 
reaches a maximum at ~50% SOC. Of note, the maximum Li 
mobility is one order-of-magnitude higher than that at 20% 
SOC. The Li diffusion remains at this very high level as the 
charge continues, until approximately 70% SOC, from when it 
starts dropping drastically. This overall trend in the evolution of 
Li mobility agrees very well with the findings from NMR ex-
periments.  

 

DISCUSSION 

Structural and dynamic changes upon delithiation of 

NMC811. The set of experimental data presented above shows 
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that the delithiation of NMC811 cathodes can be divided into 
four regions as highlighted in Figure 1, which can be related to 
changes in the structure and Li dynamics of the material. 

The beginning of charge (0−50 mAh g−1, 0 ≤ x ≤ 0.18) is 
marked by broad NMR spectra, indicating low Li mobility. Li 
ion hopping then increases drastically in the second part of re-
gion I (50−125 mAh g−1, 0.18 ≤ x ≤ 0.45) which is defined by a 
broad and intense peak in the dQ/dV plot. The increasing Li 
mobility is apparent in both the NMR spectra and the GITT data 
and is stimulated by the creation of Li (di)vacancies as well as 
the substantial increase in Li layer spacing which is shown by 
the XRD data. The former increases the number of carriers 
while the latter lowers the activation barrier for Li hops which 
can also be seen from the VT NMR experiments (Figure S3). 
The NMR data additionally shows that Li hopping rates are not 
uniform throughout the sample, and that domains with slower 
Li dynamics exist, especially when Li mobility starts to increase 
(x = 0.25). The maximum Li hopping rate is observed at x = 0.4 
in the NMR data and at x ~ 0.5 in the GITT data. 

Region II (125−195 mAh g−1, 0.45 ≤ x ≤ 0.70) is character-
ized by a very broad peak in the dQ/dV plot, corresponding to 
a steeper voltage increase with continuing delithiation. The lith-
ium mobility remains high in this regime, but does not increase 
further. This can be rationalized by the less steep increase of the 
c lattice parameter and the creation of more highly charged TM 
ions which hinder faster diffusion. 

A drastic change occurs in region III (195−220 mAh g−1, 
0.70 ≤ x ≤ 0.78) which is marked by a clear peak in the dQ/dV 
plot. While this peak has been hypothesized to indicate a detri-
mental two-phase O3→O1 transition as it is observed in 
LiNiO2, no signature of such a transition is observed in the op-

erando XRD data, which is in accordance with other reports in 
literature.4,11 Region III is nevertheless marked by a strong de-
crease of the c lattice parameter. This collapse of the interlayer 
spacing is accompanied by decreasing Li mobility, indicated 
again both in the NMR and in the GITT data. 

Towards the end of charge (region IV, >220 mAh g−1, 
x > 0.78), the collapse of the c lattice parameter becomes even 
more drastic and it drops below its initial value, accompanied 
by a steep decrease of the unit cell volume. This further slows 
down Li diffusion, and results in Li/vacancy ordering which can 
be seen from the NMR data where fitting with a simple random 
solution model is no longer possible (Figure S4). The NMR 
spectra suggest that Mn4+−90° interactions are preferred by Li 
ions whereas purely diamagnetic environments (i.e., Li nearby 
Ni4+ ions) as well as Mn4+−180° interactions appear less favor-
able. The structural changes at high SOC as well as the slow Li 
diffusion hinder the further extraction of Li ions. Accordingly, 
no significant additional capacity can be achieved even when 
charging up to 4.8 V (see Figure S6). 

Reexamining the NMR spectra in the literature, where line 
narrowing and/or faster transverse relaxation are observed upon 
electrochemical delithiation, it is clear that similar Li mobility 
is present to a degree in many NMCs and related layered mate-
rials.31,34–36 For example, a sharper NMR resonance emerges for 
20% Li removal in NMC111, coexisting with a broader reso-
nance.34 Based on the results presented here, this likely also 
originates from a subset of more mobile Li ions.  

 

CONCLUSIONS 

Operando XRD, ex situ 7Li solid-state MAS NMR, and GITT 
have been used to correlate changes in structure and lithium dy-
namics upon electrochemical cycling of NMC811. An increase 
in the interlayer spacing up to ~70% SOC together with the cre-
ation of Li vacancies is accompanied by a strong increase in Li 
ion mobility. Fast Li ion hopping sets in at ~20% SOC and 
reaches a maximum between 40% and 50% SOC. Above 70% 
SOC, the overall layer spacing and with it the unit cell volume 
collapses rapidly, with the Li layer spacing collapsing slightly 
later from ~75% SOC. This leads to decreased Li mobility as 
well as Li/vacancy ordering, and makes it harder to extract more 
Li ions, preventing access to capacity associated with the re-
maining lithium. 

The operando synchrotron XRD data clearly show that no 
two-phase O3→O1 transition occurs at high SOC of NMC811, 
meaning that this cannot be a major cause of degradation. How-
ever, pronounced changes of the c lattice parameter are still ob-
served, most notably its collapse above ~70% SOC. These ani-
sotropic lattice expansions are expected to lead to strain within 
particles which can eventually cause particle cracking after pro-
longed cycling. Such effects can in principle be mitigated by 
cycling to lower cutoff potentials (~4.2 V vs Li+/Li), avoiding 
strong overall layer contractions. Li mobility would also remain 
high in this cycling regime, allowing faster charging rates to be 
used without serious detrimental effects due to, for example, 
heat evolution or heterogeneity in lithiation across the elec-
trode. However, the choice of this comparably low cutoff volt-
age also reduces the available capacity, removing one of the ad-
vantages of using NMC811. Future studies will focus on the 
role of cation doping (e.g., Mg in the Li layers37) and Ni defects 
in the Li layers on Li mobilities and c-parameter changes.    

7Li solid-state NMR has been shown to be a useful tool for 
examining Li mobility, even in challenging paramagnetic ma-
terials like NMC811. Li hopping rates can be estimated and dis-
tributions of correlation times for Li transport can be identified 
and associated with specific local environments, which is a phe-
nomenon that is not readily extracted from GITT. This extended 
characterization of Li mobility will be important for under-
standing the rate performance and degradation of LIBs in more 
detail. 

 

Supporting Information. 7Li solid-state NMR: details on the cal-
culation of spectra, calculated VT NMR spectra, fractions of mo-
bile Li ions, Arrhenius plot for VT NMR data, calculated spectra at 
high SOC, spin-spin relaxation in NMC811 samples; structure re-
finement from X-ray and neutron diffraction data; operando XRD: 
evolution of unit cell parameters for three different samples, en-
larged view of XRD patterns, evolution of layer spacing; neutron 
diffraction pattern of NMC811; typical voltage and current profile 
during a GITT experiment. This material is available free of charge 
via the Internet at http://pubs.acs.org. 
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