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Decoupling Substitution Effects from Point Defects in
Layered Ni-Rich Oxide Cathode Materials for Lithium-Ion
Batteries

Leonhard Karger, Svetlana Korneychuk, Sabrina Sicolo, Hang Li, Wessel van den Bergh,
Ruizhuo Zhang, Sylvio Indris, Aleksandr Kondrakov, Jürgen Janek,*
and Torsten Brezesinski*

Ni-rich LiNixCoyMnzO2 cathode materials offer high practical capacities and
good rate capability, but are notorious for being unstable at high state of
charge. Here, a series of such layered oxides with nickel contents ranging
from 88 to 100 mol% is fabricated by sodium-to-lithium ion exchange,
yielding materials devoid of Ni∙Li substitutional defects. Examining the initial
charge/discharge cycle reveals effects that are specifically caused by
transition-metal substitution, which would otherwise be obscured by changes
in lithium-site defect concentration. Lowering the nickel content helps to
stabilize the high-voltage regime, while simultaneously negatively affecting
lithium diffusion. Operando X-ray diffraction indicates mitigation of volume
variation during cycling and transition toward solid-solution behavior with
sufficiently high cobalt and manganese contents, thus providing an
explanation for the increased stability. The interplay between transition-metal
substitution, kinetic hindrance, and solid-solution behavior may be a result of
local inhomogeneities due to lithium-vacancy pinning, which is further
elucidated through density functional theory calculations. Overall, this work
sheds new light on the effects of manganese and cobalt incorporation into the
transition-metal layer and their conjunction with Ni∙Li defects.
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1. Introduction

Ni-rich cathode active materials (CAMs)
of LiNixCoyMnzO2 (NCM/NMC) or
LiNixCoyAlzO2 (NCA) type are at the fore-
front of commercial high-energy-density
lithium-ion batteries (LIBs).[1] Although
similar capacities can be achieved with
different generations of NCMs, increas-
ing the nickel content lowers the cutoff
potential at which high specific capac-
ities (>200 mAh g−1) are attainable.[2]

However, these Ni-rich CAMs, partic-
ularly LiNiO2 (LNO), are notorious for
their instability, especially due to degra-
dation at a high state of charge (SOC).
The latter has been linked to mechanical
degradation resulting from anisotropic
volume changes, oxygen release, and
surface degradation upon cycling.[3–10]

Intrinsic to all Ni-rich NCMs produced
by solid-state synthesis are Ni∙Li substi-
tutional defects, sometimes also termed
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off-stoichiometry, lithium deficiency,[11,12] or “Ni/Li intermixing”,
referring to antisite defects, which can occur in the presence of
manganese but not in close-to-stoichiometric LNO.[13,14] The ori-
gin of these defects lies in the similar ionic radii of Ni2+ (r =
0.69 Å) and Li+ (r = 0.76 Å),[15] along with the need for strongly
oxidizing conditions, causing incomplete layer separation.[16,17]

For charge compensation, each Ni∙Li defect is accompanied by
the presence of a reduced nickel cation in the transition-metal
layer, which according to Kröger-Vink notation is represented by
Ni

′

Ni.
[18] However, for simplicity, we only mention Ni∙Li when re-

ferring to the combination of Ni∙Li and Ni
′

Ni defects hereafter.
The extent to which these point defects occur is related to the

chemical composition. For example, upon increasing the nickel
content from 80 to 100 mol% in the solid solution LiNixCoyO2,
Caurant et al. found an increase in lithium deficiency from 6 to
10%.[12] Although improvements have been made to the calcina-
tion protocols, such that even Ni∙Li defect concentrations as low as
1.6% are accessible by conventional solid-state synthesis,[19,20] the
problem of convolution of Ni-site substitution with cobalt, man-
ganese, or other metal species with changes in the fraction of Ni∙Li
defects persists. This makes the correlation between transition-
metal site substitution (or doping) and diffusion properties (ki-
netics) ambiguous, as the effects seen may also originate from
differences in Ni∙Li concentration.[12] For example, Cui et al. faced
this problem when studying the individual effects of modifying
LNO with 5% cobalt, manganese, or aluminum. They found poor
diffusivity after manganese incorporation and fast lithium dif-
fusion in the case of cobalt, which increases and decreases the
fraction of Ni∙Li defects, respectively.[21] Therefore, it is experi-
mentally very challenging to separate substitution effects in the
transition-metal site from those induced by Ni∙Li defects.[22] Never-
theless, understanding the individual contributions to key prop-
erties, such as lithium diffusion, lattice parameter changes, and
(electro)chemical stability, independent of other factors, such as
particle size or Ni∙Li defects, is crucial for designing new gen-
erations of advanced CAMs. Especially with the emergence of
single-crystalline cathodes for improving stability and tap den-
sity, realizing sufficiently fast lithium diffusion (mobility) gains
momentum.[23–26]

Herein, we attempt to separate the contribution due to cobalt
and manganese substitution from Ni∙Li defects by employing
a recently developed ion-exchange synthesis, yielding Ni∙Li-free
CAM.[27,28] Specifically, a series of NCM materials with varying
nickel content was fabricated by sodium-to-lithium ion exchange
with the objective to prevent Ni∙Li defect formation. Substitution
with cobalt and manganese helps to stabilize the high-voltage
regime by smoothening the structural transition at high SOC
and lowering the overall volume variation. However, there is a
trade-off as lowering the nickel content proves detrimental to
the lithium diffusion, causing capacity loss due to incomplete
relithiation of CAM. With regard to the first-cycle efficiency, ion-
exchanged NCM95 (with Ni:Co:Mn molar ratio of 95:4:1) is found
to exhibit the lowest cumulative capacity loss among all materials
tested in this work.

2. Results and Discussion

The ion-exchange method relies on a perfectly layered “parent”
sodium metal oxide. In the case of LNO, this material is NaNiO2

(NNO), which adopts a distorted (monoclinic) C2/m phase at
room temperature. In contrast, NaNixCoyMnzO2 (Na-NCM) ma-
terials with x ≤ 0.8 have been reported to adopt an R−3m
structure.[29] The synthesis of Ni-rich Na-NCMs is conducted ac-
cording to an adaption of a previously reported method.[27] In
short, co-precipitated hydroxide precursor CAM (pCAM) parti-
cles and NaOH are heated at 300 °C in an oxygen atmosphere to
remove crystal water and improve wetting, followed by calcina-
tion of the premix at 700 °C.

