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ABSTRACT: High-energy lithium-rich layered transition metal oxi
are capable of delivering record electrochemical capacity an
density as positive electrodes for Li-ion batteries. Their electrochg
behavior is extremely complex due to sophisticated interplay b
crystal structure, electronic structure, and defect structure. H
unravel an extra level of this complexity by revealing that the most
representative 1LNig 1 Mny 5££0q 10, Material, prepared by a conve
tional coprecipitation technique with,8l@; as a precipitating agen
contains abundant coherent (001) grain boundaries with a Na-enl
P2-structured block due to segregation of the residual sodium trac
trigonal prismatic oxygen coordination of Na triggers multiple nan
twinning, giving rise to incoherent (104) boundaries. The cationic |a)
at the (001) grain boundaries died with transition metal cations being
Mn-depleted and Co-enriched; this makes them virtually not permeable

for the LT cations, and therefore they negativelyeirce the Li dusion in and out of the spherical agglomerates. These results

demonstrate that besides the mechanisms intrinsic to the crystal and electronic structure of Li-rich cathodes, their rate capabi
might also be depreciated by peculiar microstructural aspects. Dedicated engineering of grain boundaries opens a way for impro

inherently sluggish kinetics of these materials.
KEYWORDS:Li-rich layered oxides, cathodes, grain boundssi@s, tiansmission electron microscopy

INTRODUCTION electronic structure does not fully address all peculiarities of

The steadily increasing demand for Li-ion batteries with hiqgﬁﬁe E;(tremely F;‘(’jmp.'ex systgmst. lict)rz m;tzlrl;:e, ?_.?E"St'c drop
energy density inspires persistent attention to Li-rich layer € LI apparent dusion coécient at the 5.4 v vs LI
transition metal oxides,bi NiZMn*,, ,Co* 0, termed potential during charge and discharge still lacks complete

W i e : R . .._understanding.
(klli 2”+Ch nggz{jahn%nkcséij ac%@ti;agﬁ c:rt]loggitorﬁi(io?(e%%t;vny However, one should keep in mind that Li-rich NMCs also

activity 28 /O," (n < 4) 7 these materials demonstrate exhibit an extreme complexity at a spatial scale corresponding

record electrochemical capacity of >270 mAh/g and ener their microstructural organization. Conventional and well-
density approaching 1000 Wh/kg, which, unfortunately, i gborated preparation routines involve coprecipitation c_>f
plagued with voltage and capacity fade, voltage hysteresis, d transition metal carbonate or hydroxide precursors in

kinetic hindrancésThe response of the crystal and electronic h or continuously stirred tank reactors using sodium
structure of Li-rich layered cathodes towdrdtraction/ carbonate or hydroxide as a precipitating agent, followed by a

; o . : ; ; ..._solid state reaction of the obtained precursor with a Li source
insertion is still heavily debated, involving a competitio

between cationic and anionic redox processes, the exact na irCO3 or LIOH) at elevated temperature. The resulting
b ' uct usually consists of sphericdl05 m agglomerates

of th? anionic .oxidize_d specigs, and_ thg type of t_he chemi ilt of packed primary particles of 500 nm in siz&€ Thus,
bonding ensuring their reversible oxidation/reduction, as we
as the atomistic origin of the poor kinetic behavior. The——
sluggish kinetics of Li-rich NMCs is associated with slofgeceived: March 24, 2021
anionic redox processes, which are assumed to be largifgepted: June 16, 2021
responsible for the strong asymmetry of the charge and®lished:July 2,2021
discharge derential galvanostatic des in these materi- m
als? Still, establishing arm connection between the .
electrochemical behavior and changes in the bulk crystal and
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each agglomerate might contain >500.000 primary particlpsocess from 3.2 V (10th cycle) to 3.0 V (50th cycle). The
linked through numerous grain boundaries efdtit types, peak at 3.8 V originates mainly from the cationic oxidation
which might noticeably ect the Li ionic transport in this  (Ni2"3*#* and C§**"), and the broad anionic oxidation peak
highly heterogeneous systéhe contribution of dusion (O"/0?)is at 4.5 V. The observed redox behavior upon
limitation due to grain boundaries in Li-rich NMCs to theLi* (de)intercalation agrees well with numerous observations
overall electrochemical kinetics and hysteresis phenomenanisearlier works-* *® We therefore conclude that the
poorly understood and deserves an in-depth investigation. obtained LiNij ;Mn, 50, 10, material has been prepared

