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Abstract

Layered oxide cathode materials, such as LiNiaCobMncO2 or LiNiaCobAlcOz2, are sought
after mainly because of their high theoretical specific capacity. Especially those with a
high nickel content are being pursued to increase capacity and lower costs. In these
materials, substitutional defects are a common feature and typically associated with
poor overall quality. Herein, we employ a sodium to lithium ion exchange to produce
LiNiO2 (LNO) without such characteristic defects. Three different methods are used to
tailor the primary particle (grain) size over a broad range, and each material is
subjected to electrochemical testing. By analyzing the initial charge-discharge profiles,
we separate kinetic hindrance and structural degradation as two independent
contributions to the first-cycle capacity loss. We find that Nij; point defects stabilize
LNO at high potentials and help mitigate material degradation while leading to
incomplete discharge. The kinetic hindrance at the end of discharge vanishes upon
their removal, but the degradation at high states of charge becomes more pronounced.
We examine the cause of material degradation and corroborate the results by artificially
introducing pillaring Mg?* ions through a novel dual-ion exchange as a model system
for nickel substitutional defects. This methodology may be exploited to identify an
optimal concentration of pillar ions, especially in a range of defect densities that is
inaccessible by conventional solid-state synthesis.
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Introduction

Substitutional defects are present in cathode materials of the LiNiaCop,Mn:O2 (NCM or
NMC) and LiNiaCopAlcO2 (NCA) solid solutions.’® Especially the 100% nickel
endmember, LiNiO2 (LNO), is prone to off-stoichiometry, which strongly affects its
electrochemical behavior.* Typically, LNO is made through solid-state synthesis in an
oxygen atmosphere at high temperatures. This thermal process leads to an inherently
“lithium deficient” or “off-stoichiometric” LNO of the general formula Lii-;Ni1+,02.4°
Depending on the relative ratio of nickel to lithium, as well as the calcination
temperature, different types of defects can emerge. For example, Ni/Li antisite defects,
which refer to Liy; and Nij; point defects (Kroeger-Vink notation), are only observed for
large off-stoichiometries of z 2 0.15.7 For the close-to-stoichiometric LNO, which is the
material of interest for lithium-ion battery (LIB) application, only Nij; defects,
accompanied by Niy; for charge compensation, are the prevailing defects and should
be considered for understanding the electrochemistry of LNO.” In the context of this
study, for simplicity, we only mention the Nij; defects when referring to the combination
of Nif; and Niy;.2 Note that these substitutional defects are a result of both incomplete
oxidation of Ni?* to Ni®* and the similar ionic radii of Ni’* and Li*, and are as such
inherent to LNO prepared by solid-state synthesis.?-10

Optimized calcination protocols and careful stoichiometric control can achieve defect
concentrations of no lower than 1.6 mol% of Nij; with respect to nickel.11:12
Furthermore, only the annealing step seems to be crucial for the fraction of Nij;, as no
signs of nickel migration in the bulk are found during cycling in the stable
electrochemical window of LNO in recent studies, although this is still a subject of
debate.1%13 This is not least caused by the experimentally challenging characterization
and quantification of point defects. Common ways to probe Nij; are a combination of
powder X-ray (PXRD) and neutron diffraction (ND), magic-angle spinning nuclear
magnetic resonance (MAS NMR) spectroscopy, and magnetometry.*12.14

Achieving a low Nij; defect density is considered desirable, as the specific charge and
discharge capacities increase due to facilitated lithium diffusion, but other effects have
been reported, t00.1° Increasing the fraction of nickel substitutional defects increases
the potential at which the so-called H3 phase forms (the last reversible transition during
the LNO charge/discharge).*> When going beyond this transition, the H4 phase forms,
which is associated with oxygen release and irreversibility.161” High defect
concentrations of = 7.2 mol% suppress this phase transition completely, which may be
indicative of the stabilizing properties of Nij; defects.’® Another aspect is their relation
to the first-cycle capacity loss, as reported by Arai et al., Delmas et al., and Bianchi et
al. In particular, they emphasized the need of lowering the defect density for decreasing
first-cycle loss.1%?! Subsequent studies did not find this correlation and instead
proposed a direct link between first-cycle loss and primary particle size of the active
material.1%1222 However, since Nij; defects affect the lithium transport properties
through vacancy trapping and by acting as a diffusion barrier, it is difficult to distinguish
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between the influence of point defects and size effects, which arise at different
calcination temperatures.?3 This intrinsic convolution of particle size and defect density
contributions to the electrochemical performance demand further study, as particularly
for single-crystalline morphologies diffusion-induced capacity loss can be
substantial.?224

Recently, we have developed a method to prepare LNO that is free of Nij; defects by
synthesizing perfectly layered NaNiO2 (NNO) and then conducting sodium to lithium
ion exchange in molten salts (yielding ion-exchanged LNO, referred to as IE-LNO).14
In this study, we report on the particle-size-dependent electrochemistry of single crystal
IE-LNO cathodes and correlate capacity loss and stability to grain (primary particle)
size and Nij; defects being present or absent. We stress the ambivalent character of
Nij; defects, which act similarly to (stabilizing) pillar ions but impede the lithium
diffusion at the same time. Upon their removal, these effects are reversed. This means
that the charge transport improves while material stability decreases, tilting the see-
saw-like behavior to the other extreme.

Results and Discussion
Optimization of LNO Synthesis

Solid-state synthesis of NNO leads to single-crystalline particles with uniform
distribution of sodium and nickel, as can be seen from the scanning transmission
electron microscopy (STEM) image and energy dispersive X-ray spectroscopy (EDS)
maps in Figure la-c. High-resolution TEM (HRTEM) imaging of focused ion beam
(FIB) cross sections indicates that there is little strain or bending of individual nickel
oxide slabs in the as-made NNO (Figure 1d) and the surface is covered by an
amorphous layer, likely residual NaOH (Figure 1e). When this material is subjected to
ion exchange and washed with water, the overall morphology is retained, but the
internal structure exhibits abundant intragranular cracks and domains of high sodium
content (Figure 1f-j). These sodium-rich domains may be caused by sluggish diffusion
because of crack formation or inhibition of ion exchange at the lithium-rich surface.