2.1. Sodium Trapping in Single-Crystalline, Ion-Exchanged NCM

The as-synthesized Na-NCM90 (with Ni:Co:Mn molar ratio of
90:5:5) was investigated by powder X-ray diffraction (PXRD), as
shown in Figure 1a. Corresponding structural parameters deter-
mined by Rietveld refinement analysis are given in Table 1. PXRD
indicates the presence of two phases with space groups C2/m
and R−3m in a ratio of 84:16 by weight. The structural param-
eters of the individual phases agree with those reported in the
literature.[27,30] However, 𝛽 is slightly smaller compared to NNO,
and the a and b lattice parameters of the monoclinic phase are de-
creased and increased, respectively. As shown for the Co-doping
of NNO, for example, this is indicative of less monoclinic dis-
tortion with transition-metal substitution.[31] Therefore, the pres-
ence of two phases is not necessarily a sign of separation into Na-
NCM and NNO, but rather suggests local inhomogeneities. With
regard to the hexagonal phase of Na-NCM90, we find an overall
larger unit-cell volume compared to Na-NCM85 (reference from
literature).[30]

Next, the Na-NCM90 was subjected to ion exchange and
probed again using PXRD. As shown in Figure 1b, two phases
are observed, both of which can be indexed to the R−3m space
group. The main phase corresponds to the ion-exchanged mate-
rial (IE-NCM90), and the lattice parameters agree well with lit-
erature results for IE-NCM and NCM produced by solid-state
synthesis.[29,32] The second phase exhibits a peak at the 003
(R−3m) or 001 position (C2/m) of Na-NCM90, and we there-
fore assign it to sodium-containing (only partially ion-exchanged)
domains, likely located in the particle bulk. However, the inter-
layer spacing is slightly expanded compared to the parent mate-
rial, which agrees with a previous in situ analysis of the reaction
mechanism.[27] The refined weight ratio of these two phases is
95:5, indicating incomplete conversion when using Na-NCM90
as the precursor. This could be a result of too large primary
particles (grains) and associated sodium trapping due to poor
diffusion.

The morphology and structural attributes of the as-synthesized
IE-NCM90 were studied by (scanning) transmission electron mi-
croscopy [(S)TEM] of focused-ion beam (FIB)-cut lamellae. The
high-angle annular dark field (HAADF) image in Figure 2a re-
veals the presence of monolithic particles with sizes ranging from
1 to 8 μm in diameter. Some particles show signs of cracking,
which appears to occur parallel to the sodium/lithium layer, as
can be seen in Figure 2b,c,h,i. Small (≈1 μm, see Figure 2b–g)
and large particles (≈8 μm, see Figure 2h–m) were examined
by energy-dispersive X-ray spectroscopy (EDS). Those imaged
in Figure 2 exhibit a uniform distribution of nickel and cobalt,
while manganese is present in the bulk, but also segregates at the
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Figure 1. PXRD patterns and Rietveld refinement plots for a) Na-NCM90 and b) IE-NCM90.

Table 1. Structural parameters determined by Rietveld refinement for Na-NCM90, NNO, Na-NCM811, and IE-NCM90.

Sample Phase wt.% Rwp [%] RBragg
[%]

a [Å] b [Å] c [Å] 𝛽 [°] V [Å3]

Na-NCM90 C2/m 84 12.7 3.1 5.2847(3) 2.8536(2) 5.5686(4)
110.100(9)

78.86(1)

R−3m 16 2.5 2.9510(4) – 15.7024(56) – 118.42(5)

NNO[27] C2/m 100 – 2. 7 5.3173(1) 2.8424(1) 5.5789(1)
110.485(1)

78.99(1)

Na-
NCM811[30]

R−3m 100 12.6 – 2.9309(1) – 15.776(8) – 117.36(7)

IE-NCM90 R−3m 96 11.9 3.3 2.8763(2) – 14.1915(10) – 101.68(1)

R−3m 4 2.6 2.8617(15) – 16.3245(333) – 115.77(47)

surface. This could be due to the formation of Mn4+ during
the pre-annealing. Because of the high oxidation state, Mn4+ is
expected to diffuse slower in a solid-state reaction. In the fol-
lowing, the atmosphere in this step of the synthesis was thus
changed from oxygen to argon. In the large particle, residual
sodium is clearly observed by EDS, which is not evenly dis-
tributed in the bulk, but is present in enriched domains of sev-
eral hundred nanometers in size. Within such a domain, layer
bending is apparent, as can be seen in Figure 2i. This is prob-
ably a result of high strain due to the co-presence of lithium
and sodium in adjacent phases. These sodium-enriched domains

are likely visible—in the form of the 5% impurity phase—
in the PXRD pattern in Figure 1b. Contrary to previous find-
ings on IE-LNO particles, no cracking parallel to the stack-
ing direction is observed.[27] This points toward an increase
in mechanical stability resulting from the transition-metal
substitution. The small particle also contains some residual
sodium. As evident from Figure 2g, it is located within a
small volume fraction of the particle. This means that the
bulk is largely free of sodium, and further suggests that
smaller particles allow for more efficient sodium-to-lithium ion
exchange.[28]

Figure 2. (S)TEM analysis of FIB-prepared IE-NCM90 with areas probed by EDS indicated by red rectangles in (a). b,h) Higher-magnification HAADF
images of the regions of interest, and c,i) high-resolution images of the areas highlighted in red in panels (b) and (h). d–g, j–m) EDS maps for nickel,
cobalt, manganese, and sodium.
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Table 2. Results from ICP-OES (normalized to the cumulative amount of
nickel, cobalt, and manganese).

Sample Li [%] Na [%] Ni [%] Co [%] Mn [%] W [%] O [%]

IE-LNO-W 93.1 1.2 100 0 0 0.40 208.5

IE-NCM95-W 92.9 1.9 93.5 4.5 2.0 0.50 219.1

IE-NCM90-W 93.2 1.2 90.1 4.9 5.0 0.52 217.7

IE-NCM88-W 93.7 1.4 87.3 4.7 8.0 1.06 219.2

IE-NCM90 was also tested electrochemically in LIB half-cells
at a C/10 rate (with 1C = 200 mA gCAM

−1) in the potential win-
dow of 3.0–4.3 V versus Li+/Li (see Figure S1, Supporting In-
formation). Specific capacities of qch = 209 mAh gCAM

−1 and qdis
= 163 mAh gCAM

−1 were achieved, similar to literature results
for IE-NCM85,[29] but much lower than expected from a Ni-rich
NCM.[32] To increase the specific capacity, the residual sodium
within the structure, which is connected to the particle size,
needs to be eliminated from the CAM. This can likely be achieved
by lowering the particle size and reducing the sodium diffusion
path lengths, as shown recently for size-tailored IE-LNO.[28]

2.2. Full Ion Exchange by Reducing Grain Size

The particle size of layered oxide CAMs can be reduced by the
addition of surface segregating species, such as ammonium
paratungstate.[28,33,34] Here, 2 mol% was added to prevent the
growth/sintering of Na-NCM grains. The tungsten-doped sam-
ple (Na-NCM90-W) also consists of two phases with space groups
C2/m and R−3m in a ratio of 20:80 by weight (see Rietveld re-
finement results in Table S1, Supporting Information), thus be-
ing less Jahn-Teller distorted than Na-NCM90. This points toward
the introduction of tungsten into the bulk structure, leading to an
overall larger fraction of the hexagonal phase. After ion exchange,
we find 0.52 mol% tungsten relative to the sum of the other
transition metals by inductively coupled plasma-optical emission
spectroscopy (ICP-OES), as shown in Table 2. From this result, it
can be concluded that the majority of tungsten segregates on the
particle surface and is removed during the ion-exchange process.

