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thanks to its performance specifications, 
versatility, scalability, and reliability.[2] 
Due to these characteristics, LIBs are 
now the preferred energy storage device 
for consumer electronics. Nevertheless, 
the quest for higher specific energy and 
power, longer life, and improved safety is 
far from over.[3] The success of the current 
LIB design encourages continuous evolu-
tion of the technology, raising the bar that 
emerging technologies need to overcome.

In conventional LIBs with intercalation-
based cathode active materials (CAMs), 
the reversible capacity of the cell is limited 
by the initial concentration of lithium-ions 
stored in the cathode. Under ideal cycling 
conditions, Li+ ions are shuttled between the 
CAM and the anode, without any irrecover-
able loss. Under practical conditions, side-
reactions taking place during normal opera-
tion gradually reduce the amount of lithium 
that can be shuttled between cathode and 
anode. A natural pathway to improve LIB 
performance is then to increase the revers-
ible capacity of the cathode active materials.[4] 

In recent years, lithium cobalt oxide (LCO) as “state-of-the-art” 
CAM has been increasingly substituted by mixed transition metal 
oxides, mainly Li1Ni1−y−zCoyMnzO2 (NCM) and Li1Ni1−y−zCoyAlzO2 
(NCA), driven by their lower price and higher specific capacity.[2,4] 
Nickel-rich NCMs and NCAs with low molar concentration of Co, 
Mn, and Al, i.e., with y + z < 0.2, and operating at high potentials 
are are now entering the market, with the next targeted material 
being the unsubstituted Li1Ni1O2 (LNO).[5] The concepts for miti-
gation of the fast performance degradation of batteries employing 
these CAMs are explored in the next section.

Various mechanisms have been proposed to explain the first 
cycle capacity loss and long-term capacity fading of half-cells 
containing high nickel NCMs: kinetic limitations at high and 
low state of charge (SOC),[6,7] growth of the cathode electrolyte 
interphase,[8] irreversible transition into electrochemically inac-
tive phases,[9] and loss of ionic or electronic contact due to sec-
ondary particle cracking.[9–11] Until recently, the main strategies 
employed for mitigating fast capacity fading and extend the 
lifetime of the cells involved coatings of the secondary particles, 
doping,[12,13] core–shell concepts[14] or the use of additives in the 
formulation of the liquid electrolyte.[15] A significant improve-
ment in capacity retention was reported very recently with 
newly developed “single crystalline (SC)” NCM.[16–18] The mon-
olithic microstructure of this new type of CAM, together with 
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1. Introduction

The demand for affordable, high-performance energy storage 
systems is increasing as electric grids and the automotive 
industry move toward a sustainable infrastructure.[1] Lithium-
ion battery technology (LIB) usually is the candidate of choice, 
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 coatings and suitable electrolyte additives, effectively reduced the 
impact of parasitic processes and secondary particle cracking, 
significantly increasing the Coulomb efficiency (CE) of full 
cells.[16,17] However, the scarcely reported comparison between 
the rate capability of polycrystalline (PC) and SC cathodes with 
similarly sized particles indicates slower kinetics of the single-
crystalline materials.[19] The relatively slow diffusion of lithium in 
NCMs hinders relithiation during the discharge process, conse-
quently lowering material utilization and accessible capacity.[7,20]

In a previous study, we addressed how liquid infiltration 
inside the microcracks formed during the first charge leads to a 
higher apparent lithium diffusion coefficient and shorter path-
ways for lithium diffusion, consistent with an increase of the 
electrochemically active surface area and reduction of effective 
particle size in the cathode materials.[21] This was not observed 
with mechanically rigid solid electrolytes that could not fill 
the newly created space in the secondary particles. Therefore, 
crack-free single crystalline CAM is expected to incur similar 
kinetic limitations even when a liquid electrolyte is employed.

In this work, we explore how the discharge capacity of Ni-rich 
LixNi0.8Co0.1Mn0.1O2 cathodes is influenced by the microstructure 
of the CAM and its evolution during cycling. Critical parameters 
that characterize lithium ion (de)intercalation in the layered oxides 
are the exchange current density i0 and the lithium chemical dif-
fusion coefficient LiD .[22,23] These are intrinsic properties of the 
material and change only as function of the molar fraction of 
lithium inserted (equivalent to SOC). The experimentally acces-
sible macroscopic quantities linked to these parameters are the 
charge-transfer resistance RCT and the Warburg coefficient ZW. 
These quantities regulate the performance of the cathode in a bat-
tery, with low values required for high capacity at high charge/
discharge rates. Combining the results from electrochemical 
and morphological characterization techniques, we provide key 
insights into the different chemomechanical evolution of single 
crystalline and polycrystalline CAMs in liquid electrolyte-based 
LIBs. We then conclude with a brief overview and interpretation of 
recent literature data in the light of our results, discussing the rela-
tionship between shape and size of CAMs and their performance.

2. Result and Discussion

2.1. Morphological Evolution

A widely reported chemomechanical effect influencing the 
morphology of high-nickel NCM is the formation of micro-
cracks inside polycrystalline particles upon cycling.[10,11,24,25] 
When more than 75% of lithium is extracted from the mate-
rial, a step-like decrease of the unit-cell volume leads to the 
build-up of internal stress in polycrystalline CAMs due to the 
different orientation of the primary crystallites.[26,27] Eventually, 
the anisotropic contraction initiates the separation of the pri-
mary particles and the appearance and growth of microcracks. 
This was observed in secondary particles as early as during the 
first charge.[28] In contrast, single-crystalline materials seem to 
not be affected in this way, with CAM particles not showing any 
major cracks after more than 1000 cycles.[18]

In order to confirm that also in “bulk” cathode sheets micro-
crack formation takes place during the first charge, the mor-
phological features of charged and pristine cathode sheets 
were compared. Batteries based on both polycrystalline and 
single-crystalline CAMs were charged to a cutoff potential of 
4.2 V and subsequently disassembled. The changes in the mor-
phology of PC and SC cathode active materials before and after 
this first delithiation can be seen in the cross-sectional focused 
ion beam combined with scanning electron microscopy (FIB-
SEM) images in Figure 1. The pristine polycrystalline NCM in 
Figure 1a is dense and does not show any evident gap between 
the primary crystallites. However, after charging to 3.8  V 
(Figure 1b), fractures start to be visible within the PC particles 
and upon charging to 4.2  V cracking becomes more severe 
(Figure  1c,d). In contrast, no difference can be seen before 
and after charge of the single crystal cathode, confirming the 
mechanical stability of the monolithic particles upon the first 
delithiation. We note that cracks were also observed for single-
crystalline NCM materials when charged to higher poten-
tials.[29,30] However, oxygen loss and the resulting damage to the 
crystal structure can impede lithium diffusion and result in fast 

Figure 1. a–d) Focused ion beam (FIB) cross-sectional SEM images of cathode sheets in pristine, as-casted conditions (left) and charged to 4.2 V (right) 
for polycrystalline NCM and e–h) monolithic, single crystalline NCM. The development of gaps, highlighted by red arrows, in the microstructure of the 
secondary particle is evident in the polycrystalline sample but cannot be observed in the monolithic one.
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capacity fading.[25] We avoid high potentials in the present study 
as we focus on CAMs cycled in a practical potential window.