In this contribution, we demonstrate that one of the mosvia a commonly used synthesis procedure and demonstrates
abundant coherent (001) grain boundaries (GB) in the typicahe structural, compositional, and electrochemical properties
Li; Nig 1Mng s£00 10, material prepared by the conven- that are very typical for the Li-rich NMC cathodes.
tional coprecipitation method is, in fact, a thin slab of the P2  Atomic Structure of the (001) Grain Boundaries.Low-
Na(Ni,Mn,Co)O, structure which acts as a twin boundarymagnication MAADF-STEM images of the FIB-sliced
thanks to the trigonal prismatic coordination of the Na spherical agglomerates demonstrate that they consist of
cations. Sodium in tracenaunt originates from the nanosized 50100 nm domains arranged into columnar
precipitating agent and segregates at the GBs after higitructures propagating from the interior toward the surface
temperature treatment of the precursor with the Li sourcéf the agglomeratérijure &). The most prominent GBs,
Using a combination of advanced electron microscopyisible as bright straight line&igure b, adopt an orientation
techniques and density functional theory calculations, wangential to the surface of the agglomerates crossing the
provide full characterization of the chemical composition argblumnar elements (it should be noted that the observed
atomic structure of these (001) GBs and we assess$ the Imicrostructure is not specito the FIB-prepared sample and
migration barriers across the GBs, which appear to bas also been observed in the specimen ground in a mortar

prohibitively high, resulting in a measuratdet@n the Li (Figure Sp. Electron diraction investigation revealed that
di usion coecient. these GBs are cared to the (001) crystal plane. Tiid
indexes refer to the hexagd®ah unit cell @ 2.8 A;c
RESULTS AND DISCUSSION 14.2 R) typical for the O3 structure of the layered L0

Preliminary Characterization. The PXRD pattern of the transition metal) oxides. Although the
Li-rich NMC sample demonstrates a well-established O31.Nig1Mnys£010; structure is better described in the
crystal structuré~{gure S1Supporting Information) with the C2/m cell due to partial honeycomb ordering within the
superstructure peaks in the=220 25° range due to partial (LioMog layers, the crystallographic representation within
“honeycombM Li (M = transition metal) ordering within the R3m subcell greatly facilitates consideration. The
the (Lip M, 9 layers, which can be fully indexed witrCitle re ections in eachOl, hl  3n reciprocal lattice row are
m structure. The asymmetric shape of the superstructure pe&kéit along theer direction figure b), which is a typical
is commonly attributed to the presence of stacking faults dgégnature of the mirror-twinned O3 structure with (001) as the
to random shifts of the honeycomb-ordered fdyérshe twin plane. Attributing the (001) GBs to the coherent mirror
material yields the expected morphology of Li-rich NMC#win planes is clearly comed by the Fourier transform from
obtained by the coprecipitation method and consists ¢he HAADF-STEM images of the twinned domaiitai(e
spherical agglomerates & 10 m in size Figure S2 S.

Supporting Information). Each secondary particle consists ofAtomic-resolution HAADF-STEM images visualize struc-
primary particles with a size of 500 nm. tural changes in the cationic sublattice at the (001) GBs

The galvanostatic charge/dischargdgmat C/10 current  (Figure 2. The [010] HAADF-STEM image allows an analysis
density (1C = 280 mA § clearly reproduce all typical of the stacking sequence of the oxygen layers. The twinned
features of the galvanostatic curves of Li-rich NMC cathoddmains possess the O3 structure which is visible by a lateral
materials Kigure SR® At the rst charge, the two displacement of the bright dots of the M columns in each
pseudoplateaus a¥.0 and 4.5 V vs Li/Li are usually subsequent row by 1/3 of the interdot distance (white line in
ascribed to the cationic®Ni  Ni®***and Cé* Co* redox Figure 2
activity and the anionic redox, respectively. SubsequentHowever, the cationic layers just above and below the GB
charge/discharge curves exhibit the well-known sloping &dopt an eclipsed cguration with no lateral shift. Moreover,
shaped prdes with noticeably lower average potential oran extended interplanar spacing is clearly visible between these
discharge compared to that on charge indicating voltadgyers. The HAADF intensity ples across the layers were
hysteresis. The sample demonstratest discharge capacity tted with a set of Gaussian pedunctions and the obtained
of 270 mAh ¢!, which decays t0260 mAh ¢* after 50 peak-to-peak separations resulted in interplanar spacings of
cycles. The average discharge voltage decrease$ loyV 4.74(7) and 5.56(6) A for the layers within the twinned
over the same range of cyclésgyre SB An initial domains and the layers at the GBs, respectively. Whereas the
Coulombic e ciency of 81.5% is found, but during subsequenformer value is typical for the O3 structure being also in
cycling, the Coulombic eiency stays above 99%, contribu- excellent agreement with th&pacing calculated from the unit
ting to a small capacity lo§sglure Syt Di erential capacity cell parameters (provided in the captioritpure S)i the
(dQ/dV) plots (Figure Spindicate a gradually increasing latter is more characteristic of the P-type structures, in which
Mn®*4* redox contribution with the number of cycles, the alkali metal cations are located in trigonal prismatic oxygen
manifesting itself by rising oxidation and reduction peaks evordinatiort” Additionally, the [110] HAADF-STEM image
around 3.3 and 3.0 V, respectively (marked with arrows ifFigure 2 reveals that all cation positions in the cationic layers
Figure SEB In addition, there is a shift of the ¥ff oxidation embracing the GB seem to be fully occupied with transition
peaks to the low-potential region froBa3 V (10th cycle) to  metal cations; these layers contain virtually no Li. Indeed,
3.15 V (50th cycle) and peaks of the*¥ih reduction these layers show up as a sequence of uniformly bright dots of
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Figure 2.Atomic-resolution HAADF-STEM images of a (001) GB
viewed along the [010] and [110] directions. The GB is detected by a
larger interlayer spacing and marked by arrowheads. The line in the
[010] HAADF-STEM image is a guide to the eye to trace the lateral
displacements of the cationic layers.