Structural analysis of IE-NCM90-W revealed the presence of
a single phase with an R−3m space group; the Rietveld refine-
ment results are given in Table 3. The parameters indicate good
layering with a slightly larger unit-cell volume than reported
in the literature,[2] which could be due to the residual sodium.
Indeed, Rietveld refinement suggests 2.4% Na×Li defects, while
the sodium content determined by ICP-OES is only 1.2 mol%
(see Table 2). This is in agreement with previously reported data
on tungsten-based size tailoring, indicating apparently increased
electron density in the lithium slab, an effect likely caused by
rock salt-type surface layer formation due to tungsten doping.[28]

Overall, these results are indicative of a phase-pure material, as
opposed to that obtained after ion exchange of the much larger
Na-NCM90 particles.

2.3. Nickel Concentration Series – Microstructural Analysis

A series of IE-NCMs with nickel contents ranging from 88 to 100
mol% was synthesized by means of tungsten-based size tailoring.

Hereafter, the samples are referred to as IE-LNO-W, IE-NCM95-
W, IE-NCM90-W, and IE-NCM88-W for 100, 95, 90, and 88 mol%
nickel content, respectively. The materials were probed using
PXRD and ICP-OES, and the corresponding results are shown in
Tables 2 and 3. All materials crystallize in the R−3m space group
and are obtained in single-phase form. They exhibit similar lattice
parameters and unit-cell volume (with some minor increase with
decreasing nickel content). IE-LNO-W also follows this trend, but
the c lattice parameter is smaller, with ≈14.18 Å compared to
≈14.20 Å for the IE-NCM-W materials. This could be related to
the relatively low residual sodium content, providing less pillar-
ing to uphold the increased interlayer spacing from the parent
NNO phase. However, upon closer examination of the diffraction
pattern collected from IE-LNO-W (see Figure S2, Supporting In-
formation), peak splitting (e.g., ≈20° 2𝜃) is observed, which may
be indicative of symmetry reduction due to monoclinic distor-
tion. Indeed, refining this material in the monoclinic space group
P21/c results in a better fit to the data. The corresponding results
are given in Tables 3 and S3 (Supporting Information). In this
analysis, the unit-cell volume of IE-LNO-W seems somewhat en-
larged, potentially due to Jahn-Teller distortion. By ICP-OES, we
find 1.2 mol% sodium in IE-LNO-W and 1.2–1.9 mol% in the IE-
NCM-W materials, indicating that Rietveld refinement system-
atically overestimates the residual sodium content. The lithium
content is ≈93 mol% for all samples, suggesting some lithium
loss during the ion-exchange procedure, most likely upon wa-
ter washing, which is known to have a more deleterious effect
with increasing nickel content. Chemical oxidation of the sam-
ples during ion exchange could be a reason too. However, this
would be evident from nuclear magnetic resonance (NMR) spec-
troscopy experiments and has not been observed previously.[27]

Lastly, some of the lithium loss may also be due to the formation
of rock salt-type surface impurities upon tungsten addition.[28]

To gain insight into the elemental distribution in the size-
tailored materials, IE-NCM88-W was examined by TEM. The re-
sults obtained are shown in Figure 3. The imaging data indeed
reveal a polycrystalline morphology, with the secondary particles
appearing less dense in the center (see Figure 3a). As can be seen
from the higher-magnification HAADF images in Figure 3b,c,
the grain (primary particle) size is on the order of 50–400 nm. Re-
garding elemental distribution (see Figure 3e–h), the altered pre-
annealing atmosphere seems effective in mitigating manganese
segregation near the primary particle surface. Nevertheless, re-
gions of higher concentration are still visible. The presence of
small amounts of sodium is also apparent, but not in the form
of domains as observed for IE-NCM90. Lithium localization was
achieved by electron energy loss spectroscopy (EELS) mapping
(see Figure 3d), suggesting uniform distribution throughout the
primary grains. However, the specific grain examined was lo-
cated in the center of the secondary particle and thus may not
have been exposed to water during the washing step after ion
exchange. High-resolution TEM analysis (see Figure 3i–l) fur-
ther indicates that the surfaces oriented parallel to the stack-
ing direction are more disordered (≈1–5 nm thick layers) than
those oriented parallel to the layering direction. Similar fea-
tures are observed for other primary particles of the same ma-
terial (see Figure S3, Supporting Information). This may sug-
gest preferential migration of tungsten depending on the crystal
facet, similar to observations made for ion-exchanged LNO when
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Table 3. Structural parameters determined by Rietveld refinement for IE-LNO-W, IE-NCM95-W, IE-NCM90-W, and IE-NCM88-W. Parameters marked with
an asterisk indicate the equivalent values in a hexagonal space group (see Table S2, Supporting Information, for details).

Sample Phase wt.% Rwp
[%]

RBragg
[%]

a [Å] c [Å] V [Å3] Na×Li [%]

IE-LNO-W R−3m 100 16.3 3.7 2.8775(12) 14.1768(156) 101.679(150) 3.8(22)

P21/c 100 17.4 2.9 a* =
2.8936(15)

c* =
14.3037(16)

V* =
103.718(60)

0.5(2)

IE-NCM95-W R−3m 100 20.3 4.2 2.8775(4) 14.2023(12) 101.836(45) 3.7(32)

IE-NCM90-W R−3m 100 12.9 3.3 2.8778(3) 14.1992(25) 101.837(30) 2.4(26)

IE-NCM88-W R−3m 100 11.7 2.1 2.8789(2) 14.2094(9) 102.055(20) 4.0(7)

tungsten is used to tailor the particle size (see Figure S3, Sup-
porting Information). It was attempted to localize these tung-
sten impurities by EDS mapping, but unfortunately, the signal is
too weak to allow for unambiguous identification (see Figure S4,
Supporting Information). However, the observed amorphiza-
tion could also be related to damage induced by the electron
beam. Additionally, layer gliding is observed, which may be at-
tributed to mechanical deformation during the ion-exchange
reaction.