As shown in our preceding work, post-annealing of the IE-LNO at elevated
temperatures produces a material with = 5 mol% Nij; defects, which seems to be due
to sodium diffusing out of the structure and being replaced by Ni?*. For this reason, it
was tested whether additional lithium can prevent structural degradation upon heating
in order to preserve a low- or ideally zero-defect state. To this end, the IE-LNO was
combined with 10 mol% LIOH-H20 and annealed at 700 °C for 6 h (referred to as IE-
LNO+LiOH-6h). Rietveld analysis of PXRD data collected from this material reveals a
defect concentration of 2.5(3) mol% Ni;; (Table 1). When the material is annealed at
the same temperature for 40 h (referred to as IE-LNO+LiOH-40h), a decrease in defect
concentration to 1.6(2) mol% is observed, which is comparable to that of the
polycrystalline reference LNO (referred to as PC-LNO). Electron microscopy images
of this annealed material indicate the presence of rhombohedral voids (Figure 1k-0),
containing sodium on their inner surfaces. Apparently, the cracks heal out and
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rearrange to form said voids, and the residual sodium diffuses toward the surfaces,
where it is deposited as an oxide. In the remaining bulk structure, no sodium is detected
by EDS. Therefore, annealing seems to be effective at removing sodium from the
layered phase, but it also leads to the formation of voids and Nij; defects. The voids
are believed to still hinder lithium diffusion, similar to the cracks that are present prior
to heating. In addition, post-annealing re-introduces point defects and is therefore not
suited for retaining the initially Nij;-free nature. Instead, sodium should be removed
completely in a temperature range where substitutional defects do not form.
Nevertheless, the IE-LNO+LiOH-40h material exhibits improved capacity over IE-LNO
annealed in the absence of LIOH-H20 (Figure S1, Supporting Information).

Figure 1. (a) STEM and (b,c) EDS results for FIB-cut NNO. HRTEM of (d) NNO bulk
and (e) particle edge. (f) TEM and (g,h) EDS results for FIB-cut IE-LNO. HRTEM of (i)
IE-LNO bulk and (j) particle edge. (k) TEM and (I,m) EDS results for FIB-cut IE-
LNO+LiOH-40h. HRTEM of (n) IE-LNO+LiOH-40h bulk and (o) particle edge.



Table 1. Results from Rietveld analysis of the PC-LNO and IE-LNO samples before
and after annealing in the presence of LiIOH-H20.

Sample Rwp [%]  Reragg [%0] a[A] c [A] V [A3] Defects [mol%]
PC-LNO 11.0 2.1 2.8733(1) 14.1854(6)  101.42(1) Nit, 1.7(2)
Nif; O
IE-LNO 11.5 1.8 2.8746(6) 14.1968(54) 101.70(2)
Naj; 5.0(8)*
IE-LNO+LIOH-
o 15.6 2.0 2.8758(1) 14.1781(12) 101.55(1) Nif; 2.5(3)
IE-LNO+LIOH-
Jo 10.3 1.7 2.8750(1) 14.1765(12) 101.48(1) Nif; 1.6(2)

*From PXRD and NMR spectroscopy4

A promising strategy to avoid the aforementioned problem of incomplete ion exchange
is the application of sufficiently small crystallites that allow for short sodium diffusion
path lengths. Control over the NNO particle (grain) size can be achieved by varying
the annealing temperature in the range of 450-750 °C.'* Furthermore, using NaOH
instead of Na20:2 as precursor (sodium source) leads to a decrease in primary particle
size.

Temperature-Based Particle Size Tailoring

A series of NNO samples with different particle sizes was synthesized by heating
NaOH with Ni(OH)z at 450, 600, and 700 °C, as well as by heating NiO nanopatrticles
with Na202 at 750 °C (referred to as NNO-3, with 9 being the temperature). These NNO
samples were then subjected to ion exchange (referred to as IE-LNO-3; see
Experimental section for details). As can be seen from the scanning electron
microscopy (SEM) images in Figure 2a-d, the particle size increases with increasing
temperature. The size distribution is relatively broad, with dso values ranging from 480
nm for IE-LNO-450 to 6.67 um for IE-LNO-750 (Figure 2e). With regards to faceting,
no obvious correlation to the particle shape is apparent, even though they are not
completely spherical. After ion exchange, the crystallites appear to be well separated,
and virtually no agglomeration of the monolithic particles is observed. As expected, the
materials crystallize in the R-3m space group, and Rietveld analysis reveals similar
lattice parameters for all samples (Table 2), in good agreement with literature results.®
Therefore, we assert that the particles are of single-phase nature. However,
particularly the larger particles may still contain residual sodium, as is evident from the
decrease of Najf; to 0 mol% with decreasing patrticle size. This is confirmed by EDS
measurements conducted on IE-LNO-700; small particles do not contain sodium, but
larger particles exhibit the sodium-rich domains described above (Figure S2,
Supporting Information). The evolution of lattice parameters corroborates this finding,
with decreasing values for a and V with decreasing grain size. IE-LNO-750 shows a
smaller c-parameter, which might be related to the different (more oxidizing) sodium
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precursor used in the synthesis. Nevertheless, a clear trend of increasing cell volume
and lattice parameters with increasing temperature is found for the parent NNO
samples (Table S1, Supporting Information). Overall, controlling the annealing
temperature yields the desired materials, namely a size-tailored IE-LNO series.

The IE-LNO samples were then subjected to electrochemical testing at C/10 rate in
LIB half-cells (3.0-4.3 V vs. Li*/Li). As is shown in Figure 2f-i, the first-cycle specific
discharge capacities are rather low, with the highest achieved with IE-LNO-700 and
IE-LNO-450 with qdis = 173 and 152 mAh/gLno, respectively. No clear trend between
particle size and capacity is found. However, the first-cycle capacity loss does show a
distinct trend and decreases from about 31 to 8% with decreasing particle size.
Furthermore, the differential capacity curves for the second cycle in Figure 2j-m reveal
differences for the different IE-LNO samples. The observed dqg/dV peaks have been
previously assigned to structural transitions that are well known for LNO produced by
solid-state synthesis.’#?5-28 |n short, when charging the material, a peak that is
associated with high diffusivity or small particle size (strongly dependent on the lithium
intercalation at the end of discharge; in a region of the discharge profile where lithium
diffusion is hindered), commonly referred to as kinetic hindrance (KH), is observed
first.2%30 The following peaks are typically labeled as H1-M, M-H2, and H2-H3, as
shown in Figure 2k. The largest particles (IE-LNO-750) exhibit a high overpotential,
and the phase transitions appear broadened when compared to IE-LNO-700. Upon
moving to smaller particle sizes, the high-voltage transitions, M-H2 and H2-H3,
become less intense, broadened, and shift outside the operating potential window.
Also, the onset of the H3-H2 transition during discharge shifts to lower potentials with
decreasing particle size, while the other peaks do not show a similar shift. By the same
token, the low-voltage peaks, especially the KH peak, become more pronounced. This
could be the reason why the first-cycle loss decreases with decreasing particle size,
as the re-lithiation of the material becomes more effective. At the same time, these
smaller particles cannot be fully charged due to voltage hysteresis, which is increased
at high states of charge (high degrees of delithiation) and has been linked to surface
densification.'® Indeed, if the cells are operated at 4.8 V vs. Li*/Li, the specific
discharge capacity increases significantly, e.g., from qdis = 152 mAh/gwno to 191
mAh/gwvo for IE-LNO-450 (Figure S3, Supporting Information). Also, the smaller
particles are likely to undergo more side reactions (surface degradation) due to their
higher relative surface area.3! For example, the particles need to be subjected to water
washing in order to get rid of the salt used for ion exchange, which is known to cause
lithium to proton exchange and subsequent formation of surface impurities, potentially
lowering the fraction of active material.®? In essence, two counteracting effects are
observed in IE-LNO: (i) Destabilization of high states of charge and (ii) faster diffusion
and therefore improved capacity retention in the first cycle when moving to smaller
particles. One can visualize these opposing effects as the two sides of a see-saw, with
optimal balance of both resulting in minimal first-cycle capacity loss.
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Figure 2. Analysis of temperature-based size tailoring of IE-LNO. SEM images of (a)
IE-LNO-750, (b) IE-LNO-700, (c) IE-LNO-600, and (d) IE-LNO-450. (e) Corresponding
particle size distribution. (f-i) First-cycle charge/discharge and (j-m) second-cycle
differential capacity curves at C/10 rate (3.0-4.3 V vs. Li*/Li). The electrochemical data
are in the same order as in panels (a-d).