and a depletion of Mri={gures S8 and 59he Co and Ni
enrichment and Mn depletion of the two outer layers of the
GB is also commed by the STEM-EELS compositional maps
(Figure S10 Surprisingly, Na is also concentrated along the
GBs, being located in the trigonal prismatic oxygen cavities.
Finally, the location of excessive Co in the two outer layers and
Na at the GB plane is directly visualized by atomic-resolution
STEM-EDX mappindg=(gure 3.

Figure 1. MAADF-STEM images of a FIB-sliced spherical

agglomerate showing the columnar structure consisting of nanograins

(a). The tangential (i.e., orthogonal to the direction from the center

to surface of the agglomerate) grain boundaries adopt (001)

crystallographic orientation (the representative [010] electron

di raction (ED) pattern is shown as insert) (b). The (001) GBs

can be idented as horizontal brighhe stripes in the images. The

bright lines inclined with respect to trxis are the {104} grain  Figure 3.[010] HAADF-STEM images and lattice-averaged color-
outlined in the ED pattern. the elemental distribution along the (001) GB.

the M columns, whereas the,(M, o layers of the regular The total amount of Na in the sample remains very minor as
Li; Nig 1Mng 5££00 10, structure are visible as pairs of 0.14expressed by the MNaoaNio 130aMNo 5296 .132(3) formula
nm-separated dots due to theNMihoneycomb ordering. deduced from quantiation of the EDX spectra from 10
Since the trigonal prismatic oxygen coordination is nadi erent areas. Na presence was alsonoee by ICP-MS
characteristic of relatively small tations, compositional analysis. The total Na content in Li-rich NMC samples is
variations at the (001) GBs were scrutinized by STEM-EDXound to be 0.34(7) wt % that corresponds to 0.013(2)Na per
and STEM-EELS imaging. The STEM-EDX compositionahe Li Nig 1qMng 5££0y 10, formula, in good agreement with
maps clearly reveal an enrichment of the GBs with Co and Mie EDX analysis. The cationic atomic ratio in the layers
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enclosing the GB amounts to Ni:Mn:Co = Li;Nig1Mngs£0y:0, phase. The mirror plane passing
0.17(3):0.50(3):0.33(5) as averaged over three measurgdrough the centers of the trigonal prisms in the P2 crystal
GBs. EELS did not reveal statistically relevant changes in g8teucture acts as a twin plane splitting of the columnar
position and shape of the Ni, Mn, and ¢gddges at the GB  elements of the agglomerates into nanosized domains.
compared to the bulleigure S1)1 The chemical composition Disruption of the atomic coguration at the GB and
of the delimiting cationic layers can be deduced apopulation of all Li sites in the {lM, g9 layers at the GB
(Lig1Nig1dMng 4£L£0y 09 assuming the average cation chargewith transition metal cations might create serious obstacles for
+3, but the HAADF-STEM observations discussed abowhe Li" cation migration across the GB; this will be further
strongly point to the absence of Li in these layers and fullnalyzed using density functional theory (DFT) based
occupancy of the octahedral sites with M cations. Theethods. Since numerous (001) GBs crosdiLiision
experimentally observed HAADF intensityl@racross the  pathways along the columnar elements from the inner part of
GB was compared to the theoretical ones calculated with ttiee agglomerates toward their surface, they might noticeably
(Lig 1Nig1Mng 4£05,9 and (Nip ;Mg 54039 composi- compromise both the electrochemical capacity and the rate
tions (Figure S12 The latter obviously provides a better  capability of the Li-rich NMC materials.
to the experimental pie, thus corrming that these layers Occasionally, (001) GBs can be observed consisting of
are populated with M cations only. thicker P2 slabs, with three atomic planes occupied by a higher
Because HAADF-STEM imaging is virtually insensitive tdensity of transition metalBigure S16 Contacts of two
“light’ elements such as Li and O (and to some degree Najwinned domains with mirrored orientation in the lateral
the anion sublattice at the GBs has been viewed using thigection give rise to incoherent (104) grain boundaries
di erential phase contrast (DPC) technique. The dDPC{Figure S16 These GBs demonstrate a disruption of the
STEM images are known to reproduce the projected chargetionic layers and a sophisticated atomic reconstruction to
density of the crystal and demonstrate an absorptive type sfopt the strain caused by the intergrowth of twinned domains
contrast, inverted with respect to the one in HAADF-STEMuyith mirrored crystallographic orientations.
images. The [010] dDPC-STEM image reveals the position of Energetics and Transport Properties of the (001)
the Na atoms along the GB and the rectangular arrangemeni@fain Boundaries. The model GB boundaries used in DFT
the oxygen columns around these positions that correspondsHg calculations are shownFigure 6 In these models the
the projection of the @ trigonal bipyramidqigure 3. The prismatic sites are either fulled with LT or with N&
cations, whereas the upper and lower transition metal layers
adopt either the same composition &2im Li,MnO; (the
octahedral sites are populated with 1/3Li and 2/3Mn in a
honeycomb-ordered manner, denoted further ag Mvn,
A = Li, Na) or as iRBm LiCoG, (the octahedral sites are fully
occupied with Co, denoted as ®@o Co, A = Li, Na). No
additional Ni or Co substitutions in the interior part of the
structure and at the GB were considered to keep the model
reasonably simple and computationally tractable.
The interplanar spacings, segregation energies, and GB
energies { for the described models are collectéichivie 1
The obtained value for the MnLi Mn GB is 0.37 J/f)
which is somewhat larger than the energy of tlietvii8D
twin boundary in LiCoQcalculated with DFT+U (0.3 J/
m?).*° The origin of the higher energy for the considered
(001) GB may be related to the location dbiriLthe prismatic
sites, which is less favorable compared to the octahedral
oxygen coordination. Indeed, the deintercalation potential of
Li* from the prismatic site is 0.3 V lower than the one from the