To investigate whether secondary particle cracking causes 
an increase of the specific surface area, krypton physisorption 
was used to monitor its evolution in the PC material. The spe-
cific surface area of a set of cathodes retrieved from batteries 
charged to different cutoff potentials was determined with the 
Brunauer–Emmett–Teller (BET) method (Figure  2a,b). With 

cathodes based on the SC material, no change of adsorbed gas 
volume and BET area was observed upon charging (Figure S1, 
Supporting Information, and Figure  2b). On the other hand, 
the incremental trend of the volume of adsorbed krypton with 
the SOC of the cathode clearly corresponds to the rise of the 
calculated BET-area from the initial 0.2 m2  g−1 of the pristine 
material to ≈1.4 m2  g−1 for the cathode charged up to 4.2  V 
versus Li+/Li. Interestingly, the increase in BET-area already 
sets off at rather low potentials < 3.9 V versus Li+/Li, when the 
internal stress in NCM should be rather low. However, in situ 
SEM experiments with single-particle electrochemical measure-
ments and acoustic emission measurements confirm signifi-
cant cracking of high-nickel NCA, NCM, and LNO at relatively 
low potentials, suggesting that the accumulated internal stress 
is sufficient to initiate crack formation.[28,31,32]

A similar increase of the specific surface area was obtained 
by Gasteiger  et  al. by simulating aging effects on polycrystal-
line NCM with a hydrofluoric acid/electrolyte or water treat-
ment.[9] They concluded that electrolyte penetration into these 
voids, together with O2 evolution at high degrees of delithia-
tion, was responsible for the surface degradation of NCM and 
long-term capacity loss. We hypothesize that not only after mul-
tiple cycles but already during the first charge these gaps can 
be infiltrated by the liquid electrolyte. This would progressively 
lead to a higher surface area available for the transfer of lithium 
ions across the liquid electrolyte (LE)|CAM interface. The effect 
that this phenomenon has on the electrochemical properties of 
NCM half-cells is investigated in the next section.

2.2. Lithium Diffusion Coefficient in NCM

The lithium chemical diffusion coefficient LiD  is the key para-
meter that describes the transport of lithium inside the CAM,[33] 
i.e., from the surface to the core of NCM and vice versa. Experi-
mentally, the galvanostatic intermittent titration technique is 
commonly used for determination of LiD , with short polariza-
tions at low specific currents to measure its evolution at smaller 
intervals of state of charge. This procedure allows the assump-
tion of semi-infinite conditions where c0, the initial concentra-
tion of lithium in the bulk of the material, is unchanged by the 
polarization step.[21,34] To extract the lithium diffusion coefficient 
assuming semi-infinite boundary condition, the voltage relaxation 
measurements were interpreted using the same method as in 
our previous study.[21] Briefly, the open circuit potential VOC was 
assumed to evolve with time according to the following equation

V t V IZ t
t

Z
WRT

z F Ac D

2
withOC

s i
0 W W

2 2
0 Liπ τ

( ) ≅ − −





=−  (1)

tpol and I are the chosen polarization time and current, c0 is 
the concentration of lithium before the polarization step, and 
z, F are the electric charge of the ion and the Faraday con-
stant, respectively. The surface areas A of both PC and SC  
pristine materials were determined by BET and assumed 
constant upon (dis)charging. Thus, the Warburg coefficient 
ZW and the semi-infinite lithium chemical diffusion coeffi-
cient Li

app
D in NCM can be obtained. For a nonstoichiometric 

Figure 2. a) Krypton physisorption isotherms for a set of PC cathodes 
recovered from batteries charged to different cutoff potentials and b) BET 
specific surface areas extracted from these isotherms and the isotherms 
shown in Figure S1 in the Supporting Information. The gray-shade base-
lines represent the specific surface area of the pristine NCM single-crys-
talline (SC) and polycrystalline (PC) powders, used as a reference value to 
exclude contributions from the binder and conductive carbon. Error bars 
represent the sample weighing error.
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mixed-conducting material such as NCM, the thermodynamic 

factor is ln( )

ln( )
Li

Li

W
a

c
=

∂
∂

 and can be calculated from V0 versus cLi 

data recorded during the experiment, i.e., from the lithium 
activity as function of the lithium concentration.[34,35] This 
parameter represents the activity change of lithium as a func-
tion of the state of charge of the CAM and is therefore mor-
phology independent (Figure S2b, Supporting Information). It 
has to be noted that this method is only applicable for materials 
exhibiting a solid solution mechanism for ion (de)intercala-
tion. When this is not the case, the coexistence of two different 
phases results in a value of W close to zero, corresponding to 
the potential “plateau” in the V0 versus cLi data, and thus Equa-
tion (1) cannot be used to obtain Li

app
D . As can be seen in Figure 

S2b in the Supporting Information, this is not the case for the 
presently investigated material over a wide range of potentials. 
High-nickel NCM is typically a single-phase material at dif-
ferent SOCs and only in the high potential region two phases 
might coexist, as highlighted by the rapid drop of W.[6,24,33]

The measured Warburg coefficients normalized to the 
active mass of CAM on the electrode are shown in Figure 3 
for both polycrystalline and single crystalline samples. During 
the first charge, ZW decreases for both NCM materials until 
x reaches a value of 0.6, corresponding to a potential of 3.8 V 
versus Li+/Li. Subsequently, it continues to decrease in the PC 
based cathode while it increases in the SC based one. During 
discharge, ZW in the single-crystalline sample strictly follows 
the trends measured for the first charge. In contrast, the War-
burg coefficient of the polycrystalline sample  remains low, 
suggesting that an irreversible change occurred during the 
first charge. According to Equation  (1), lower values of the 
Warburg coefficient can only be explained by an increased 
electrochemically active area, as , ,iW D  and c0 depend only on 
the state of charge. The permanent decrease of the value of 
ZW in the PC cathode, especially at low voltages, suggests that 
an irreversible morphology change takes place during the first 
charge in the polycrystalline NCM. In contrast, the single-
crystalline NCM shows a fully reversible variation of this 
coefficient, which suggests that the single-crystalline NCM 
particles remain intact during cycling.