Overall, the TEM results provide evidence that size tailoring is
effective in removing sodium from the lattice and corroborate the
ICP-OES and PXRD data. Furthermore, they demonstrate that
changing the pre-annealing atmosphere from oxygen to argon
is beneficial for improving the distribution of transition-metal
species. The location of tungsten could not be conclusively an-
alyzed, but the formation of a disordered surface layer points

toward preferential accumulation at the surfaces oriented parallel
to the stacking direction.

2.4. NMR Spectroscopy

The samples were also probed by 7Li magic-angle spinning
(MAS) NMR spectroscopy (see Figure 4). Compared to the
spectrum of large-sized IE-LNOs,[27] the size-tailored IE-LNO-
W reveals several distinct lithium environments. The most pro-
nounced peak centered at 702 ppm is relatively narrow, and
no signal is detected beyond 800 ppm, evidencing its Ni∙Li-free
nature.[27] Additional smaller and shoulder peaks are visible at
640, 665, 734, and 795 ppm. Also, clusters of peaks are ob-
served at 487 and 511 ppm. Recently, the presence of twin
and antiphase boundaries has been associated with peaks in

Figure 3. (S)TEM analysis of FIB-prepared IE-NCM88-W with the area probed by EDS indicated by a red rectangle in (a). b) Higher-magnification HAADF
image of the region of interest. c) HAADF image of the region used for (d) EELS analysis of lithium distribution. e–h) EDS maps for nickel, sodium,
cobalt, tungsten, and manganese. i) HAADF image of a single grain with the areas probed by high-resolution imaging (j–l) indicated by red rectangles.

Adv. Funct. Mater. 2024, 2402444 2402444 (5 of 13) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Normalized 7Li MAS NMR spectra (55 kHz) of large-sized IE-
LNO[27] and the IE-LNO/NCM-W samples. The spinning sideband of the
0 ppm peak is marked with an asterisk.

that region.[35] Specifically, the shifts that were calculated to
be in the ranges of 542–690 ppm, 794–954 ppm, and 484–
590 ppm for lithium atoms located away, close to, and at the
antiphase boundary, respectively, agree well with the aforemen-
tioned additional peaks. Furthermore, the presence of W6+ may
cause charge compensation effects in the transition-metal sub-
structure, thus leading to Ni2+ formation. This would result
in higher shifts, i.e., ppm values for the described lithium
environments. Some of the signals could also originate from
the disordered surface regions having high tungsten content
or from tungsten substitution in the bulk structure. Neverthe-
less, the main signal exhibits no shift to higher ppm values,
which would otherwise be characteristic of the presence of Ni∙Li
defects.[27,35,36]

With decreasing nickel content, the main peak becomes broad-
ened, as expected due to the multiple Ni/Mn/Co environments
(resulting in Ni2+ formation) around lithium. While for IE-
NCM95-W, the pattern of the undoped material is still somewhat
visible, it vanishes completely for the other two samples due to
extreme peak broadening. Therefore, not much information can
be gathered for both IE-NCM90-W and IE-NCM88-W by NMR
spectroscopy other than the fact that the main peak position is
shifting to lower ppm values for IE-NCM88-W (to ≈665 ppm).
Additionally, the spinning sideband of lithium residuals in a
diamagnetic environment at 710 ppm makes analysis more
challenging.

Taken together, the data confirm the lack of Ni∙Li defects for
samples prepared by ion-exchange synthesis. A contribution to
peak broadening may be structural disorder, i.e., variations in
bond length/angle, induced by the additional transition metals
(Co/Mn) or the grain size.[37] However, the materials also con-
tain lithium in considerable amounts in defective sites, which
are likely introduced by tungsten addition. A signal is observed
at 0 ppm, which can be linked to diamagnetic lithium salts
present on the particle surface.[38] Interestingly, for the IE-NCM-
W CAMs, this signal increases with increasing degree of substi-
tution. As shown in Figure 5e, the particle size decreases and
the specific surface area increases in the same direction. Conse-
quently, variations in surface area could account for the increase
in lithium residuals (originating from leaching upon water expo-
sure during washing).

2.5. Morphology

The morphology of the ion-exchanged materials was investigated
by scanning electron microscopy (SEM, see Figure 5a-d). Rel-
atively small primary particles in the size range of d50 = 132–
226 nm are observed for all samples (see Figure 5e). This finding
corroborates the successful mitigation of sintering due to tung-
sten addition, as already described for IE-NCM88-W in Figure 3.
The grain size decreases slightly with decreasing nickel content,
which is likely related to reduced growth caused by the presence
of cobalt and manganese. Regardless, the primary particle sizes
are representative of those typically achieved in Ni-rich CAMs
prepared by solid-state synthesis.[20,39] The degree of agglomer-
ation, or in other words, the retention of the original polycrys-
talline morphology, differs between the samples. This seems to
point toward higher mechanical stability of the secondary parti-
cle structure with lower nickel content, although IE-NCM-90-W
does not perfectly fit this trend. Partial deagglomeration is ex-
pected to correlate with the extent of surface degradation due to
side reactions in the aqueous washing step, meaning that the
primary particles undergo lithium-to-proton exchange at the sur-
face. Furthermore, one could argue that lithium diffusion in a
polycrystalline particle would add to kinetic limitations and thus
to capacity loss. While we cannot fully exclude this possibility,
such an effect would certainly lead to stronger differences in the
diffusion-based capacity loss between the samples, which we do
not observe (as described below). Therefore, the primary particle
size is the key parameter, which does not differ much among the
described materials and allows for a reasonable comparison of
the electrochemical performance.