Table 2. Results from Rietveld analysis of the temperature-based, size-tailored IE-LNO

samples.
Sample
IE-LNO-450
IE-LNO-600
IE-LNO-700

IE-LNO-750

Rup [%]

15.7

14.9

115

14.0

Reragg [%0]

4.3

4.8

18

3.2

a[A]
2.8731(12)
2.8747(9)
2.8746(6)

2.8816(6)

c [A]
14.1876(90)
14.1854(30)
14.1968(54)

14.1647(41)

V [A3]

101.42(12)
101.51(3)
101.70(2)

101.86(2)

Naj [mol%]
0
0.7(2)
5.0(8)

7.8(8)



Ball-Milling-Assisted Particle Size Tailoring

To test whether the effects observed with the temperature-based size control are of a
more general nature, two other methods for tailoring the grain size of the parent NNO
phase were applied. One of these is high-energy milling. Ball milling is an effective
method to decrease particle size, with higher energy input and longer milling times
leading to smaller particles. We specifically focused on the largest NNO patrticles,
namely NNO-750. The latter material was milled at 300, 400, and 600 rpm for 10 min,
and the as-made powders were then subjected to ion exchange (products are referred
to as IE-LNO-Xrpm). With increasing rotational speed, particles with sizes ranging from
dso = 1.64 pm for IE-LNO-300rpm to 268 nm for IE-LNO-600rpm are obtained, as
shown in Figure 3a-d. The size distributions are broader than those of the IE-LNO-9
samples. Already after milling at 300 rpm, nanoscale particles are present, which likely
originate from chipping of the NNO-750, while the large particles remain mostly intact.
This is also visible from the size analysis in Figure 3d, revealing a broad tail toward
very small particles. Furthermore, the larger particles appear to be partially cracked,
thus evidencing high mechanical stress. Structural analysis confirms all ion-exchanged
materials to conform to the R—3m space group. We find increased c-parameter values
and decreased Naj; defect concentrations for the ball-milled materials (Table 3).
However, even for the smallest particles, IE-LNO-600rpm, substitutional defects are
observed by PXRD. The presence of sodium is further corroborated by EDS (Figure
S2, Supporting Information). The latter could be the result of severe damage to the
layered structure, leading to sodium trapping within the bulk. Indeed, the particle core
of IE-LNO-600rpm is found by STEM to be non-uniform.

The materials were also electrochemically tested in LIB half-cells at C/10 rate. As
mentioned above, IE-LNO-750 exhibits poor performance, which is due in part to the
presence of large particles and high overpotential. Upon decreasing the particle size
by milling, the specific charge and discharge capacities increase. Furthermore, the
first-cycle capacity loss decreases from about 31 to 12% (Figure 3e-g), similar to the
observations made for the temperature-based size tailoring. The re-lithiation is
rendered more effective with decreasing particle size (i.e., the KH peak intensity
increases with decreasing particle size). However, as for the high-voltage region, no
clear trend is observed with these samples, as the M-H2 and H2-H3 transitions appear
broadened and are partially shifted outside the potential window (Figure 3h-j). Overall,
the results point to better cycling of the smaller particles, which is likely due to improved
diffusion during ion exchange and battery operation. While being effective at reducing
the overall grain size, ball milling does not seem promising for obtaining narrow size
ranges of particles. Apart from that, sodium remains trapped within the structure
irrespective of the grain size, likely due to some loss of long-range order because of
mechanically introduced disorder. This in turn reduces the specific capacity to such an
extent that this method was not pursued further.
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Anti-Sintering Particle Size Tailoring

The third method to tailor particle size relies on controlling the sintering of the NNO
grains during calcination. For LNO, ammonium paratungstate (APT) addition has been
shown to prevent growth by acting as an anti-sintering agent.33 Inspired by this finding,
we tested whether a similar growth inhibition would be observed in the preparation of
NNO. To this end, syntheses with 0.1, 0.5, 1.0, and 2.0 mol% tungsten from APT were
performed and the as-made materials probed using PXRD. All samples conform to the
monoclinic structure of NNO (C2/m space group), with minor differences in cell volume
and lattice parameters among them (Table S1, Supporting Information). Note that
larger differences would be indicative of tungsten inclusion. However, small amounts
of rock-salt-type NiO are observed, except for the sample containing 0.5 mol%
tungsten, which likely originates from experimental variation during calcination (Figure
S4, Supporting Information). Additionally, WOs3 residues are detected for the sample
containing 2 mol% tungsten. The NNO particles were also subjected to ion exchange,
and the resulting materials (Figure 4a-d) are referred to as IE-LNO-YW hereafter (Y
being the nominal mol% of tungsten from APT with respect to nickel). Structural
analysis by Rietveld refinement suggests that all products are phase pure LNO (Table
4). Yet, they still contain NiO impurities, as they are carried over from the respective
NNO materials. For the smaller particles, the presence of Naj; defects is also apparent,
while inductively coupled plasma-optical emission spectroscopy (ICP-OES) reveals a
decreasing trend in the overall sodium content with decreasing particle size (Table 4),
similar to the temperature-based size tailoring. Therefore, the higher Naj
concentration seen for the smallest particles is likely caused by the rock-salt-type NiO
(or partially decomposed LNO), which forms because of the increase in specific surface
area (higher tungsten content) combined with water washing and drying and can be
misinterpreted in Rietveld analysis as excess electron density in the lithium slab. The
smaller particles also give rise to broader and less intense reflections, a sign of their
nanoscale nature and/or presence of strain, rendering pattern refinements more
challenging. The patrticle size is found to be similar for the IE-LNO-1.0W and IE-LNO-
2.0W samples, with dso = 191 and 226 nm, respectively (Figure 4e). Hence, APT
addition of 1.0 mol% is sufficient to prevent sintering of the NNO grains. ICP-OES
measurements also reveal the presence of tungsten in the samples, yet in lower levels
than nominally used. This could be related to tungsten being located on the particle
surface from which it can be removed, especially during water washing, if soluble or
readily suspendable species are present.