2.2.1. The Chemical Diffusion Coefficient

The extent of this irreversible change in the PC NCM becomes 
clearer when comparing the evolution of lithium diffusion 
coefficients of the two CAM morphologies (Figure  4), as cal-
culated with Equation (1). At the beginning of the first charge, 
both CAMs are characterized by similar Li

app
D  values. Afterward, 

the increasing concentration of lithium vacancies during del-
ithiation of the CAMs leads to higher diffusion coefficients, 
in accordance with ab initio calculations and recent NMR 
results.[36,37] Fast migration of lithium ions in layered oxides 
was shown to be associated with lithium movements through 
the tetrahedral site, energetically favored over the direct hop-
ping when a pair of lithium vacancies is adjacent to the mobile 
ion.[38,39] In single crystalline NCM Li

app
D  peaks close to a value of 

x ≈ 0.5, while it continues to increase by more than one order 

of magnitude for polycrystalline NCM when charging to higher 
potentials. When 70% of the lithium is extracted ( ≈4.2  V vs 
Li+/Li), the diffusion coefficient decreases significantly in both 
materials, as the transition into the H3 crystal structure nar-
rows the Li+ diffusion channels by decreasing the interlayer 
spacing.[40] As previously mentioned, the lower values of Li

app
D  at 

this potential can be attributed to the coexistence of the H2 and 
H3 phases and a corresponding value of W → 0 (Figure S2b, 
Supporting Information). In theory, the maximum value for 
lithium migration via the divacancy mechanism should be 
obtained when the concentration of vacant and occupied Li+ 
sites is about equal (Li0.5Ni0.8Co0.1Mn0.1O2 at around 3.9  V vs 

Figure 3. Evolution of the Warburg coefficient determined by galvano-
static polarization and relaxation for a) polycrystalline secondary particles 
of NCM and b) single-crystalline (monolithic) particles of NCM.

Adv. Energy Mater. 2021, 11, 2003400
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Li+/Li).[39] However, only during discharge both CAM mor-
phologies show the highest Li

app
D  in the expected region around 

x ≈ 0.5 or 50% of the material utilization.
The discrepancy between the values of Li

app
D  determined 

during charge and discharge in PC NCM can be caused by two 
main factors: a change in the crystal structure (change of LiD  
caused by different diffusion dynamics) or an increased sur-
face area (apparent increase of Li

app
D ). The two CAM morpholo-

gies share the same composition and no two-phase region 
was observed for NCM811 in this potential window as already 
discussed above,[24,37] therefore their different behavior cannot 
be caused by a different transport mechanism, i.e., diffusion  
dynamics, inside the primary particles. Furthermore, very 
similar Li

app
D  values for PC and SC were determined at the 

beginning of the charging process. This confirms that the two 
morphologies share physicochemical properties, i.e., values 
of W and LiD , suggesting that the structure and composition 
of both materials is equivalent and that the BET surface area of 
the pristine powders corresponds to the electrochemically active  
area in the casted cathode. The only possible explanation for 
different behavior of the PC NCM is therefore a morphological 
change happening during the first charge. Thus, we conclude 
that LiD  obtained in this way for the polycrystalline cathode is 
an apparent diffusion coefficient, Li

app
D , as a constant surface 

area was used for its calculation. Further, we note that other 
mechanisms, such as the formation of a cathode–electrolyte 
interphase or the reconstruction of the surface structure 
of NCM, are unlikely to cause the high values of Li

app
D  for PC 

NCM, as this would rather result in slower kinetics, although 
improved kinetic parameters are presently observed.

2.2.2. Correlation of Surface Area and Apparent Chemical  
Diffusion Coefficient

According to Equation  (1), the sevenfold increase of area A 
observed by Kr-physisorption would contribute to a roughly 
fifty times higher value of Li

app
D , given the quadratic relationship 

between the two parameters. This is in good agreement with 
the diffusion coefficient presented in Figure 4, with the values 
during discharge being consistently at least one order of mag-
nitude higher than during the beginning of the first charge. 
This confirms that the discrepancy between the values of Li

app
D  

obtained during charge/discharge in the PC cells is caused by 
a morphology-dependent parameter, in this case the change 
in surface area. Only the infiltration of liquid electrolyte after 
crack formation can explain the high apparent diffusion coef-
ficient in the PC cathode, with the effect increasing in magni-
tude at higher state of charge. This interpretation is supported 
by the increase in specific surface area that already becomes 
significant at 3.8 V versus Li+/Li for the PC cathode (Figure 2b), 
as more primary particles enter in contact with the liquid 
electrolyte (or Kr during physisorption). Under the assump-
tion that the surface area of PC NCM remains constant at  
1.3 m²  g−1 during discharge (value after completing the first 
charge, cf. Figure  2b), the surface area of PC NCM during 
charge can be calculated from the quotient of the respective 
values of ZW, according to Equation (S1) in the Supporting 
Information. The surface area calculated by this method shows 
good agreement with the surface area measured by the BET 
method (Figure S3, Supporting Information). This confirms 
that the discrepancy between the Li

app
D  determined for PC and 

SC CAMs (Figure 4) is a result of the incorrect assumption of a 
constant surface area for the polycrystalline material.