2.6. Electrochemistry

The materials were electrochemically tested by galvanostatic cy-
cling in LIB half-cells at a C/10 rate in the potential window
of 3.0-4.3 V versus Li+/Li. As can be seen from the first-cycle
voltage profiles in Figure 6a–d, the specific charge capacities
increase with decreasing nickel content, from qch = 200 mAh
gCAM

−1 for IE-LNO-W to qch = 235 mAh gCAM
−1 for IE-NCM88-

W. Similarly, the specific discharge capacities increase from qdis
= 173 mAh gCAM

−1 (IE-LNO-W) to 202 mAh gCAM
−1 (IE-NCM95-

W), 183 mAh gCAM
−1 (IE-NCM90-W), and 199 mAh gCAM

−1 (IE-
NCM88-W). Clearly, transition-metal substitution helps to in-
crease the extractable charge. This may be due to the more re-
active surface of LNO compared to the Ni-rich NCMs, causing
more severe detrimental side reactions.[40] During water wash-
ing, LNO is known to undergo lithium-to-proton exchange, lead-
ing to some degradation of the material.[41] As mentioned above,
ICP-OES analysis indicates a lack of lithium, however, indepen-
dent of the nickel content. Since the extent of lithium deficiency is
similar for the different CAMs, it is likely not responsible for the
lower specific capacity of IE-LNO-W. Nevertheless, the stability of
the partially protonated surface is expected to differ among the
samples and is believed to cause capacity loss, especially in the
case of IE-LNO-W. The increase in charge capacity with decreas-
ing nickel content is somewhat unexpected; the opposite trend
is usually observed for CAMs produced by solid-state synthesis.
However, this is only related to the cutoff potential, i.e., to what
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Figure 5. SEM images of a) IE-LNO-W, b) IE-NCM95-W, c) IE-NCM90-W, and d) IE-NCM88. e) Corresponding size analysis (see Supporting Information
for details).

extent the material is delithiated at a given charge cutoff.[5] As
can be seen from Figure 6, all materials experience the charac-
teristic phase transitions in Ni-rich NCMs, including the H2-H3
transition, with the latter occurring well below the cutoff poten-
tial due to the absence of Ni∙Li defects (see Figure S5, Support-
ing Information, for details). Considering that the materials em-
ployed in this work undergo the same phase transitions, the SOC
of the respective cells should be comparable (depending on the
fraction of electrochemically active material and the degree of
degradation).

The first-cycle capacity loss does not show a linear relation
with nickel content. Interestingly, IE-NCM95-W performs best,
with only 24 mAh gCAM

−1 or 10.6% capacity loss, while the
other materials exhibit losses exceeding 14%. The first-cycle loss
was separated into kinetic hindrance and degradation at high

potentials by aligning the charge and discharge curves in
the region corresponding to Li2/5NixCoyMnzO2, as shown in
Figure 7a-c.[42] This phase is chosen specifically as it is most
clearly recognizable as a single-phase region in all of the first-
cycle voltage profiles, while being in a range that is likely more
stable than the high-voltage H2 and H3 phases. The results from
this analysis are presented in Figure 7d. With decreasing nickel
content, an increase in capacity loss due to kinetic hindrance
(KH) is observed, from 2.5% in IE-LNO to 10.3% in IE-NCM88-
W. This could be attributed to sluggish lithium diffusion in the
bulk or degradation of the material’s surface. With regard to sur-
face stability, the opposite trend would be expected from the avail-
able literature, as Ni-rich NCMs tend to release less lattice oxy-
gen than LNO, suggesting that surfaces and interfaces are more
stable/robust.[40] This, in turn, means that the degraded surface

Figure 6. First-cycle voltage profiles and second-cycle differential capacity curves for a,f) IE-LNO-W, b,g) IE-NCM95-W, c,h) IE-NCM90-W, and d,i) IE-
NCM88-W. e) Long-term cycling performance with 5 cycles at C/10, 50 cycles at 1C charge and C/2 discharge, 1 cycle at C/10, and 50 cycles at 1C charge
and C/2 discharge in the potential window of 3.0–4.3 V versus Li+/Li. j) Capacity retention relative to the 6th cycle at 1C charge and C/2 discharge. Note
that the 56th cycle at C/10 is omitted for clarity.

Adv. Funct. Mater. 2024, 2402444 2402444 (7 of 13) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202402444 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [16/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 7. a) Second-cycle differential capacity curve of IE-NCM95-W with an indication of the alignment points. b) Schematic representation of
lithium/vacancy ordering in the phase corresponding to the alignment points. c) Aligned first-cycle charge/discharge curves. d) Results from first-cycle
capacity loss analysis. KH refers to kinetic hindrance loss.

of LNO would add more to losses associated with lithium diffu-
sion than that of a Ni-rich CAM. However, as indicated by (S)TEM
of IE-NCM-88 in Figure 3, which is substituted most, manganese
does not segregate at the surface if the pre-annealing step is per-
formed in an inert atmosphere. The stability at high SOC follows
the opposite trend. With decreasing nickel content, the reversibil-
ity in the high-voltage range increases. This observation agrees
well with the increased surface stability of NCMs.[40] As for po-
larization, no differences that would be indicative of facilitated
lithium diffusion at low potentials are observed with decreasing
nickel content. In fact, polarization is more pronounced in the
case of IE-LNO.

2.7. Trends in Stability, Diffusion, and Jahn-Teller Distortion

To gain more insight into the impact of cobalt and man-
ganese substitution on lithium diffusion, the differential capacity
(dq/dV) curves shown in Figure 6f–i were compared. The peaks
seen for IE-LNO-W have previously been assigned to the same
transitions occurring in LNO prepared by conventional solid-
state synthesis,[27] and similar peaks are apparent for the IE-
NCM-W samples. In short, when going from low to high poten-
tial, the observed peaks correspond to the so-called “kinetic hin-
drance”, H1-M, M-H2, and H2-H3 transitions (see Figure 6g for
peak assignments). In the case of IE-LNO-W, the KH and H1-M
transitions are characterized by the presence of distinct peaks.
However, the M-H2 and H2-H3 transitions appear broadened
and shifted compared to IE-LNO. This may be caused by hystere-
sis at high SOC, which has been hypothesized to be due to slug-
gish (de)lithiation of a surface rock salt-type phase.[43] The forma-
tion of such a phase could be facilitated by lithium-to-proton ex-
change, a process known to occur when subjecting LNO to water
washing (and subsequent thermal decomposition of the result-
ing NiO(OH) phase during drying of the electrode).[41] An alter-
native explanation for the increased polarization is provided by
the theoretical work of Xiao et al. They hypothesize that lithium
diffusion from the H2 phase into the H3 phase is rate-limiting
during charging, causing a nucleation barrier for the formation
of (collapsed) NiO2.[44] Specifically, the free surface is assumed to
facilitate phase transitions by affecting the Li-Li interactions. In
a similar fashion, substitutional defects in the transition-metal
site may also facilitate the H2-H3 transition, as indicated by the

decrease in polarization. This observation falls in line with the
emergence of solid-solution behavior (see below).

As evident from the data in Figure 6, the KH and H1-M peaks
decrease with decreasing nickel content. This indicates slower
lithium diffusion at the end of discharge, as well as a reduc-
tion in the degree of monoclinic distortion. The latter can be ex-
plained by a weaker interplay between lithium/vacancy ordering
and Jahn-Teller activity of Ni3+ ions.[42,45] Also, the lower nickel
content and changes in oxidation state caused by Mn4+ residing
on the transition-metal site[46] contribute toward mitigating Jahn-
Teller distortion. At high SOC, the peaks related to the M-H2 and
H2-H3 transitions become more pronounced for IE-NCM95-W,
and they are less shifted compared to those of IE-LNO-W. How-
ever, a further increase in nickel content seems to broaden and
diminish the H2-H3 peak. The M-H2 peak, on the other hand,
clearly decreases with decreasing nickel content, similar to the
H1-M peak, which is due to the loss of Jahn-Teller-active species
and disruption of lithium/vacancy ordering, as explained above.