i . . octahedral one (compadgefor bulk LiMnO; and Mn Li
Figure 4[010] dDPC-STEM image near the (001) GB (marked with Mn GB inTable :() At IF‘.)he same timetthe egnergy of the Mn

arrowhead). The enlarged part at the right demonstrates the positigns . . .
of atomic columns (Na, green; M, blue; Li, yellow; O, red). Tthl Mn GB is still much lower compared to the typical surface

NaOy trigonal prism and M{bctahedra are outlined. energies of 0.9.4 J/nt in layered oxidéS. )
According tdarable 1 the individual segregation of Na and

Co at the (001) GB is highly favorable with segregation
projected distance between the Na columns amounts to 2.4%Aergies of 0.36 and 0.53 eV/atom, respectively. The
(Figure S1B3that agrees well with the projected distance ofmutual segregation is also favorable with an average
2.44 A between the Na cations in trigonal prismatic oxygesegregation energy 00.5 eV/atom. This relatively strong
coordination, for instance in jy@oO,.*®* The Li and T™ segregation explains the experimentally observed composition
cations above and below the GB are situated in the oxygehthe GB, where the prismatic siteslégd with Na, and two
octahedra, as expected for the parent O3 structure. Theljacent M layers are enriched with Co. Interestingly, the
proposed atomic arrangement is also in full agreement with thelue of the segregated Gla Co GB becomes strongly
[110] dDPC-STEM imagd-{gure S1¢ negative (2.96 J/m), showing that the formation of this

The atomic structure of the (001) GB is demonstrated ircon guration is highly preferred compared to a homogeneous
Figure 5Formally, it can be considered as the insertion of distribution of Na and Co in the bulk material. The calculated
slab of the P2 structure into the O3 matrix of theinterplanar spacing of 5.25 A for the Ba Co model is
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Figure 5.Atomic structure model of the (001) GB projected along [010] (a) and [110] (b) and viewed in 3D (c). The color legend is the same as
in Figure 4 The compositions of the cationic layers and octahedral slabs are marked. The P2 block is marked with a bracket.

Figure 6.Supercells with model twin GB after atomicaxis optimization (Na, green; Mn, blue; Li, yellow; O, red; Co, lazur). (a) GB(Mn
Li Mn), (b) GB(Mn Na Mn), (c) GB(Co Li Co), and (d) GB(CoNa Co).