In the literature, LiD  is mostly measured on polycrystal-
line samples after several formation cycles.[41–44] However, only 
the surface area of the pristine material is taken into account, 
leading to underestimation of LiD  due to particle cracking, and 
reported LiD  values are then often overestimated as a consequence 
(>10–10 cm2 s−1).[41–45] Interestingly, Hong et al. observe a discrep-
ancy between LiD  obtained during charge and discharge, but 
ascribe it to structural rather than morphological effects.[45] How-
ever, in this case a similar trend would also be expected for the 
SC NCM which is clearly not the case (Figure 4). In fact, experi-
ments that were carried out using cathode morphologies that 
are not significantly affected by cracking, such as LixNi0.8Co0.2O2 
thin films (1 ×  10–11  cm2 s−1), LixNi0.8Co0.1Mn0.1O2 single crystals 
(7 × 10–11 cm2 s−1), or LixNi0.8Co0.1Mn0.1O2 in contact with LiPS5Cl 
solid electrolyte (6  ×  10–12  cm2  s−1) determine LiD  to be in the 
same range as for the present data on SC NCM (2 × 10–11 cm2 s−1) 
at comparable degree of lithiation (x = 0.4, ≈3.9 V vs Li+/Li).[21,46,47]

2.2.3. Processes during First Charge Step

The morphological evolution of PC NCM can be described as the 
sum of different processes taking place during the first charge. 
The surface of Ni-rich layered oxides is prone to contamination 
by lithium and transition metal carbonates, which spontane-
ously form when the alkaline CAMs are in contact with mois-
ture and CO2 in the air.[48] Previous reports show how Li2CO3 

Figure 4. Apparent lithium diffusion coefficient Li
app

D  calculated from the 
Warburg coefficient during the first charge/discharge cycle for polycrystal-
line and single crystalline NCM cathodes. As a constant surface area was 
assumed for both NCM morphologies, this leads to an overestimation 
of LiD  when cracks in secondary particles are infiltrated by liquid electro-
lyte, hence the shown diffusion coefficient can be only considered as an 
apparent value (DLi

app
 ).
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decomposition catalyzed by transition metals and electrolyte 
impurities leads to evolution of gaseous CO2 with an onset poten-
tial of 3.8  V versus Li+/Li.[49–52] Thus, the interplay between the 
decomposition of carbonate-based contaminations on the sur-
face and/or grain boundaries at low potentials and the aniso-
tropic expansion at potentials above 4.1 V versus Li+/Li eventually 
facilitates the formation gaps and cracks that can be infiltrated by 
liquid electrolytes. In addition, recent progress in nanoelectrode 
design shows how ion migration can contribute to the diffusion-
controlled mass transport in channels with a dimension com-
parable to the Debye length.[53,54] This could lead to significant 
transport of Li+ in the nano/microchannels filled with liquid elec-
trolyte in the PC cathode, circumventing the slower paths inside 
the CAM crystals. While further examination is needed to con-
firm this hypothesis, the combination of surface area measure-
ments and imaging confirms that Ni-rich CAMs show in casted 
cathode sheets the same cracking during the first delithiation as 
previously observed in isolated polycrystalline particles.[55]

2.3. Charge-Transfer Resistance of NCM

An increase in surface area of the polycrystalline CAM should 
not only lead to lower values of ZW but also to an overall reduced 
charge-transfer resistance between the NCM and the electrolyte. 
Therefore, to monitor the evolution of the charge-transfer in 
the cell, potentiostatic electrochemical impedance spectra (EIS) 
were recorded after each relaxation step (used for the measure-
ment of ZW, Figure S4, Supporting Information). The imped-
ance response of the batteries was modeled using the equivalent 
circuit represented in Figure  5a. At high frequencies, the posi-
tive offset of the real part is the “bulk” Ohmic resistance linked 
to the conductivity of the electrolyte in the separator. The first 
semi-circle at high to mid frequencies is a superposition of two 
processes. On the cathode side, it corresponds to the electronic 
contact between CAM, conductive carbon and aluminum cur-
rent collector.[56] On the anode side, it is linked to the geomet-
rical interface and charge transfer between lithium metal, solid  
electrolyte interphase (SEI), and electrolyte. These assignments 
are consistent with previous observations and are confirmed here 
by measurements with a reference electrode (Figure S5, Sup-
porting Information).[57,58] The second contribution was assigned 
to the charge transfer process between the liquid electrolyte and 
NCM material, CT

NCMR . Once lithium has been transferred to (or 
from) the CAM, it diffuses from (or to) the surface to (or from) 
the bulk of the material during discharge (or charge, respec-
tively). Hence, a Warburg element is introduced in series. The 
last element is a capacitor, accounting for the intercalation capac-
itance of NCM. Its value is proportional to the charge that can be 
stored in the CAM given the amplitude of the potential excita-
tion applied during the EIS measurement. This was shown to be 
equivalent to the differential capacity of the material at the chosen 
potential when EIS is measured to low enough frequencies.[22]

2.3.1. Interpretation of EIS Data

An exemplary Nyquist plot of EIS data and the fit obtained 
with this model is shown in Figure  5b for a half-cell with 

polycrystalline NCM. While this model seems to fit the data 
well, it cannot reliably separate contributions from the two elec-
trodes. At low frequencies, polarization of the lithium electrode 
and subsequent Warburg-like diffusion of lithium in the liquid/
SEI region is observed. Even though cells employing a reference 
electrode are better suited to study processes by EIS when other 
contributions cannot be avoided, it is still possible to use the 
value of ZW obtained from the relaxation as an input parameter 
(W in the model in order to fit the impedance response of the 
full cell, Figure 5a). Other than for the low-frequency diffusion 
processes, the charge-transfer at the CAM|LE interface can also 
be reliably obtained from fitting the full cell impedance data as 
shown in Figure S5 in the Supporting Information.

2.3.2. Correlation of Charge Transfer Resistance and Apparent  
Diffusion Coefficient

The change in charge-transfer resistance at comparable SOC 
in the first cycle is shown in Figure  5 for polycrystalline and 
single-crystalline NCM. At the beginning of the first charge, 
cells based on the two NCM particle morphologies are charac-
terized by similar impedances, with an almost identical contri-
bution from the NCM-related charge transfer. This confirms 

Figure 5. a) Equivalent circuit used to describe and fit EIS data of full cells 
recorded in potentiostatic conditions at a given open circuit voltage (OCV). 
b) Exemplary Nyquist plot with data and fit according to the previous equiv-
alent circuit. c,d) Nyquist plot of impedance data recorded during the first 
cycle for polycrystalline and single crystalline cathodes, respectively.