Regarding cycling stability (see Figure 6e,j), the polycrystalline
samples (IE-NCM95-W and IE-NCM88-W) deliver the highest
specific capacities, but also exhibit the most severe fading, which
is likely caused by intergranular cracking. By contrast, the more
isolated particles of IE-LNO-W and IE-NCM90-W deliver lower
specific capacities, but cells using these materials show better ca-
pacity retention. No clear correlation between capacity or capacity
retention and degree of substitution is observed since the effects
of processing likely outweigh the fine differences between the
stoichiometries tested.

Overall, the results achieved by reducing the nickel con-
tent seem to be threefold. First, stabilization of the high-
voltage regime is apparent, similar to conventionally synthesized
NCMs.[40] Similarly, in the literature, manganese incorporation
has been reported to negatively affect lithium diffusion, while
substitution with cobalt has beneficial effects on mobility.[21]

However, the authors commented on the possibility of variations
in cation intermixing being the cause of differences in diffusivity.
In the present work, the CAMs employed do not contain Ni∙Li de-
fects, thus ruling out the latter explanation. Another factor that
can affect the capacity in the KH region is the primary particle
(grain) size. The expected trend would be a decrease in capac-
ity loss with decreasing size. However, the opposite is observed
here. Therefore, a previously unreported mechanism seems to
affect lithium diffusion. Our hypothesis for this is the pinning
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of lithium vacancies, which would slow down diffusion and has
been shown to occur in the vicinity of Ni∙Li defects.[47] Lastly,
the data indicate changes to the degree of monoclinic distor-
tion, which may have several reasons. Loss of Jahn-Teller-active
species upon substituting nickel with cobalt and manganese and
reduction of the average nickel oxidation state due to manganese
incorporation are expected. Another reason could be the disrup-
tion of lithium/vacancy ordering due to the pinning of lithium
vacancies induced by the altered composition, as already men-
tioned with regard to the trends seen in lithium diffusion.

2.8. Operando XRD

Several factors were shown to contribute to the Coulomb effi-
ciency in the first cycle. In short, a combination of kinetic hin-
drance and material degradation yields the overall capacity loss.
For kinetic hindrance, a clear inverse correlation with nickel con-
tent is observed (the higher the nickel content, the lower the KH
loss), while the loss related to high-voltage degradation follows
the opposite trend. For the CAMs studied here, IE-NCM95-W is
found to exhibit the lowest first-cycle capacity loss.

To compare the structural evolution of IE-LNO-W, IE-NCM95-
W, and IE-NCM88-W during cycling, operando XRD measure-
ments were conducted on LIB half-cells. The data acquired and
the corresponding refinement results (see Experimental section
and Figures S6 and S7, Supporting Information, for details) are
shown in Figure 8. The cells were cycled in the potential win-
dow of 2.9–4.5 V versus Li+/Li at C/20, and the PXRD patterns
collected during discharge were analyzed by sequential Le Bail re-
finement. Due to thermal noise problems of the detector, some of
the patterns could not be used for reliable refinement. As can be
seen from the contour plot in Figure 8a, IE-LNO-W shows clearly
two-phase behavior in the high-voltage regime. The latter causes
minor variations in the lattice parameter a, with −0.5% differ-
ence between H2 and H3, while the lattice parameter c and the
unit-cell volume undergo relative changes of −8.4% and −9.1%,
respectively. For IE-NCM95-W, two-phase behavior in the H2-H3
region is still apparent, however, decreasing the nickel content
further leads to solid-solution behavior (see Figure 8b,c). The vol-
ume change during the phase transition decreases to −5.2% for
IE-NCM95-W. Also, the overall volume change from discharged
to charged state decreases from −12.7% for IE-LNO-W to −9.6%
for IE-NCM95-W (−9.3% for IE-NCM88-W). This result indicates
that increasing the nickel content from 88% or 95% to 100% has
a profound effect on the volume variation during cycling and
may help explain why CAMs with a very high nickel content typ-
ically experience stronger fading and oxygen evolution,[40] even
though the absolute volume change of NCMs is not much af-
fected by the nickel content.[2] Especially the abrupt volume vari-
ation and the co-existence of two, increasingly different phases,
as opposed to solid-solution behavior, are believed to negatively
affect stability. Furthermore, the results indicate a stabilizing ef-
fect of Ni∙Li defects on the high-voltage H2-H3 transition. This is
consistent with the calculated linear relationship between the po-
tential of the phase transition and the Ni∙Li fraction.[42] With 95%
nickel content, two-phase behavior is observed (i.e., the presence
of two distinct layered phases), while literature data indicate a
smoother transition for NCM95.[48] Hence, the results stress the

importance of intrinsic Ni∙Li defects for achieving long-term sta-
bility of state-of-the-art Ni-rich NCM and LNO CAMs. Accord-
ingly, Ni∙Li defects should be thought of as a functional modifica-
tion to the CAM, which can have beneficial and/or detrimental
effects on cycling performance.

With regard to the monoclinic distortion region, ranging from
3.6 to 3.9 V, distinct peak separation is observed for IE-LNO-
W, while IE-NCM95-W exhibits diffuse peaks and IE-NCM88-
W reveals single-phase behavior (in the range of 3.45–3.90 V).
Because monoclinic distortion is caused by the coupling of
lithium/vacancy ordering and Jahn-Teller-active Ni3+, it is ex-
pected that cobalt and/or manganese incorporation reduces the
degree of distortion by altering the overall nickel content, the
nickel oxidation state (only Mn4+), and the lithium distribu-
tion. Nevertheless, we find clear signs of monoclinic distor-
tion in the 95% nickel sample. Note that this may be more
pronounced due to the lack of Ni∙Li defects, which disturb the
lithium/vacancy ordering and introduce Ni

′

Ni defects (get oxi-
dized quickly upon charging though).[18,42,47] The monoclinic dis-
tortion in IE-NCM95-W is smaller than that of IE-LNO-W, which
is evident from the difference between the a* and b lattice param-
eters and 𝛽 (see Figure S8, Supporting Information).