Eventually, the IE-LNO-YW cathode materials were cycled in LIB half-cells. A similar
trend to that observed with the temperature-based and ball-milling-assisted, size-
tailored samples is found. With decreasing particle size, the capacity increases (Figure
4f-i). IE-LNO-1.0W delivers the highest first-cycle specific discharge capacity of qdis =
186 mAh/gLno. Again, the KH region becomes more pronounced and the high-voltage
transitions are muted with decreasing particle size (Figure 4j-m), perfectly following
the trends outlined by the size-tailoring methods described above.
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Figure 4. Analysis of anti-sintering size tailoring of IE-LNO. SEM images of (a) IE-
LNO-0.1W, (b) IE-LNO-0.5W, (c) IE-LNO-1.0W, and (d) IE-LNO-2.0W. (e)
Corresponding particle size distribution. (f-i) First-cycle charge/discharge and (j-m)
second-cycle differential capacity curves at C/10 rate (3.0-4.3 V vs. Li*/Li). The
electrochemical data are in the same order as in panels (a-d).
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Table 4. Results from Rietveld analysis and ICP-OES of the anti-sintering, size-tailored
IE-LNO samples.

Sample Rwp [%]  Reragg [%0] a[A] c [A] V [A3] Naj; [mol%]
IE-LNO-0.1W 15.2 3.4 2.8750(12) 14.2009(120) 101.65(12) 0.6(7)
IE-LNO-0.5W 17.7 4.7 2.8760(6)  14.1889(66)  101.65(7) 0
IE-LNO-1.0W 14.9 35 2.8766(4)  14.2012(41)  101.77(2) 1.8(10)
IE-LNO-2.0W 16.3 3.7 2.8775(12) 14.1768(156) 101.65(15) 2.4(21)

Sample Li [%] Na [%] Ni [%] W [%] O [%]
IE-LNO-0.1W 95.2 3.1 100 0.07 215.2
IE-LNO-0.5W 108.7 2.6 100 0.25 261.4
|E-LNO-1.0W 0.82 2.1 100 0.43 206.3
IE-LNO-2.0W 93.1 1.2 100 0.40 208.5

When the tungsten source is added after the pre-annealing step during the NNO
synthesis, a different particle morphology is obtained than with tungsten addition to the
initial hydroxide precursor mixture prior to heating. After ion exchange, the primary
particle agglomerates (secondary particle morphology) remain mostly intact, as shown
in Figure 5a. For that reason, the resulting material is referred to as polycrystalline IE-
LNO (here, IE-LNO-2.0W-PC). PXRD analysis of this sample reveals the presence of
trace amounts of WOs impurities (Figure S4, Supporting Information). However, the
main phase crystallizes in the R—-3m space group; the refined lattice parameters and
results from ICP-OES are given in Table 5. The size distribution of the primary
particles, which are visible on the surface of the secondary particles, is similar to that
of IE-LNO-2.0W, although some larger grains can be observed and the median size
decreases from dso = 226 to 166 nm (Figure 5b). The STEM/EDS results in Figure
5e-g indicate that the interior of the secondary particles also consists primarily of
nanoscale grains. As can be seen from the mapping results in Figure 5h-k, no clear
accumulation of tungsten at the grain boundaries is found. In HRTEM (Figure 5| and
n) of the areas marked in Figure 5m, a well-layered structure without strain in the
nickel slabs and the presence of minor amounts of rock-salt-type NiO toward the
particle surface are evident.

Interestingly, this material is capable of delivering much higher capacities than the
single-crystalline particles (Figure 5c¢). A first-cycle specific discharge capacity of quis
= 204 mAh/gLno is achieved with the IE-LNO-2.0W-PC, compared to 172 mAh/gLno for
IE-LNO-2.0W and 186 mAh/guno for IE-LNO-1.0W. The preservation of the secondary
particle morphology seems to help protect the IE-LNO (free) surface from degradation
during ion exchange, washing, and cycling. The corresponding differential capacity
curve (Figure 5d) reveals the same transitions observed in the IE-LNO materials
discussed previously. The peak ratios closely resemble those of IE-LNO-1.0W and IE-
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LNO-2.0W while showing distinct features in the KH and high-voltage regions.
Consequently, this route represents the best way for preparing a competitive material
and was further used in a comparison with PC-LNO.
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Figure 5. Structural and electrochemical analysis of IE-LNO-2.0W-PC. (a) SEM image,
(b) particle size distribution, and (c) first-cycle charge/discharge and (d) second-cycle
differential capacity curves at C/10 rate (3.0-4.3 V vs. Li*/Li). (e-k) STEM/EDS results.
(I,n) HRTEM of the particle edges [parallel () and perpendicular (n) to the layering
direction], with the respective areas indicated in the STEM image in panel (m).
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Table 5. Results from Le Bail analysis and ICP-OES of the IE-LNO-2.0W-PC and IE-
LNO-2.0W-PC-Mg samples.

Sample Rwp [%]  Raragg [%0] a[A] c [A] V [A3]
IE-LNO-2.0W-PC 16.9 3.8 2.8734(2) 14.1677(300)  101.31(24)
IE-LNO-2.0W-PC-Mg  18.2 3.7 2.8790(15) 14.1943(810) 101.887(162)

Sample Li [%] Na [%] Mg [%] Ni [%] W [%] O [%]
IE-LNO-2.0W-PC 92.8 2.1 - 100 0.38 211.5
IE-LNO-2.0W-PC-Mg 91.0 0.4 1.49 100 0.41 201.5

In summary, three different particle-size-tailoring methods were tested to gain insight
into the electrochemistry of Nij;-free LNO particles. All of them generated phase pure
IE-LNO materials, with minor amounts of rock-salt-type NiO for the tungsten-based,
anti-sintering approach. The specific capacities differ substantially among the samples
from the different methods, but within each set clear size trends are observed. The
reasons for the differences in performance are described above. In short, even the
smallest temperature-tailored particles, IE-LNO-450 (dso = 480 nm), are much larger in
size than the smallest particles from the other two series, namely IE-LNO-600rpm and
IE-LNO-1.0W with dso = 268 and 191 nm, respectively. The best performance in all IE-
LNOs is achieved with IE-LNO-2.0W-PC, which exhibits the smallest primary particle
size (dso = 166 nm) and benefits from a secondary particle morphology.