Adv. Energy Mater. 2021, 11, 2003400
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that both cells have well contacted particles and comparable 
surface areas of cathode material. After charging to 4.2  V, 

CT
NCMR  now appears to be quite different for the two cells when 

impedance spectra are measured at similar potential during 
discharge. While the increase in resistance for the cell with 
single-crystalline NCM can be attributed to surface degrada-
tion of NCM at high potential and to electrolyte decomposi-
tion, the collapse of the CT

NCMR  value observed for the cell with 
the polycrystalline cathode is caused by the infiltration of liquid 
electrolyte into the cracks formed during charging. Indeed, the 
value of the charge transfer resistance decreased from ≈70 Ω 
before the first charge to a value of ≈15 Ω during discharge, 
matching well with the increase in surface area determined by 
BET. This observation is in good agreement with our previous 
report[21] and suggests that cracked NCM particles might have 
better performance compared to pristine, uncracked ones. This 
is not only because of the higher surface area but also due to 
the shorter diffusion length inside the CAM particles. Thus, we 
stress that the values of Li

appD  determined for PC NCM are appar-
ently higher than those of SC NCM due to the unaccounted 
increase in surface area linked to the change in morphology in 
the material.

2.4. Diffusion Overpotential in NCM

The lithium chemical diffusion coefficient LiD  gives direct 
access to the diffusion overpotential. In the finite diffusion 
regime (e.g., long polarization times) it can be expressed as

1
3

1
3Diff Li W

2

Li
2

Li Li
V c IZ

L

D
I

RT

F

W

c D

L

A
f

 

( )∆ ≅ =  (2)

where L and A are the diffusion layer thickness and the total 
active area available for charge-transfer in the cathode active 
material. Two distinct contributions to the magnitude of the 
diffusion overpotential can be separated with cLi, W, and LiD  
reflecting the local diffusion mechanism of lithium transport in 
the CAM and the ratio L/A ratio accounting for the morphology 
of the particles. According to Equation  (2), the increased con-
tact area after crack formation and infiltration lowers the value 
of L/A, as smaller particles with a higher surface area become 
available in PC cathodes upon charge. In contrast, liquid elec-
trolyte infiltration does not play a role in single crystal NCMs, 
as they display very limited stress-related change in morphology 
even after long-term cycling.[17,18] Overall, secondary particle 
cracking leads to lower overpotentials thanks to the decreased 
values of both ZW and charge-transfer resistance. The impact 
of the cracking of polycrystalline NCM on the cycling perfor-
mance of full cells will be investigated in the next section.

2.5. Kinetic Limitations in NCM During Cycling

2.5.1. Limitations in Crack-Free Secondary Particles

The cycling performance of a full battery cell is ultimately lim-
ited by the buildup of overpotentials until the cutoff condition 

is met. As discussed in the previous section, the particle dimen-
sion and surface area available for charge transfer directly influ-
ence the value of the diffusion overpotential during cycling. 
For small, uncracked polycrystalline NCM particles (diameter 
<  3  µm),  the overpotential would be comparable to similarly 
sized single-crystals, as the CAMs would have similar sur-
face area and effective particle size. However, in the pristine 
state the typically large (diameter >  5  µm)  secondary particles 
of polycrystalline NCM should exhibit higher overpotentials 
and worse specific capacities and rate capability compared to 
cracked NCM, which is characterized by a higher surface area. 
Therefore, the consequences of secondary particle cracking on 
the performance of batteries was further investigated in half-
cells (≈1.6 mAh cm−2, same casted cathode sheet) with different 
first cycle conditions.

The test procedure is summarized in Scheme  1. For poly-
crystalline NCM, two identical cells were charged at constant 
current (CC) to cutoff potentials of 3.7 V versus Li+/Li and 4.2 V 
versus Li+/Li, respectively. As a consequence, polycrystalline 
NCM particles in those cells charged to the higher voltage (HV) 
were affected by cracks induced by the processes discussed 
above. In contrast, the CAM in the cells charged to lower 
voltage (LV) does not experience significant morphological 
changes like cracking. All cells were discharged with CC and 
constant potential (CP) steps at 2.6  V to ensure that the max-
imum amount of lithium could be intercalated, independent 
of morphology and kinetic limitations. The lower cutoff poten-
tial of 2.6 V was chosen to completely fill the Wyckoff position 
3a in the structure without overlithiation of the CAM and fur-
ther transition metal reduction. Overlithiation of the CAM and 
further transition metal reduction is unlikely at this potential 
which is further motivated, as also the potential relaxes up to 
around 2.8 V after the CP step at 2.6 V, which is a typical value 
of a Li1Ni0.8Co0.1Mn0.1O2 phase.[59]

Comparison of Low and High Cutoff Potential: The voltage 
profiles of the first cycles are shown in Figure 6a. The LV bat-
tery with a cutoff potential of 3.7  V reaches a charge capacity 
of 18  mAh  g−1, but only 4  mAh  g−1 can be discharged in the 
galvanostatic step. However, the missing 12 mAh g−1 are recov-
ered during the constant potential step, indicating that the 

Scheme 1. Procedure of the “kinetic test” used to highlight the different 
performance of polycrystalline cathode active material with and without 
secondary particle cracking that occurs at high voltage.

Adv. Energy Mater. 2021, 11, 2003400
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initial capacity loss is due mostly to the sluggish lithium dif-
fusion in NCM for this cell. On the other hand, the HV cell 
charged to 4.3 V reaches a capacity of 204 mAh g−1 and delivers 
183  mAh  g−1 during discharge. After the potentiostatic step, 
the total discharge capacity for this battery is 200  mAh  g−1. 
In the first high voltage cycle, only 4 mAh g−1 are lost in irre-
versible side reactions, corresponding to ≈2% of the specific 
capacity of the cell. Further, this confirms that the total Faraday 
efficiency during the first cycle is close to 100% showing that 
non-Faradaic reactions should not have an impact on the deter-
mined kinetic parameters. Minor differences in the voltage pro-
files were recorded at the beginning of each charge, but, after 
≈15 mAh g−1 were transferred, the overpotential was similar for 
both cells. Measurements employing a reference electrode con-
firmed that this discrepancy is likely caused by the impedance 
of the Li|LE interface between lithium metal and liquid electro-
lyte. As can be seen in Figure S6 in the Supporting Informa-
tion, the impedance of the Li|LE interface is initially very high, 
but rapidly decreases after some lithium is plated during the 
first charge and the final overpotentials associated with this 
interface can be neglected. Thus, charge and discharge capaci-
ties as well as Coulomb efficiencies should not be affected by 
the initial kinetics at the Li|LE interface.