Taken together, the operando XRD analysis reveals the pres-
ence of two-phase regions with relatively large changes in unit-
cell volume at high SOC, as well as a distinct monoclinic distor-
tion for IE-LNO. Upon cobalt and manganese substitution, the
phase transitions become less apparent. However, in comparison
to results available in the literature,[48] less solid-solution behav-
ior is observed. The absence of Ni∙Li defects seems to intensify the
differences between crystallographic phases and lead to a more
biphasic behavior. Intrinsic point defects likely stabilize LNO and
state-of-the-art Ni-rich CAMs against degradation, an effect that
should be considered when assessing the cycling performance of
such materials.

2.9. Vacancy-Pinning Hypothesis

In recent years, it has been shown that Ni∙Li defects can slow
down the kinetics of LNO both by diminishing the number
of ionic charge carriers and increasing the length of diffusion
paths.[18,42,47] The positive charge of excess nickel in the lithium
layer, along with the accompanying local chemo-mechanical
strain, creates an attractive potential for lithium vacancies that
also considerably lowers the migration barrier for a lithium va-
cancy to approach the defect, effectively making Ni∙Li defects sinks
for lithium vacancies. Following the same line of thought, we
conducted a similar study to investigate the thermodynamics of
lithium-vacancy formation in the vicinity of isolated cobalt and
manganese dopants in the nickel layer, corresponding to a con-
centration of 1.6% per layer or 0.8% per cell. We calculated the
vacancy-stabilization energy for individual lithium vacancies with
respect to the energy of the farthest vacancy from the dopant.

Figure 9 illustrates the top view of the Ni layer with the dopant,
where lithium sites in the Li layer are represented as small green
points. Superimposed on this view are color maps that depict
the vacancy-stabilization energy (see Figure 9a,b) and the volu-
metric strain experienced by each lithium-ion (see Figure 9d,e)
resulting from the substitution of nickel with cobalt and
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Figure 8. Contour plots of operando XRD data collected from a) IE-LNO-W, b) IE-NCM95-W, and c) IE-NCM88-W during discharge from 4.5 to 2.9 V
versus Li+/Li at a rate of C/20. d–f) Corresponding voltage profiles and results from sequential Le Bail analysis for g,j,m) IE-LNO-W, h,k,n) IE-NCM95-W,
and i,l,o) IE-NCM88-W.

manganese. The effect of Ni∙Li defects is shown in Figure 9c,f
for comparison. Upon initial observation, it becomes apparent
that the vacancy-stabilization energies are predominantly neg-
ative for both cobalt and manganese, suggesting a vacancy-
pinning effect akin to Ni∙Li. This effect is more pronounced in the

proximity of manganese than cobalt, evident from both the mag-
nitude of stabilization (energy scale) and the spatial extent of
the trapping pattern. The weaker influence of cobalt is consis-
tent with findings by Li et al.[49] The stabilization of specific
lithium sites can be partially explained by the volumetric strain

Adv. Funct. Mater. 2024, 2402444 2402444 (10 of 13) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 9. a,b,c) Lithium-vacancy stabilization energies and d,e,f) volumetric strains in the presence of dilute amounts of cobalt (blue) and manganese
substitutional dopants (purple) as well as Ni∙Li point defects (yellow). The underlying Ni─O lattice is depicted as gray polyhedra. Lithium sites in the Li
layer are indicated by small green points, with circular markers representing explicitly calculated points. The Li layer underneath the Ni─O layer shows
similar patterns, with the transition metal acting as an inversion center.

that occurs when cobalt or manganese substitutes nickel. No-
tably, the lithium site connected to the dopant through the previ-
ously elongated Jahn-Teller distorted Ni─O bond experiences the
highest strain. It is evident that substituting Ni3+ with a non-Jahn-
Teller-active ion inevitably introduces non-negligible local strain.
It is important to note that both strain and stabilization energy
exhibit centrosymmetry relative to the position of the dopant.
This indicates that similar pinning effects will also be observed
in the Li layer below the dopant. Therefore, the number of af-
fected lithium vacancies is twice what is shown in Figure 9. Del-
mas et al. linked the pinning of six lithium ions to each Ni∙Li
defect,[50] and we have explicitly computed that this is a realis-
tic estimate.[47] Based on visual inspection, manganese and es-
pecially cobalt seem to be less effective vacancy traps than Ni∙Li.
In the past, we have calculated the effects of vacancy pinning on
the smoothing of voltage profiles and the suppression of phase
transitions and compared them to experimental results,[42] con-
cluding that the major effect of substitutional strategies is the dis-
ruption of lithium/vacancy orderings, which in turn results in the
establishment of solid solutions and the progressive elimination
of phase transitions. However, both dopants are present simul-
taneously in NCMs and in greater concentrations, meaning that
their strain fields are bound to overlap and could lead to unex-
pected trapping patterns in these configurations. To gain a qual-
itative understanding, we conducted the strain analysis on a re-
laxed NCM88 model (Li128Ni112Co8Mn8O256) with uniformly dis-
tributed cobalt and manganese. Although even the distribution of
dopants is reasonable, it may not be realistic if the substituents
have a tendency to cluster or segregate. The strain analysis is pre-
sented in Figure S9 (Supporting Information), clearly illustrating
overlapping effects in close proximity to the substituents, as well
as in the regions between them.

3. Conclusion

LNO and the related Ni-rich NCMs intrinsically contain Ni∙Li sub-
stitutional defects, which are generally believed to be detrimental
by impeding lithium diffusion. Herein, we successfully studied a

series of Ni-rich cathodes synthesized by sodium-to-lithium ion
exchange. In contrast to state-of-the-art positive electrode mate-
rials, the ion-exchanged samples are devoid of Ni∙Li defects and
thus serve as an ideal platform to examine the intrinsic role of
transition-metal site dopants, without intermingling effects in-
duced by substitution and point defects. We find that the nickel
content affects the first-cycle specific capacity, with higher con-
centrations allowing for faster diffusion, particularly at the end
of discharge. We hypothesize a mechanism involving lithium-
vacancy pinning to be responsible for this observation and con-
firm the results by DFT calculations. However, lower nickel con-
tents are associated with increased stability at high SOC. The lat-
ter was studied in some more detail by operando XRD, indicat-
ing more severe phase transitions during cycling with approach-
ing 100 mol% nickel content. Furthermore, we demonstrate that
point defects help to mitigate the negative effects of electrode
breathing (volume variation) and suggest that the Ni∙Li fraction
should be considered more carefully when studying Ni-rich NCM
and NCA cathode materials, since the stabilizing effects of cobalt,
manganese, and Ni∙Li emerge simultaneously.