Table 1. Optimized Interplanar Spacingh,(Grain Boundary Volumes §, Energies (), Segregation Energies for Na and Co
Monolayers at the Grain Boundari(), Li/Na Deintercalation Potentials [iLi or Na*/Na (E), and Migration Barriersi,,)
That limit Li* Di usion across the

model d A i\ Eseq €V/atom , Jin? E V E.. eV
bulk LMnO; 4.80 4.6, 4.8 0.7 (Li)
GB(Mn Li Mn) 4.95 0.12 0.37 4.3 1.0 (Li)
GB(Mn Na Mn) 5.38 0.35 0.36 0.43 3.2 1.8 (Na)
GB(Co Li Co) 4.87 0.03 0.53 1.97 41
GB(Co Na Co) 5.25 0.24 0.50 2.96 3.0 2.5 (Co)

#The type of migrating atom is given in parentheses.

somewhat smaller (by 6%) than the experimentally observaathe potentials for the octahedral sites. Removing one cation
value of 5.56(6) A, which can be caused by tleedi per supercell results iB% vacancy concentration in the
chemical composition of the model relative to the experimenayers which should correspond to the very beginning of the

To understand the behavior of the GB under chargingharging process. As was already mentioned, éRerddtion
conditions, we calculated the deintercalation potentials of Lfrom a prismatic site occurs at a potential 0.3 V lower than that
and N4 from the trigonal prismatic sites and compared thenfrom an octahedral site. In the case d&f M@ extraction
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Figure 7.Na (green) and Co (cyan) migration pathways with lowest migration barriers across the EBIMMr(a) and (Co Na Co) (b)
derived from the nudged elastic band optimization.

potential signcantly drops to 3 V vs Na/Narhis shows that (1S xS yYNi%* + o + n? + CQZS
from a thermodynamic point of view the extraction bf Na _
from the GB should precede that éfftom the bulk. Nizgx5Mn,C0,CO, 1)
Finally, to estimate the impact of the (001) GB on the
di usivity of Li, we calculated the migration barriers for Li,°"
Na, and Co across and along the GB plane. A full list of the 5 = 04 2 x> S
considered cogurations with the migration pathways, energy (1S xS YNI*" + Lo + Mn? + 20H
pro les, and migration barriers is giveffdble S2of the Ni; 545, Mn,Co(OH), )
Supporting Information.
The migration barriers limiting" Idi usion across the GB The residual Na salt (typicallgulfate) is then washed
are collected ifiable Ifor three considered models comparedaway, and, indeed, the Na content in the studied material is as
to the Li migration barrier along theaxis in LiMnOs. small as 0.34(7) wt %. It remains unknown how Na resides in
Overall, the GB has a negative impact otrdrisport along ~ the Ni , \Mn,CaCO; or Ni; x Mn,Ca(OH), precursors.
the c-axis (across the GB). For the Ml Mn con guration Sr_nall Na doping with insertion into the crystal structure of the
the migration pathways percolate across the GB, but t ixed carbonate or hydroxide in the bulk or adsorpt|o_n at th(_a
migration barrier increases by 0.3 eV compared to that in tif¥fface of the particles are the most plausible scenarios which
bulk. For the MnNa Mn case, the Limigration is possible could explain the strong bonding of residual Na in the

only after creation of a Na vacancy. The barrier for Na vacal é&cursor. Being lithiated with,d0; or LIOH at high
migration across GB is 1.8 eWiglre &), which is perature, residual Na segregates at the grain boundaries,

- : ; 2 promoting extensive twinning of the Li-rich NMC nanograins.
prohibitively large, while the barrier for Na vacancy migratioRji o, gh detecting such small quantities of Na in Li-rich NMC

along the GB is only 0.5 eV. Combined with the small Ng somewhat cumbersome, its presence can beeitibtthe
deintercalation potential, the extraction of Mam the  characteristic twinned structure, easily detected by the
prismatic sites at the GB should be fast and can provide th& ection splitting observed in electronratition patterns
required vacancies for Li wsion across the GB. A viewed along the [100] or [010] direction of the palR8nt

signi cantly more detrimental situation is discovered for thetructure. Using the twinning as a signature of the Na-enriched
anticipated CoNa Co GB. In this case, the cationic layers (001) GBs, their abundance in the Li-rich NMC materials
above and below the GB do not containchtions; this  prepared and studied by other groups becomes dbttous.
completely blocks the pathways fordLiusion, which only The P2 Na(Ni,Mn,C0)O, block possesses a mirror plane
becomes possible after the formation of Co vacanciggarallel to the close-packed layers and passing through the
Therefore, the migration of Co atoms will be a limiting stegniddle of the trigonal prismatic layer. These mirror planes are
for Li di usion across such a GB. We found that the migratiofcting as twin planes for the parent O3 structure of
of Co to the adjacent Li layer has the barrier of 2.6ig\f¢ Li; Nig1Mnos££010, in which such planes are absent.
7b), which is prohibitively large. Thus, traces of Na introduce massive changes in the bulk

Interestingly, the migration barrier for Lugion along the ~ microstructure of LiNip;Mnos£00,0,: they trigger the

GB is lower by 0.2 eV compared to that along Li layers in tH‘é;rmatlon .Of a twinned structure, splitting the colum_nar
?_ements in the agglomerates into a sequence of twinned

ideal honeycomb structure. However, the large barriers for L|

migration into GB from the adjacent Li layers prevent annanograins with the GBs perpendicular o thenbtion
gre g Y P irection in and out of the agglomerate. Most important is that
positive eect on rate performance from the enhancement

o he cationic layers on both sides of these GBs are fully
di usion along the GB. occupied with transition metal cations being Mn-depleted and
Discussion. Although the appearance of a P2 44 not contain Li. Thus, the*Lmigration across the cationic