In the second cycle, both cells are charged to a cutoff voltage 
of 3.7 V under constant current condition. The corresponding 

voltage profiles are shown in Figure  6b. While 57  mAh  g−1 
could be transferred from the HV cell, only 27 mAh g−1 could 
be transferred from the LV cell due its higher overpotential. 
Even with the cycling conditions unchanged, the capacity of the 
LV cell increased compared to its previous cycle. This suggests 
that even when batteries are charged to low SOC, improve-
ments in the cathode/anode interfaces lead to higher acces-
sible capacities. After the successive discharge step at constant 
current, with a Coulomb efficiency of 55% the HV cell again 
outperformed the LV one, with a CE of 29%. The lower value 
for the LV cell is clearly linked to its higher overpotential. A 
comparative test was performed with cells based on SC NCM 
(Figure S7a,b, Supporting Information). Clearly, the different 
first cycle in SC materials does not play a role in the capacity 
charged in the second cycle, as the two cells reach the same 
specific capacity with very similar overpotentials, independent 
of the history of the cathode material. Upon discharge in the 
second cycle of cells based on SC NCM, the LV cell outperforms 
the HV cell, with Coulomb efficiencies of 61% and 52%, respec-
tively. This strongly contrasting behavior between PC NCM and 
SC NCM again confirms the beneficial effect of cracking on the 
overall performance of LIBs.

After the constant potential step in Figure 6b, the overall CEs 
for the LV and HV cell with PC NCM are 95% and 92%, respec-
tively. The trend seen in the first cycle repeats here: stronger 

Figure 6. Results of the test described in Scheme 1 for cracked (HV cell) and crack-free (LV cell) polycrystalline NCM. Extracts from FIB-SEM images 
and arrows elucidate the connection between the morphological state of the particles to the voltage/capacity curves. a–f) Voltage profiles as function 
of the specific capacity recorded for the HV and LV cells in each step of Scheme 1.

Adv. Energy Mater. 2021, 11, 2003400
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kinetic limitations in the LV cell lower the accessible capacity 
during galvanostatic cycling, but most of the “lost” capacity is 
recovered when holding at the cutoff potential at the end of dis-
charge. At the same time, the higher surface area of the cracked 
NCM leads to overall lower CE after potentiostatic steps due 
to increased contributions of side reactions. Interestingly, the 
additional capacity accessed during the subsequent constant 
voltage step in the second cycle was quite close for the two cells, 
with 18  mAh  g−1 recovered by the LV and 21  mAh  g−1 recov-
ered by the HV cell. This suggests that a steep increase of the 
diffusion overpotential at composition Li0.9Ni0.8Co0.1Mn0.1O2 
limits the discharge capacity, independent of the history of the 
cell (i.e., presence of cracks). This possibility can be excluded by 
charging both batteries to the same state of charge, instead of 
the same upper cutoff potential. This step was performed in the 
third cycle by charging both batteries to 40 mAh g−1 (Figure 6c). 
Even in this case, the higher overpotential of the LV cell limits 
the discharge capacity in comparison to the HV one, with CEs 
after the galvanostatic step of 28% and 40%, respectively. This 
shows that the build-up of overpotential during discharge hap-
pens at different SOC (i.e., degree of Li+ intercalation) in the 
two cells, confirming that the morphology of the CAM has a 
stronger influence than its composition on the galvanostatic 
cycling performance.

Overall this test shows how the high diffusion overpotential, 
especially in the LV battery with uncracked PC NCM, limits 
the cycling performance of NCM under constant current con-
ditions. These results are consistent with our measurements 
of the low diffusion coefficient below 3.8  V versus Li+/Li and 
results reported by Whittingham  et  al. on the same cathode 
material.[7] The low Coulomb efficiency of both cells is directly 
linked to the sluggish transport of lithium ions in the NCM 
as the number of (di)vacancies decreases while approaching 
full lithiation. Recently, Chapman  et  al. proposed that higher 
charge localization in the transition metal layer may also play 
an important role in slowing down ionic transport in semicon-
ducting Ni-containing cathodes compared to metallic LCO.[60] 
Indeed, this is not an irreversible capacity loss and a significant 
portion of it can be recovered by holding the potential at low 
values after discharge.

2.5.2. Limitations in Single Crystals versus Cracked Secondary 
Particles

Finally, both LV and HV cells with PC NCM were fully cycled 
up to 4.2  V versus Li+/Li (Figure  6d), allowing cracks to form 
in the CAM of the LV cell as well (for sake of simplicity, we 
will still refer to it as LV). As the LV cell now undergoes minor 
irreversible reactions during its first charge to high potentials, a 
lower overall CE is observed similar to the HV cell, which also 
showed lower overall CE during its first cycle. We note that irre-
versible reactions still might have occurred during the cycling 
of the LV cell in the low potential range further limiting the CE 
in the 4th cycle. The previous tests were then repeated on the 
HV and LV cells in the following 5th and 6th cycle, confirming 
that the irreversible cracking process that takes place at high 
voltages leads to low overpotentials (Figure  6e,f). The newly 
cracked CAM in the LV cell performs very closely to HV cell 

during the 5th cycle and 6th cycle. While the charge/discharge 
curves are now very similar, small differences can still be seen 
at the beginning of each charge. These were again attributed 
to slightly different history of the cells or differences in Li|LE 
interfaces of the two batteries.

The lower overpotentials linked to liquid electrolyte infiltration 
into gaps and cracks of large secondary particles should only be 
observed on polycrystalline CAMs, as single-crystalline CAMs do 
not show significant cracking. Therefore, a comparative test was 
performed with cells based on SC NCM. The results are sum-
marized in Figure S7 in the Supporting Information. Clearly 
the different first cycle in SC materials does not play a role in 
the capacity charged in the second cycle, as the two cells reach 
the same specific capacity with very similar overpotentials, inde-
pendent of the history of the cathode material. Upon discharge 
in the second cycle, the LV cell outperforms the HV cell, with 
Coulomb efficiencies of 61% and 52%, respectively. The dif-
ference can be attributed to the increase of the charge-transfer 
resistance observed in the single-crystalline materials discussed 
in the previous section. The lower CE of SC NCM in the first 
cycles at high voltage supports this interpretation, with side reac-
tions taking place mostly during the first charge in this CAM 
morphology. Such unwanted processes play an important role 
also in polycrystalline CAMs, but overall the degradation taking 
place on the surface is shadowed by the positive contribution 
given by the increase in surface area available for charge transfer.