4. Experimental Section
Synthesis of NNO and Na-NCMs: Ni(OH)2 or co-precipitated NCM

hydroxide pCAM particles (BASF SE; d50 = 4.0 μm with 100:0:0, 95:4:1,
90:5:5, and 88:5:7 Ni:Co:Mn molar ratios) were mixed with 1.1 eq. NaOH
(Sigma-Aldrich) and, if stated, with 0.02 eq. ammonium paratungstate
(Sigma-Aldrich) using a laboratory grade blender. The powder mixtures
were first pre-annealed at 300 °C for 10 h in argon (unless stated otherwise
in the main text) with two atmosphere exchanges per hour. Subsequently,
the samples were mixed again under an inert atmosphere, followed by cal-
cination at 700 °C for 12 h in oxygen with two atmosphere exchanges per
hour and 3 K min−1 heating and cooling rates.

Ion-Exchange Procedure: Sodium-to-lithium ion exchange was accom-
plished by mixing NNO or Na-NCMs with LiNO3 (1:1 by weight) in a mor-
tar and pestle. The powder mixtures were then filled into alumina crucibles
and heated at 300 °C for 6 h, without control over the atmosphere. After
cooling to room temperature, the samples were washed twice with 1:10 by
weight of CAM to 0.025 m LiOH solution in DI water for a total of 30 min.
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Residual water was removed by washing with ethanol and acetone, fol-
lowed by drying under vacuum at 70 °C. Prior to electrochemical testing,
the samples were sieved using a 32 μm stainless-steel mesh.

Electrochemical Testing: The CAM particles were first mixed with
polyvinylidene difluoride binder (PVDF; Solef 5130, Solvay) and Super C65
carbon additive (TIMCAL Ltd.) in a ratio of 94:3:3 by weight and then cast
onto 0.03 mm thick aluminum foil using a stainless-steel blade with a slit
thickness of 140 and 200 μm for electrochemical and operando XRD test-
ing, respectively, using an Erichsen Coatmaster 510 applicator (resulting
in areal loadings of approx. 10 and 14 mg cm−2, respectively). The as-
prepared electrode tapes were dried in a vacuum at 120 °C, calendared
at 14 N mm−1 (Sumet Messtechnik), and cut into circular 13 mm diam-
eter discs. Coin cells were assembled using a glass fiber GF/D separator,
LP57 electrolyte (1 m LiPF6 in 3:7 by weight of ethylene carbonate and ethyl
methyl carbonate), and a lithium-metal anode in an argon glovebox.

SEM: Sample imaging/mapping was carried out using a LEO-1530
microscope (Carl Zeiss AG).

FIB Cutting: Electron-transparent samples were produced by the lift-
out technique using an FEI Strata 400 S dual-beam system. Sample dam-
age and amorphization from the gallium-ion beam were minimized by
stepwise reduction of the acceleration voltage from 30 to 2 keV during
the final thinning of the lamellae. Specimen preparation was immediately
followed by a TEM investigation.

(S)TEM: Measurements were carried out on a probe aberration-
corrected Thermo Fisher Scientific Themis Z microscope at 300 kV. EDS
maps were acquired using a Super-X EDX detector.

ICP-OES: A Thermo Fisher Scientific ICAP 7600 DUO was used for
ICP-OES analysis. Specifically, the samples were dissolved in an acid di-
gester in a graphite furnace. Mass fractions were obtained from three in-
dependent measurements. About 10 mg of material was dissolved in hy-
drochloric acid and nitric acid at 353 K for 4 h. The digested samples were
diluted for analysis. The range of calibration solutions did not exceed a
decade. Two or three wavelengths of the elements were used for quantita-
tive analysis.

PXRD: Patterns were collected on a STADI P (STOE) diffractometer
in Debye-Scherrer geometry using monochromatic Mo-K𝛼1 radiation (𝜆 =
0.7093 Å, 50 kV, 40 mA) and a Mythen 1K detector (DECTRIS AG). The
datasets were analyzed using the TOPAS-Academic v7 software. Le Bail
fitting was done first, in which background correction was applied by a
set of Chebyshev polynomials, and lattice parameters, zero-shift, axial di-
vergence, and crystallite size were extracted as Gaussian and Lorentzian
contributions. During Rietveld refinement, the parameters from Le Bail fit-
ting were first fixed, and the oxygen coordinates zO (LNO) and zO_1 and
zO_2 (NNO), site occupancies, and Debye-Waller factors were refined while
applying an absorption correction. Eventually, all parameters were refined
in parallel until convergence was achieved. The confidence intervals were
three times the estimated standard deviations as obtained from TOPAS-
Academic v7 software.

Solid-State NMR Spectroscopy: 7Li MAS NMR spectroscopy measure-
ments were carried out on a Bruker AVANCE NEO instrument at a mag-
netic field of 4.7 T, corresponding to a resonance frequency of 77.8 MHz.
Spinning was performed in 1.3 mm rotors at 55 kHz. NMR spectra were
acquired with a Hahn echo pulse sequence, a 𝜋/2 pulse length of 0.85 μs,
and a recycle delay of 1 s. The 7Li chemical shifts were referenced to a 1 m
LiCl solution at 0 ppm.

Operando XRD: The positive/negative caps and spacers of the coin-
cell casing were modified by electro-erosion to have a hole of 5 mm diam-
eter in the middle and then sealed with Kapton foil of 6 mm diameter and
160 μm thickness. The cells were cycled at a rate of C/20 using a Gamry In-
terface 1000 potentiostat, while patterns were collected simultaneously us-
ing an STOE Stadi-P diffractometer with a Mo anode. Data were acquired
in the range 5° < 2𝜃 < 37° with a collection time of 10.3 min per pattern.
Le Bail fitting was carried out sequentially on the diffraction data using
the TOPAS-Academic v7 software. The zero offset was refined for each cell
component individually, and the instrumental contribution to peak broad-
ening was determined by measurement of a LaB6 660b standard.

Theory: The Vienna Ab initio Simulation Package (VASP)[51,52]

was used to perform spin-polarized DFT calculations with projector-

augmented wave pseudopotentials[53,54] and the optB86b-VdW exchange-
correlation functional[55] that has recently been used to model intercala-
tion compounds.[36,42,56,57] Isolated cobalt and manganese dopants were
inserted in a 2·8·4 supercell of the P21/c cell of LNO, allowing for the
proper Jahn-Teller distortion caused by Ni3+ ions.[58,59] Structural mod-
els have been fully relaxed by releasing all degrees of freedom (ionic po-
sitions, cell shape, and volume) with a cutoff energy of 600 eV and a k-
point spacing of 0.5 Å−1 until the forces were lower than 10−2 eV Å−1. The
convergence criterion for the electronic self-consistent cycles was set to
10−5 eV; the minimum number of electronic self-consistency steps was set
to 6, which occasionally enforced tighter convergence. Atomic volumetric
strains were calculated using OVITO.[60]
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