Individual Contributions to First-Cycle Capacity Loss

To further study the effect of the particle size on electrochemical performance, the
relative capacity loss on the initial cycle, commonly known as first-cycle loss, was
examined in some more detail. The corresponding results are shown in Figure 6a. A
correlation between grain size and first-cycle loss is found for all size-tailoring methods,
and an even closer correlation is observed within each set of samples. For the
temperature-tailored materials, the lowest loss at a given patrticle size is found, while
the relative losses are similar for ball milling and anti-sintering. This could be related to
surface degradation upon milling and tungsten addition, which negatively affects
diffusion (charge transport) in these particles. To determine the individual contributions
to the first-cycle loss, a separation of capacity loss from KH at low potentials versus
that at high states of charge was attempted. To this end, the charge curves were
aligned in what we deem a non-critical region of good stability and maximum diffusion,
namely the monoclinic phase at ~4.0 V during charge and ~3.9 V during discharge
(Figure S5, Supporting Information). This allows separating contributions to the first-
cycle loss from features above and below 3.9 V, which we assume can be attributed
to KH at < 3.9 V and structural degradation at > 3.9 V.
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If this analysis is carried out on the reference material (PC-LNO), capacity losses of
about 1% at high states of charge and 12% due to KH are found. From this result, we
conclude that in conventional LNO the first-cycle loss is dominated by KH, and
degradation at high potentials plays a minor role, as already reported for NCMs and
LNO.133435 For IE-LNO, on the other hand, a much larger loss at high states of charge
of ~5 to 10% is observed, as shown in Figure 6b. This loss is slightly increased for the
larger particles and is therefore most likely not directly connected to surface
degradation, as in this case, an increase with decreasing particle size would be
expected.?? This raises the question of the origin in the bulk material. A possible
explanation is layer gliding (note that intragranular cracking has been linked to planar
slipping in monolithic particles),®® with pillaring defects likely preventing the
translational movement of NiO2 slabs and rather causing the formation of stacking
faults.?® Because of the presence of microcracks in the uncycled materials, this
hypothesis could not be validated though. By contrast, the KH loss is strongly
correlated with particle size and can be decreased from about 23% to almost 2% by
decreasing grain size. Regarding KH, IE-LNO seems to be superior to PC-LNO, even
if the size of the single-crystalline particles is larger than that of the primary grains, as
is the case for IE-LNO-450.12

The effects of avoiding Nij; defect formation seem to be twofold. On the one hand,
diffusion is markedly facilitated, which helps to mitigate KH loss. However, a second
loss feature at high states of charge becomes apparent that is usually not observed,
as it is weak enough to be ignored in reference LNO. It is well known that defective
LNO is unstable at high potentials and tends to form warped layers and release
oxygen.*1327\We therefore liken the effects of substitutional point defects to a see-saw,
balancing between improved diffusion and deteriorated stability as the Nij;
concentration approaches 0 mol%.
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Figure 6. (a) First-cycle capacity loss as a function of particle-size distribution (dso is
represented by symbols) for the different IE-LNO samples. (b) Corresponding
separation of contributions to the capacity loss above and below 3.9 V vs. Li*/Li.
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Further electrochemical analysis was performed to shed more light on the high-voltage
degradation. To confirm that the reported effects originate from the lack of pillaring Nij;
defects, Mg?* ions were introduced into the lithium site (for mimicking point defects
considering the same oxidation state and similar size of Mg?* and Ni?* in octahedral
coordination).®’ Firstly, it was attempted to introduce Mg?* during the synthesis of NNO.
Here, increasing doping levels are accompanied by decreasing monoclinic distortion
(Figure S6, Supporting Information), typically present in NNO due to Jahn-Teller
distortion of Ni**. This leads us to the conclusion that Mg?* likely occupies the nickel
site in NNO and will maintain its position upon ion exchange. Indeed, even in solid-
state syntheses of LNO, Mg?* is found to occupy the lithium and nickel sites in a
complex substitution pattern.3 Hence, with the larger Na* ions being present, Mg?*
and similar-sized ions, such as Zn?*, preferentially occupy the transition-metal site.3’
To still introduce Mg?* into the lithium site in IE-LNO, a dual-ion-exchange method was
devised. Here, sodium ions are simultaneously replaced with lithium and magnesium
ions from a molten salt mixture of lithium and magnesium nitrates. In this example, a
salt melt containing 1 mol% magnesium nitrate was prepared and used in the ion
exchange of polycrystalline NNO containing 2 mol% tungsten from the anti-sintering
approach. The magnesium concentration was found to be 1.49 mol% by ICP-OES
(Table 5). Compared with IE-LNO-2.0W-PC, this material (referred to as IE-LNO-
2.0W-PC-Mg) shows a larger c-parameter and cell volume, which is indicative of
successful pillaring through dual-ion exchange. It was then used to re-establish the
conclusions from the preceding analyses while having the same synthesis history as
the unpillared IE-LNO samples.

To fully address the reversible capacity, both the potential window was slightly widened
from 3.0-4.3 to 2.9-4.35 V vs. Li*/Li, and the C-rate was lowered to C/20. Under these
conditions, initial specific capacities of gch = 255 and 239 mAh/gLno and qdis = 222 and
221 mAh/gino were achieved with PC-LNO and IE-LNO-2.0W-PC, respectively,
corresponding to 13 and 8% first-cycle loss. Because of the polycrystalline
morphology, the ion-exchanged LNO is able to deliver similar capacities to
conventional LNO despite water washing. This could indicate that a pristine, defect-
free LNO would perform even better, but such a material cannot be produced at
present. The IE-LNO-2.0W-PC-Mg sample achieved gch = 223 mAh/gLno and qais = 192
mAh/guvo (14% first-cycle loss). The capacity loss separation was conducted on all
three samples, as can be seen in Figure 7a, e, and i. As mentioned previously, PC-
LNO shows mainly KH loss, while the IE-LNO materials exhibit contributions from both
loss features.

Next, the capacity retention in the regions of interest was examined by galvanostatic
cycling in the potential windows of 3.0-3.9 V for the KH loss and 3.9-4.3 V to study the
loss associated with high states of charge. The initial voltage profiles and the capacity
retentions over 15 cycles of LIB half-cells using the different samples are shown in
Figure 7b, c, f, g, j, and k. Cycling below 3.9 V leads to a large initial capacity loss of
17% (with respect to the specific charge capacity delivered between 3.0 and 4.3 V vs.
Li*/Li) and then stable behavior for PC-LNO, whereas for both ion-exchanged samples

the first-cycle loss is followed by a capacity creep toward higher discharge capacities.
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This could point to changes in surface structure upon consecutive cycling, e.g., by
removing carbonates. If the highest capacity that is achieved after a few cycles is
considered as the true value, overall low capacity losses of about 8 and 10% are
observed for IE-LNO-2.0W-PC and IE-LNO-2.0W-PC-Mg, respectively. The latter
sample therefore falls in between the two extremes of no pillaring as in IE-LNO-2.0W-
PC and Nij; defect-pillaring in PC-LNO.

Cycling to high potentials, on the other hand, leads to larger relative first-cycle losses
of 24 and 23% for the ion-exchanged material without magnesium and with
magnesium, respectively, whereas 4% capacity loss is observed for PC-LNO. All
values here are somewhat larger than what is achieved by the separation method used
above. This is due to the narrower potential window and large overpotentials for the
ion-exchanged samples. This systematically excludes full discharge at 3.9 V and
causes an apparently larger first-cycle loss in the high-voltage region. The consecutive
cycles show continuous capacity decay to such an extent that 29% of the discharge
capacity is lost after 15 cycles in the case of PC-LNO. For IE-LNO-2.0W-PC and IE-
LNO-2.0W-PC-Mg, capacity losses of 45 and 7%, respectively, are found. This
indicates an increase in long-term stability that is re-introduced into the material by
incorporation of Mg?* ions and further suggests that Nij;-free LNO can even surpass
the intrinsic stability of PC-LNO (if stabilized by other means). This result is also
corroborated by long-term cycling data (Figure S7, Supporting Information), revealing
45, 52, and 60% capacity retention for PC-LNO, IE-LNO-2.0W-PC, and IE-LNO-2.0W-
PC-Mg, respectively, after 100 cycles at C/3 rate in the potential window of 2.9-4.35 V
vs. Li*/Li.