Long-Term Influence of Cracking: Recent studies correlated the 
loss of capacity in long-term cycling tests on NCM based batteries 
to cracking of secondary particles.[10,25] These can be infiltrated by 
liquid electrolyte, leading to the formation of inactive phases on 
the surface of the primary particles[61] or loss of electronic con-
tact on the single grains.[9] However, even though secondary par-
ticle cracking is a major challenge for long-term cycling of many 
nickel-rich cathode materials,[9,62] it initially increases the kinetic 
performance of large secondary particles. In summary, low over-
potentials with ≈10 µm sized polycrystalline NCM particles can 
be achieved only after cracks are generated by an initial charging 
process at high potential. Liquid electrolyte penetration into 
these gaps leads to an increased surface area available for charge 
transfer, counteracting the intrinsically slow lithium diffusion in 
NCM materials at low state of charge.

Introducing dopants into the CAM crystal structure might 
improve the intrinsic parameters controlling its performance, 
exchange current density and chemical diffusion coefficient of 
lithium.[63,64] Another, more flexible approach to achieve higher 
specific capacities and fast (dis)charge capabilities is to optimize 
the morphology of the particles to achieve low charge transfer 
resistance and low diffusion resistance inside the CAM. This 
can be done by tuning the morphology of the single-crystals 
or the primary particles in polycrystalline materials toward 
smaller aspect ratios L/A according to Equation (2). In a recent 
work Kim et al. show comprehensive data where primary par-
ticle size, orientation, and doping are optimized to overcome 
high nickel NCMs diffusion limitations.[63] Primary particles 
with a high aspect-ratio and a size of ≈100  nm achieved high 
specific capacities (230  mAh  g−1) and first cycle CE (98%). In 
good agreement with our results and expectations, the dis-
charge capacity of the materials decreased with increasing grain 
size due to kinetic limitations at low state of charge.

Adv. Energy Mater. 2021, 11, 2003400
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Understanding the role of cracking on the performance of poly-
crystalline materials is key to engineer better not only PC CAMs 
but also single-crystalline (SC CAMs). As we demonstrate, cracked 
PC NCM effectively behaves like an ensemble of sub-micrometer 
sized primary particles, with a high surface area exposed to the 
electrolyte and available for Li+ (de)intercalation. Our results and 
literature data suggest that the ideal size of SC materials might 
depend on the specific application, with small crystals enabling 
fast charge/discharge rates and bigger, micrometer-sized ones 
being ideal for long-life lithium-ion batteries.

3. Conclusions

In this study, we analyze the chemical diffusion of lithium in 
high-nickel cathode material NCM-811 with different morpholo-
gies. The lithium transport kinetics of NCM secondary particles 
improves at potentials above 3.8 V versus Li+/Li, while mono-
lithic NCM single crystals do not show such an increase. We 
therefore hypothesize that liquid electrolyte can infiltrate the 
cracks evolved in the secondary particles already during the first 
cycle. This results in a significant increase in the electrochemi-
cally active LE|CAM contact area, while at the same time short-
ening the pathways of lithium diffusion in the CAM. With a 
combination of krypton physisorption measurements and FIB-
SEM imaging, we correlate secondary particle cracking with 
the increase in surface area determined with the BET-method. 
Second, we investigate how secondary particle cracking influ-
ences the kinetically limited performance of half-cells based on 
layered transition metal oxides. We show that liquid electrolyte 
infiltration is required to lower the diffusion overpotential at 
high degree of NCM lithiation and access most of the capacity 
of such cathodes. Our results suggest that while single-crystal-
line materials might have the advantage of longer cycling-sta-
bility and will help to increase battery lifetime, the intrinsically 
low lithium chemical diffusion coefficient of Ni-rich cathode 
materials will prove to be the limiting factor for the rate capa-
bility. Therefore, morphology and size optimization of single 
crystalline CAM will be decisive to achieve fast (dis)charge 
capabilities often required for adoption in the consumer elec-
tronic and electromotive markets.

4. Experimental Section
Materials: Nickel(II) sulfate hexahydrate (Alfa Aesar, 98%), 

manganese(II) sulfate monohydrate (Alfa Aesar, 99%), cobalt(II) sulfate 
heptahydrate (Alfa Aesar, 98%), lithium carbonate (>99%, Sigma-
Aldrich), lithium metal (Honjo Lithium), NaOH (99%, Sigma-Aldrich), 
ammonium hydroxide (25% solution, Sigma-Aldrich), gold-coated 
tungsten wire (25 µm, Goodfellow, UK), 1 m LiPF6 in a 1:1 vol% of ethylene 
carbonate: diethyl carbonate (BASF), 1-methyl-2-pyrrolidinone (NMP) 
(99.5%, Sigma-Aldrich), polypropylene (PP)-separators (2500, Celgard), 
glass fiber separators (Albet LabScience GF50), and polycrystalline 
secondary particles of NCM were provided by Volkswagen AG.

Synthesis of Single Crystal Li1Ni0.8Co0.1Mn0.1O2: In an air-tight round 
bottom flask, precursor Ni0.8Co0.1Mn0.1(OH)2 powders were precipitated 
from a 2 m solution of transition metal sulfates by simultaneous addition 
of 2 m NaOH (aq) and 1 m NH4OH (aq) at 60 °C over the course of 
2  h with an approximately stirring speed of 450  rpm. During the 
coprecipitation the pH was kept between 9.5 and 10.5, a continuous Ar 

flux was present to avoid the oxidation of metal ions or the precipitation 
of carbonates. After precipitation, the powders were filtered, washed 
with deionized water, and dried at 120 °C in a vacuum oven (BÜCHI). 
Subsequently, 2  g of Ni0.8Co0.1Mn0.1(OH)2 and 1.57  g of Li2CO3  
(Li/transition metal (TM) ratio of 2.1) were mixed in an agate mortar. 
The mixture was then calcined in oxygen atmosphere (150 cm3 min−1) by 
heating it at 100 K h−1 to 875 °C, with a holding time of 6 h. The product 
was crushed in mortar and 1 g of powder was ultrasonicated in 20 mL 
of deionized water to separate the NCM particles and to remove excess 
Li2CO3. After centrifugation, the liquid phase was discarded and the 
recovered NCM crystals were heated in oxygen atmosphere at 600 °C for 
3  h. The quality of the CAMs used in this study is confirmed by X-ray 
powder diffraction (XRPD) and SEM imaging (Figure S8, Table S1, and 
Figure S9, Supporting Information). The particle size distributions (PSDs) 
of the CAMs are obtained by analyzing SEM images using the ImageJ 
software and are reported in Figure S10 in the Supporting Information. 
The surface areas calculated from the PSDs assuming spherical geometry 
are 0.17 and 0.84 m2 g−1 for PC and SC NCM, respectively.