Na,(Ni,Mn,C0)O, block at the (001) GB in |ayers which is possible inNig;Mng 50, 10, because of

Liy Nig 1Mng s£0010, might be unexpected, it is a direct the octahedrally coordinated Li positions in the honeycomb-
consequence of the commonly used coprecipitation routingdered layers is completely interrupted at the (001) GBs
where sodium carbonate ,8@; (in other casessodium  because of prohibitively high migration barriers for the
hydroxide NaOH) is used as a precipitation agent in théransition metal cations, which have to move out before giving
reactions: rise to a Li migration pathway. The comparison of migration
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barriers, however, is not sient for unambiguous con- exact contribution depends on many factors, such as number
clusions on the impact of GBs of dii usion due to the and width of cracks, their permeability with electrolyte, total
relatively small fraction of such defegisdan be estimated di usion length, and depletion of tdncentration inside the

as 1.2% from the HAADF-STEM images). Therefore, wecrack. The latter is critical as the mass transport in electrolyte is
estimated an ective diusion coecient according to the limited by the size of the crack mouth, which is smaller
following equation, which is obtained from theFicks law compared to that of the newly formed interfaces.

for two phases connected in series: The secondary negativeeet for the described alternative
_ di usion pathway results from incoherent (104) GBsire
it = 1/C puk Dout  ésDks ®) S15, which unavoidably occur at the contact of two primary

whereD,,, andDgg are diusion coecients along theaxis grains with a mirrored twin orientation. Although the atomic
in the bulk and across the GB;, and gg are volume  Structure of these sigoantly more complex GBs is not yet
fractions such thag, + cg= 1. TheD values were estimated known in detail, they apparently contain fragments of the

using the Einsteirsmoluchowski equation: spinel-like reconstructithsimilar to the one found at the
surface of pristine and cycled Li-rich NMC materials, which is
D= (1/2) & * exp(E,/ k7T @) believed to be adverse for the rate capabifityTherefore, at
where * is a vibrational prefactig,is Boltzmars constant, tf}ed_currer][t dmome”t Itt;ls oh:ultttotre]snmate”thetcontrllcbutlon
andT is temperature. We use= 2 x 102s L, T = 300 K, of di erent diusion pathways to the overall rate performance,

andd = 3.0 A. TheD 4as a function ofsg s plotted irFigure requiring further studies that rely on phatg-modeling of

8forE,, puk= 0.7 eV and two valuesgf sgof 1.0 and 2.5 eV Li* mass transport. :
correspbnding to the cases when Liigibn across GB is Although the P2-structured (001) GBs appear to negatively

- g R S . - a ect Li-ion di usion in Li-rich NMCs, their overall role in
either limited by Li migration itself or Co migration. the whole spectrum of the electrochemical properties might be
more diverse. One may suspect that they help in maintaining
the mechanical integrity of the spherical agglomerates by
accommodating strain at charge and discharge because of the
more compressible trigonal prismatic layer with a larger
interplanar spacing. The importance of grain boundaries for
strain-induced degradation of the agglomerates has recently
been recognized in Ni-rich NMC cathcdes. There is
unequivocal proof that the peculiar twinned structure with
(001) GBs in Li-rich NMCs remains intact upon charge and
discharge (see Supplementary Figure 4 ialyebut the
evolution of the atomic structure of the GBs still has to be
elucidated. Overall, the discovery of P2-structured (001) GBs
opens possibilities for further investigations of their structure
evolution and role in the electrochemical properties of Li-rich
NMCs, as well as for possible improvement of the poor kinetic
Figure 8.E ective diusion coecient along theraxis of Li-rich ~ behavior by dedicated engineering of the materials with a

oxide LjMnO; with segregated (001) GB defects as a function of theuned structure, composition, and abundance of these GBs.
defectsvolume fractions: pristine (001) G&,E 1.0 eV); (001) GB
with adjacent Co monolayer segregaligre(2.5 eV). In the latter
caseDg reduces to 16! cnf/s at gg = 0.1%.