To gain more insight into the role that diffusion plays in the observed behaviors,
galvanostatic intermittent titration technique (GITT) measurements were performed
(Figure S8, Supporting Information). The extracted open-circuit voltage (OCV) curves
are presented in Figure 7d, h, and |. For PC-LNO, almost no difference to cycling at
C/20 is observed at high potentials, whereas at the end of discharge a divergence of
the curves is apparent. This stands in contrast to IE-LNO-2.0W-PC, for which a large
overpotential at high states of charge and striking similarity between the OCV curve
and the first-cycle voltage profile in the KH region are observed. This is indicative of
facilitated diffusion at the end of discharge and seems to be due to the removal of Nij;
as physical barrier and the increase in vacancy concentration, which would otherwise
be trapped by the point defects. Again, IE-LNO-2.0W-PC-Mg shows an intermediate
behavior of these two extremes, further validating substitutional defects to be directly
linked to the observed cyclability.

17



4.4 4.4 150 4.4
S .13 S 3 o) =,/
=42 =42 Q 125 = 42 /_4
= 4.0 = 40 ko = 40 /-/
= £ 1001 00888gnpaacnn oal 5
— 38 — 38 < 808BEE3888 44
@ @ E 7 g
> 36 > 38 = > 36
© © = ©
Z 34 & 34 S 50 a<chagy| = 34
232 832 g o5 e<dis39V| @ 32
=} o —<3av| § >ch39Vv| © —ocv
o 30 a 30 >3.9V 0 >dis3ov| O 30 C/20
0 50 100 150 200 250 0 50 100 150 200 250 0 2 4 6 8101214 0 50 100 150 200 250
Capacity [mAh/g_ o] Capacity [mAh/g ol Cycle no. Capacity [mAh/g, o]
44 44 150 44
— = f — a<ch3.9V o h
=4218) = 42| S 0 9 ldnsov| Zaz|l)
= - = -
= 4.0/ = 40 (=) 2o 39V | T 4o
= /‘ = = 100] & >dis3Vv| =
— 381 — a8 < — 38 -
y w' E ;5] _oo0000000080080 5 A
> 36 Capacity > 36 = > 36
S 344 loss L a4 e 834
= « g7 g Saaf [
O 3.24 [} Q 7]
9 L 32 S o 932
<. o —=<39v| § o — ocv
o 3 o 30 >39V 0 o 30 C/20
0 50 100 150 200 250 0 50 100 150 200 250 0246 81012 14 0 50 100 150 200 250
Capacity [mAh/g o] Capacity [mAh/g ol Cycle no. Capacity [mAh/g ]
44 4.4 150 4.4
< i < — a<ch3gV| o—
420D = 42|l) S 105 K) ccassov| =a2{)
T40d 3 & >ch39V| 3
=40 =40 < 100] ® >disagv| = 40
D384 — a8 / < — 33 2
o .
23‘6- 23_6 .E. 75 caunooucacacno 0;3_6
© T = T ~
= 341 = 34 G 50 = 3.4
c c © C
& 321 D32 = D 32
= el — <39V T 25 o — OoCcVv
& 3.0 a 30 >30v| © . a 30 cr20
0_ 50 100 150 200 250 0 50 100 150 200 250 0 2 46 8101214 0 50 100 150 200 250
Capacity [mAh/g ] Capacity [mAh/g o] Cycle no. Capacity [mAh/g, ]

Figure 7. (a,e,i) Aligned first-cycle charge/discharge curves of (a, black) PC-LNO, (e,
red) IE-LNO-2.0W-PC, and (I, blue) IE-LNO-2.0W-PC-Mg at C/20 rate (2.9-4.35 V vs.
Li*/Li). (b,f,j) First-cycle charge/discharge curves for cycling in the potential windows of
3.0-3.9 and 3.9-4.3 V vs. Li*/Li at C/10 rate and (c,g,k) corresponding capacity
retentions. (d,h,)) OCV curves (solid line) extracted from GITT measurements
performed at an effective rate of C/100 shown together with the as-measured cycling
data (dashed line) from panels (a,e,).

High-Voltage Degradation

The origin of the high-voltage degradation was further analyzed by ex situ PXRD
measurements and in situ gas analysis. Specifically, all three materials were charged
to 4.3 V vs. Li*/Li and kept at this potential until the specific current dropped below 2.0
mA/gLno (C/100), after which the coin cells were opened in an argon atmosphere and
the cathodes probed using PXRD. The corresponding charge curves and experimental
patterns are shown in Figure S7 and S9 (Supporting Information), respectively. The
diffraction data indicate the presence of two phases. The main phase can be assigned
to H2, and the other likely corresponds to the collapsed H3 phase. The unpillared
material (IE-LNO-2.0W-PC) exhibits the strongest contribution from the H3 phase with
19%, compared to 18% in PC-LNO and 2% in IE-LNO-2.0W-PC-Mg. The phases were
further analyzed using the Le Bail method, the results of which are shown in Table 6.
Both phases are assumed to be hexagonal in nature (R-3m space group), although it
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has been hypothesized previously that O1 stacking can occur in LNO due to layer
gliding. The latter was also observed for Ni-rich NCMs, yet the process of O1 formation
is apparently very slow.32836.39.40 This phase is believed to appear below a lithiation
degree of 7%, but substitutional defects are expected to prevent gliding at high states
of charge.'%1® Nevertheless, it could be facilitated in IE-LNO due to the lack of Nij;
defects, which has been predicted to result in lower activation energies for gliding.*
The presence of the O1 phase, compared to O3, would only be visible by a slight peak
broadening, which is inherent in the IE-LNO materials. Therefore, we cannot
conclusively discern the two phases. Upon phase transition from H2 to H3, a large
anisotropic volume change occurs, leading to a decrease in cell volume by about 6%
for PC-LNO. For the ion-exchanged samples, this collapse is much more severe with
~9%. The interlayer spacing is slightly increased for the H3 phase when magnesium
is introduced, which is likely a sign of pillaring functionality. Also, the H3 contribution is
less pronounced, suggesting that the pillar ions mitigate, to some extent, the phase
transformation to the collapsed state. Overall, these results point to an increase in
formation of the H3 phase under comparable charging conditions and larger volume
variation for the unpillared IE-LNO relative to PC-LNO. If magnesium is introduced into
the structure, the interlayer collapse is accompanied by less volume change and the
fraction of the H3 phase is significantly reduced.

Table 6. Le Bail refinement results for the charged PC-LNO, IE-LNO-2.0W-PC, and
IE-LNO-2.0W-PC-Mg samples.