Cathode Preparation and Cell Assembly: Cathodes were slurry casted 
with a doctor blade on aluminum foil. The slurry composition given as 
mass ratios were 90:5:5 for NCM, poly(vinylidendifluoride) binder (Solef 
5130 polyvinylidene fluoride (PVDF), Solvay), and carbon (Super P, 
TIMCAL), respectively, in NMP. The slurry was tape casted with a doctor 
blade (250 µm gap) at a speed of 15 cm min−1. The printed electrodes 
were vacuum dried at 120 °C overnight.

Coin cells (CR2032) were assembled inside an argon-filled glovebox. 
Starting from the lithium metal anode (thickness 200  µm, diameter 
14  mm), electrochemical half-cells were assembled by stacking the 
separator (diameter 16  mm) and the cathode sheet (≈8 mgNCM  cm−2, 
diameter 12  mm) on it. Before cathode placement, 50  µL of liquid 
electrolyte was infiltrated into the separator.

Three-electrode cells were assembled in pouch bags by embedding 
a gold-plated tungsten wire reference electrode, details of which can be 
found in refs. [57,58]. Briefly, starting from a cathode square (≈8·8 mm2), 
two glass fiber separators (diameter 14  mm) and lithium metal anode 
(diameter 12  mm) were stacked and placed between aluminum 
(cathode) and copper (anode) current collectors. The gold-plated wire 
was placed between the two separators and each of them was filled with 
35 µL of liquid electrolyte during cell stacking. The lithiation process of 
the reference wire was carried out prior to the polarization-relaxation 
measurements at 25 °C.

Electrochemical Characterization: Galvanostatic polarization and 
relaxation measurements were carried out to determine the lithium 
diffusion coefficient in the cathode materials, employing coin cells for 
all the data reported in the main text. Three-electrode cells were used 
to confirm the correctness of the models and their data are provided 
in Figures S1 and S2 in the Supporting Information. Semi-infinite 
diffusion conditions were employed: A 2 h charging step with a current 
of 4  mA  gNCM

−1 was followed by a 2  h relaxation step at open circuit 
voltage. After each relaxation step, EIS were recorded. The polarization, 
relaxation, EIS sequence was repeated until the battery potential reached 
4.3 V during polarization. Afterward, the same procedure was performed 
with a discharge current of 4 mA gNCM

−1 until the lower cutoff potential 
of 2.6 V was reached.

Throughout the study, cells were operated at 25 °C. The 
polarization/relaxation measurements for the determination of the 
diffusion coefficient were carried out with Biologic VMP-300 or VMP-3 
potentiostats, with the EIS measured in potentiostatic mode by applying 
a single sinusoidal excitation of amplitude 10 mV superimposed to the 
open-circuit potential in the range of frequency from 1 MHz to 1 mHz 
with six points per decade. Galvanostatic charge and discharge and 
potentiostatic discharge of the cells was carried out on a MACCOR 
battery cycler. The applied voltage and current are specified where the 
results are discussed.

Surface Area Determination—Krypton Physisorption: Coin cells were 
charged up to potential values between 3.7 and 4.2 V versus Li+/Li before 
being opened with a crimper apparatus inside a glovebox. The recovered 
cathodes were washed with 100  µL of ethyl methyl carbonate and 

Adv. Energy Mater. 2021, 11, 2003400
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vacuum dried at 120 °C overnight. Samples of NCM powder were directly 
transferred inside the tube and then vacuum dried at 120 °C overnight 
before measurement. The cathodes were then weighted using a Mettler 
Toledo PH204S balance, with a practical precision of ±1 mg. Because of 
the low surface area, krypton physisorption isotherms were measured 
on an Autosorb iQ station (Quantachrome), operating at 77.35 K. The 
Brunauer–Emmett–Teller specific surface area was determined by using 
11 data points in the range of relative pressure p/p0 between 0.1 and 0.3. 
The contribution to the total specific surface area from PVDF, carbon, 
and aluminum was subtracted as a constant value of 0.76 m2  g−1, 
obtained as the difference in area between the casted cathode (0.96 
m2 g−1) and pristine polycrystalline NCM (0.2 m2 g−1). For comparison, 
the surface area of the single crystalline NCM powders was determined 
to be 1 m2 g−1. The specific surface area values determined by BET for 
the pristine CAMs are in good agreement with the ones obtained from 
the PSDs, with a slight underestimation for the SC NCM caused by the 
assumption of spherical geometry in the latter.

X-Ray Powder Diffraction: XRPD of the synthesized single-crystals was 
collected in Bragg–Brentano geometry using a Panalytical Empyrean 
diffractometer employing Cu Kα radiation. Pulse height distribution levels 
were set between 45% and 100%, with 50% being the energy of Cu Kα1, 
in order to reduce fluorescence detection. Diffractograms were collected 
in a 2θ angular range from 15 ° to 70 °, with a (continuous) step size 
of 0.026° for a time of 450  s. Rietveld refinement was performed with 
the Fullprof suite, using the hexagonal α-NaFeO2 structure, space group 
R-3m, to describe the phase Li1Ni0.8Co0.1Mn0.1O2. Thermal factors B for 
the atoms in the positions 3a (Li), 3b (Ni, Co, Mn), and 6c (O) were 
fixed to 1.2, 0.4, and 0.62  Å2, respectively. The shape of the reflections 
was parametrized using the Pseudo-Voigt function.

Scanning Electron Microscopy: A ZEISS Merlin field-effect scanning 
electron microscope was used to obtain electron images of the powders 
in the manuscript. The materials were loaded on an adhesive carbon 
pad. The acceleration voltage was 10 kV, with 1 nA current. Images were 
collected with a secondary electron detector. Cross-section images of the 
pristine cathodes and cathodes charged to a certain potential, which were 
recovered from the cells as described in the Surface area determination—
krypton physisorption section, were taken using an FIB-SEM instrument 
(Tescan XEIA3). A FIB-crater was milled with a 2 µA Xe-beam for 60 min, 
followed by a 20–60  min polishing step using a less intense ion beam 
(250 µA) that swept the area of interest. The images were taken using 
an acceleration voltage of 3 kV and an emission current of 250 µA. Both 
secondary electrons and back-scattered electrons were detected.
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