CONCLUSION

Residual sodium remaining in trace quantities in Li-rich NMC
. , cathodes prepared via coprecipitation techniques segregates at
The rst case may be relevant if the Co layer contains a nofe (001) grain boundaries between the primary nanosized
negligible concentration of Li atoms. It is seen that imsthe particles in a form of P2-structured Mn-depleted and Co-
caseDgy; rapidly decreases as the volume fraction of GB ignriched blocks. The trigonal prismatic oxygen coordination of
increasing. Atgs = 0.1% theDy reduces by 2 orders of  sqgjym triggers extensive twinning of the primary grains which
magnitude. In the second caseDheeduces to 16" cnf/s, in turn leads to incoherent (104) twin boundaries. The
and the dependence looks I.|ke a vertlca_l _Ilne for the Chos%ﬁtionic layers at the (001) grain boundaries are occupied by
range of values. The GB with two transition metal layers {gynsjtion metal cations only; this makes them hardly
virtually impenetrable for Li emphasizing the detrimeatal e permeable for the “Ltations and ectively decreases the

of such planar defects on thdiiusivity along the columnar g ysjon, even at a relatively small concentration of the GBs.
elements of the spherical agglomerates. Howevegdhefe

these defects on overall rate performance of the agglomerate
depends on the availability of alternative pathwaysrfwds EXPERIMENTAL SECTION

transport. The alternative pathways may appear due to radiapynthesis. The Li-rich NMC cathode material with the general
cracking of particles followed by electrolyte penetration. Thigrmula LiNio1Mnos£0.10, has been prepared via a conven-
opens possibilities for *Lintercalation at newly formed tional carbonate coprecipitation method followed by high-temper-

. . . . ture treatment with a Li source. The synthesis of a mixed transition
interfaces, which are perpenc_ilcular to the L Iay_e_rs_ of t etal carbonate precursor was performed in a continuously stirred 20
crystal structure. Since the migration barrier for usidn | paich reactor under Ar atmosphere. The reactotiedwith 2 L

along the Li layers is lower (0.54 eV) than that across thgr deionized water and preheated téG6The aqueous solution of
layers (0.69 eV), the contribution of such alternative pathwayg*, Mr?*, and C8" sulfates taken in the 0.1625:0.675:0.1625 molar
into overall rate performance may be important. However, itatio and total concentration of 2 maolWwas poured into the reactor
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together with the solution of the precipitating agenC@®&a2 mol the Dudarev scheme ddudalue of 5 eV both for Mn and Co. These

L Y and complexing agent (NH,0, 0.5 mol LY at the constant  values show a good agreement of simulated Mn/Co K-edge XANES

rate of about 0.6 L hby means of peristaltic pumps keeping the spectra with experimental d4f&.Tetrahedron method with Bfd

continuous stirring at 800 rpm. The temperature of the reactor antbrrections was used for Brillouin-zone integrations. The energy

pH value were xed to 56°C and 7.77.8, respectively. After cuto of 400 eV and-point grid of 3x 3 x 1 were chosen for the
nalizing the precipitation step, the product was kept for aging at tlealculations. Maximum force acting on each atom after relaxation was

same conditions for 12 h under stirring. The obtained carbonate wigss than 0.05 eV/A. The migration barriers were determined using a

Itered, washed with distilled water, and dried at@X6r 12 h nudged elastic band method with three intermediatgucations
under dynamic vacuum. In order to obtain ta cathode material, (images) between initial andal states as implemented in VASP.
the precursor was mixed with LiBID and L}CO; with the ratio For all calculations a hexagonal supercell was used as derived from

of 20:80 (mol %) and the Li:M ratio of 1.42. The mixed powder washe monoclinicC2/m Li,MnOj; structuré® The resulting supercell
annealed at 50 for 5 h and then at 85C for 12 h in air with has the and angles slightly dérent from 90 Since this deviation

intermediate grinding between the calcination steps. has negligible inence on the total energy (0.2 meV/atom), they
X-ray Di raction. Powder X-ray diaction patterns were taken were xed to 90. To reduce the interaction between the periodic
using a Bruker D8 Advancerdctometer (Cu K, ;=1.54056 A, images of point defects due to periodic boundary conditioas, the

= 1.54439 A) equipped with an energy-dispersive LYNXEYE X&ndb supercell parameters were additionally doubled, resulting in a
position-sensitive detector. The unit cell parameters were calculasdual LiMnO; superstructure with  10.00 Aand 14.40 A
by the Le-Bailtting performed with Jana2006 softifare. with 144 atoms per unit cell.
Morphology. The morphology of the prepared cathode materials The twin grain boundary has been constructed by applying a
was studied using a FEI Quattro S scanning electron microscopere ection operation with a mirror plane in (001) Li layer, which
Mass Spectrometry with Inductively Coupled Plasma.The resulted in a supercell with 288 atoms and two twin B@Rs
total Na content in the Li-rich NMC sample was determined using17. In total, we considered four types of 288-atom supercells with
the PerkinElmer ELAN DRC-Il mass spectrometer. Aqueou€Bs: ideal LMnO; (GB(Mn Li Mn)), twin with Na layer instead
solutions for analysis were prepared by dissol8ifig g of the of Li layer in a GB plane (GB(MNa Mn)), twin with two Co
Li-rich NMC powder in a mixture of the concentrated HaI@ layers instead of the two adjacent Mrayers (GB(CoLi Co)),
HCI. Then the obtained solutions were diluted with deionized wateand twin boundary with both mocitions (GB(CoNa Co)). To
and analyzed. The standard solutions were prepared by dissolviigain equilibrium GB volume and energy, the atomic positions along
NaNG; (Sigma-Aldrich, 99.995%) and diluted from the initial 50 mgthe c-axis were optimized. The GB energy and volume were calculated
L ! to 25 and 5 mg 1! solutions for calibration using the same as