R Fraction AV/IV
Sample P Phase a[A] c [A] V [A3] °
[%] [%] (%]
H2 81.4 2.820(1) | 14.400(4) | 99.16(1)
PC-LNO 10.5 -6.2
H3 18.6 2.818(4) | 13.528(30) | 93.05(6)
IE-LNO- H2 80.6 2.819(1) | 14.505(2) | 99.80(2)
13.9 -9.2
2.0W-pPC H3 19.4 2.819(2) | 13.177(7) | 90.66(11)
IE-LNO- 126 H2 98.1 2.827(1) | 14.476(1) | 100.21(2) 00
2.0W-PC-Mg ' H3 1.9 2.824(6) | 13.200(12) | 91.16(42) '

Finally, differential electrochemical mass spectrometry (DEMS) measurements were
performed to examine differences in the gassing behavior, which has also been linked
to degradation of LNO at high potentials.?”#? At the cathode side, CO: is the most
prominently evolved gas, for which there are three main sources.*?=*6 Firstly, surface
carbonate impurities formed by exposure of the cathode material to humidity and
atmospheric CO2 decompose under CO2 evolution, especially in the initial cycle.8
Secondly, oxygen, which subsequently leads to chemical oxidation of the electrolyte,
results mostly in CO2 and, to a lesser extent, Oz evolution.4>4%%0 | astly,
electrochemical oxidation of the electrolyte also leads to decomposition of the solvent
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molecules under CO2 evolution. However, for ethylene carbonate (EC) as the most
common electrolyte solvent, the onset of this decomposition has been determined to
be around 4.6 V vs. Li*/Li.>¥->3 Figure 8a-c shows the CO:2 evolution profiles for the
three materials previously discussed, as obtained via DEMS during cycling of LIB half-
cells at C/10 rate between 3.0 V and 4.5 V. Table S2 (Supporting Information) reports
the specific capacities and CO2 amounts obtained in each cycle and for each material.
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Figure 8. CO2 evolution as measured by DEMS (3.0-4.5 vs. Li*/Li, C/10 rate). (a) PC-
LNO, (b) IE-LNO-2.0W-PC, and (c) IE-LNO-2.0W-PC-Mg.

Strong differences in CO:2 evolution of the materials are evident and will be discussed
in the following. However, while a slightly delayed CO2 evolution for PC-LNO in the
initial cycle is in accordance with previous reports,?”:54% the low overall amount and
the unusual evolution curve require further considerations. The gas evolution profiles
are affected by the use of a rather large volume of electrolyte, which is unfortunately
sometimes required for the reliable cycling of DEMS cells in an open-headspace
configuration. The reason is that electrolyte is constantly purged out and the cells
therefore tend to dry out during the experiment. Figure S10 (Supporting Information)
shows the gas evolution profiles for PC-LNO and IE-LNO-2.0W-PC obtained with a
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much lower volume of electrolyte (350 vs. 750 pL). For the IE-LNO-2.0W-PC-Mg
sample, no such measurement could be successfully performed. Two main effects can
be observed when using less electrolyte. Firstly, the gas evolution profile for IE-LNO-
2.0W-PC reveals a higher maximum rate but a narrower peak, resulting in similar total
gas amounts after two cycles (82 vs. 88 pmol/gLno). A likely explanation is the reduced
amount of CO:2 dissolved into the electrolyte, leading to less tailing in the evolution
peaks. Secondly, a slightly higher gas evolution and a clearer profile are observed for
PC-LNO (10 vs. 21 pmol/gino). The total CO2 amount is in good agreement with
previous literature reports of NCM and LNO outgassing under consideration of surface
purity and upper cutoff potential.?7-31:49.56.57 The detection of additional shoulder peaks
or plateaus of gas evolution at lower states of charge or during early discharge, such
as for PC-LNO, IE-LNO-2.0W-PC with less electrolyte, and IE-LNO-2.0W-PC-Mg
(second cycle), has been previously reported for LNO, although there is still uncertainty
whether increased gas evolution is associated with mono- or biphasic delithiation.2”-57
As shown in Figure S10 (Supporting Information) for PC-LNO, these shoulders mainly
correspond to monophasic regions.

The main contribution to outgassing of the materials obtained by ion exchange and the
main difference to the gas evolution of PC-LNO obtained via solid-state synthesis is
the presence of surface carbonate impurities, likely as remnants of the post-treatment
procedure. An onset of CO2 evolution between 3.8 and 4.0 V, as found in this study, is
commonly observed for the decomposition of surface carbonates, yet the contribution
of underlying degradation mechanisms is disputed.#246:58 The presence of surface
carbonates is further confirmed by attenuated total reflection infrared spectroscopy
(ATR IR) data collected from the materials (Figure S7, Supporting Information).4559:60
Unlike IE-LNO-2.0W-PC and IE-LNO-2.0W-PC-Mg, only weak bands are visible for
PC-LNO, as expected for a dry-room processed and optimized material. While IE-LNO-
2.0W-PC-Mg exhibits the strongest surface carbonate signal, more gas evolution is
observed for IE-LNO-2.0W-PC, opening room for discussion of further contributions to
gas evolution.

For PC-LNO, most capacity above 4.1V is obtained during the H2-H3 phase transition,
and the cathode is only at high potentials for a relatively short period of time. By
contrast, IE-LNO-2.0W-PC and IE-LNO-2.0W-PC-Mg show similar voltage profiles with
a less pronounced plateau and a rather linear increase of potential over time during
charge above 4.1 V, resulting in a longer time spent at high potentials, accompanied
by high gas evolution rates. However, because no significant electrochemical
electrolyte oxidation is expected in this potential range, a contribution involving lattice
oxygen release (chemical electrolyte oxidation) can be assumed. This could also
explain the higher gas evolution seen for IE-LNO-2.0W-PC than IE-LNO-2.0W-PC-Mg,
even though the latter likely has more surface carbonates and both materials contain
tungsten and are of similar particle size. Considering the lattice collapse in the
materials, a possible explanation for higher lattice oxygen release in IE-LNO-2.0W-PC
might be the higher H3 phase content and stronger c-parameter decrease due to the
absence of pillaring ions. If adjacent NiO2 layers come closer to each other, the

formation of oxygen dimers between them may be facilitated, a mechanism suggested
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by Kong et al. for the (104) facet of LNO and under nickel migration into the lithium
layer, i.e., rock-salt-type NiO formation.®! Yet, Genreith-Schriever et al. suggest dimer
formation from oxygen atoms of the same layer and under assistance of H20, while
also pointing to the predominance of the (012) facet and arguing that oxygen, not
nickel, is the main redox contributor to LNO capacity.®? The required peroxo-like
intermediates have not been observed (via titration-mass spectrometry) by Kaufman
et al., which instead link surface crack formation resulting from parasitic reactions with
the electrolyte to gas evolution of layered Ni-rich oxide cathodes.®® This provides
further support for the assumption that larger volume variations, due to the absence of
pillaring ions, lead to stronger gas evolution. Furthermore, various facets of different
stability are found in LNO, and the presence of electrolyte solvent, especially EC, has
also been shown to affect the activation energy for lattice oxygen release.®*-%6 The lack
of pillaring ions is the main difference between the materials and likely to affect lattice
oxygen release and nickel reduction, which go hand in hand.