concentration of HNQas in the samples. _ &
Transmission Electron Microscopy. TEM samples were = (BeeS 2Bou/2 S ®)
prepared by crushing the crystals in a mortar and depositing onto  _ (VesS 2V )/2 S ®6)
ul

holey carbon grids. Focused ion beam (FIB, an FEI Helios Nanolab

650 dual-beam system) was also used to cut electron-transpanethereEgg and Vgg correspond to the energy and volume of the

lamella from the spherical agglomerates of the Li-rich NMC particlezptimized LggMn,;¢0144 Supercell with two twin GHS,,, and Vi

Electron diraction (ED) patterns, annular daeld scanning correspond to the energy and volume of the untwinpbthi,0;,

transmission electron microscopy (medium angle, MAADF-STEMupercell, anBrepresents the grain boundary area. The substitution

high angle, HAADF-STEM) images, charge dengtenlial phase  energy was calculated as

contrast (dDPC)-STEM images, and energy-dispersive X-ray (EDX) = E (X)S E

maps were obtained with probe aberration-corrected FEI Titan G3 BoudX)= EpukX) but @)

and Thermo Fisher Titan Themis Z electron microscopes operatedwhereE, (X)) is the energy of a supercell with one ateplaced

300 and 200 kV, respectively, and equipped with a Super-X EDyy atom X (X= Ng;, Cau, Cq;) and E, is the energy of

detectors. Electron energy loss spectra (EELS) were measured ign@winned LiMn,,0,, supercell. The segregation energyaddms

STEM mode with a Gatan Eium ER spectrometer at 300 kV with at GB was calculated as

a probe aberration-corrected FEI Titan microscope. HAADF-STEM

images were simulated with QSTEM softivare. Eveg= %Gé X)$ Eg$ EbuﬁXi)E " (@
Electrochemistry. To study the electrochemical properties,

galvanostatic charge/discharge cycling was carried out at roamhereEgg( nX) corresponds to the energy of a supercellnwith

temperature in the 2.8.8 V vs Li/LT potential window with a  segregated atoms X at the posifiah&B. The energy of segregated

Neware BTS-4008 battery tester under control of BTSDA softwar€B was calculated as

The electrode mass was prepared by mixing 80 wt % active material, -

10 wt % carbon Super-P, and 10 wt % poly(vinylidesréle) = SEec 9)

(PVDF) in N-methylpyrrolidone (NMP). The resulting slurry was

deposited onto a carbon-coated aluminum foil using a Zehntner ZAA

2300 applicator with 15@n layer thickness and dried afCQuntil E=[HA,M,Q)S BA,sMO)S @) ¢ (10)

complete evaporation of NMP. The resulting electrode tape was .

compacted on steel rolls, punched into round discs with an a&ea of WNereE(A2M,Os) corresponds to the energy of the supercell with

cn? (d = 16 mm) and active mass loading f 3 mg/cn?, and or without GB an@(Ay ,M,Os,) corresponds to the energy of the

dried under vacuum at 110 for 12 h. Coin cells (CR2032-type) corresponding supercell with one removed atom A{ahi the

were assembled in an Aed glovebox with a lithium metal anode, chemical potential of A in the metallic state.

working cathode, and glaber separators impregnated with

The deintercalation potential of Li or Na atoms was calculated as

electrolyte which was a 1 M solution of LiRFethylene carbonate ASSOCIATED CONTENT
(EC)/propy_Iene carbonate (PC)/dimethyl carbonate (DMC) (1:1:3 *  Supporting Information
volume ratio). The Supporting Information is available free of charge at

DFT Calculations. The density functional theory calculations https://pubs.acs.org/doi/10.1021/acsaem.1c00872
were performed using the generalized gradient approximation to

exchangecorrelation functional and standard PAW PBE potentials, ~ Powder XRD patterns (Figure S1); SEM images (Figure
with the VASP program and the high-throughput Python-based S2); galvanostatic charge/discharge curves (Figure S3);
package SIMARF™® To take into account the strongly correlated discharge capacity retention and Coulombidgeecy
character of the d-electrons, a Hubbard-like correction is added within ~ (Figure S4); @/dV plots of the galvanostatic charge/
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discharge curves (Figure S5); HAADF-STEM imageklanders (FWO Vlaanderen, Project No. GOF1320N) for

(Figures S6S8, S16); HAADF-STEM image and nancial support.

compositional STEM-EDX maps along with HAADF

and EDX signal prtes (Figure S9); HAADF-STEM REFERENCES
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