Overall, we find increased oxygen evolution from the ion-exchanged materials as
compared to the reference LNO. This is due in part to the presence of surface
carbonates. Nevertheless, lattice oxygen release is strongly increased for both
materials, with the unpillared system showing the most severe release. These findings
underpin the observations made for all size-tailored samples. Upon removing the Nij;
point defects, the balance between kinetic hindrance and structural stabilization tilts
toward improved kinetics and decreased stability accompanied by common signs of
degradation, such as oxygen release, which is described by the metaphor of a see-
saw.

Conclusions

Sodium to lithium ion exchange is an effective method to prepare high-quality LiNiO2
and represents an ideal platform to study the effect that Nij; point defects have on the
electrochemical behavior of layered Ni-rich oxide cathode materials. However, small
particle (grain) sizes are necessary to ensure full conversion of NaNiO2 to LiNiOz2. In
this work, three different methods for tailoring of the particle size of NaNiO2 were
employed, and the charge-storage properties of the ion-exchanged materials were
probed by galvanostatic cycling. For all samples, improvement of lithium diffusion and
reduction in first-cycle capacity loss are associated with decreasing particle size,
allowing in the case of polycrystalline morphology to lower the irreversible capacity loss
on the initial cycle below that of conventional LiNiO2 prepared by solid-state synthesis.
Upon removing the Nij; point defects, the highly charged state is rendered less stable,
leading to electrochemical degradation accompanied by an increase in oxygen
evolution from the crystal lattice. The decrease in interlayer spacing is likely accounting
for the more severe gassing and thus also for the loss of capacity at high states of
charge. However, the formation of stacking faults, due to lack of Nij; preventing layer
gliding, may occur simultaneously and may lead to intragranular cracking, thereby
causing the observed degradation independent of the exposed surface(s). Introduction
of Mg?* ions as a substitute for Nij; defects can restore some of the stabilization, but
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also negatively affects kinetics. We therefore hypothesize a “see-saw effect” of nickel
substitutional defects and related pillaring agents, emphasizing the need for an optimal
balance between diffusivity and structural stability to optimize first-cycle efficiency and
battery performance.

Experimental Section

Synthesis of NaNiO2. NaNiO2 was prepared by solid-state reaction from Ni(OH)2 (dso
= 4 um, BASF SE) or NiO nanoparticles (dso = 50 nm, BASF SE) and NaOH (Sigma-
Aldrich) or Na202 (Sigma-Aldrich), and optionally ammonium paratungstate (Sigma-
Aldrich) as indicated. The reactants were homogenized in a laboratory blender
(Kinematica) under an Ar atmosphere for 5 min with 10 mol% excess of NaOH/Na20:2
[i.e., n(Ni):n(Na) = 1:1.1]. The precursor mixtures were then heated in an Al203 crucible
under oxygen flow (~2 volume exchanges per h) in a tube furnace (Nabertherm P330)
at 300 °C for 10 h with 3 K/min heating and cooling rates. After cooling, the reactant
mixtures were homogenized again for 5 min, and in one instance, ammonium
paratungstate was added to produce polycrystalline material. The resulting mixtures
were transferred to an Al203 crucible for calcination at 450-700 °C for 12 h under
oxygen flow (~2 volume exchanges per h) and with 3 K/min heating and cooling rates.
The products were sieved using a 32 um steel mesh.

Synthesis of Mg-doped NaNiO2. It was attempted to dope magnesium into the
NaNiO2 structure by addition of Mg(OH)2 nanoparticles (10 nm, US Research
Nanomaterials Inc.) to the synthesis outlined for NaNiO2 above, with the amounts
indicated in the main text and Figure S6.

Synthesis of reference LiNiO2. Reference (polycrystalline) LiNiO2 was prepared by
solid-state reaction from Ni(OH)2 (dso = 14 um, BASF SE) and LiOH-H20 (10-20 um,
BASF SE). The reactants were dry mixed in a blender (Kinematica) under an Ar
atmosphere for 5 min in the required ratios with 1 mol% excess of LiOH-H20. The
precursor mixture was then calcined in an Al20s crucible under oxygen flow (~2 volume
exchanges per h) in a tube furnace (Nabertherm P330) at 700 °C for 8 h with 3 K/min
heating and cooling rates and with a pre-heating step at 400 °C for 4 h. The product
was sieved using a 32 pum steel mesh.

Ball milling of NaNiO2. NaNiO2 was milled in a planetary ball mill (Fritsch) with a 20:1
ball-to-powder weight ratio using 2 mm ZrO: balls at the indicated rotational speed of
300-600 rpm for 10 min. The product was directly used for ion exchange.

Synthesis of Mg-Containing LiNOs. A mixture of 90 mol% LiNOsz and 10 mol%
Mg(NOs3)2 (Sigma-Aldrich) was liquefied at 350 °C, followed by quenching to room
temperature. Subsequently, it was homogenized and used as a dry mixture with LINOs3
in a ratio of 1:10 Mg/Li:Li.

lon-Exchange Protocol. 1 g NaNiO2 and 1 g LINOs (Sigma-Aldrich) or 1 mol% Mg-
containing LINO3 were mixed in a mortar and pestle and filled into an Al20s3 crucible.
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The powder mixtures were heated at 300 °C for 6 h and left to cool to room
temperature. A PTFE-coated magnetic stir bar and 50 mL LiOH solution (pH = 12.5,
0.025 M) were used to dissolve the remaining nitrate salt, and the resulting materials
were washed with 50 mL LIOH solution, 10 mL ethanol, and 10 mL acetone. The
products were dried in a vacuum at 65 °C and sieved using a 32 um steel mesh.

Electrochemical Testing. Electrode tapes were prepared by casting an N-methyl-
pyrrolidone (NMP)-based slurry with 96 wt% cathode material, 3 wt% Super C65
carbon additive, and 3 wt% polyvinylidene difluoride binder (Solef 5130, Solvay) onto
0.03 mm Al foil as current collector. The slurry was prepared freshly by combining all
constituents with 20 wt% additional NMP in a planetary mixer (ARE250, Thinky) and
stirring using a two-step program (3 min at 2000 rpm, 3 min at 400 rpm). The slurry
was spread at a casting thickness of 140 um and at a rate of 5 mm/s using an Erichsen
Coatmaster 510 coating machine with a stainless-steel blade. The obtained tapes were
dried overnight in a vacuum at 120 °C and calendared at 14 N/mm (Sumet
Messtechnik). Individual circular cathodes of 13 mm diameter were cut, and LIB half-
cells containing LP57 electrolyte (1 M LiPFe in a mixture of ethylene carbonate and
ethyl methyl carbonate [3:7 ratio]), a GF/D separator, and a Li-metal anode were
assembled in an Ar-glovebox.

SEM. Morphological and compositional insights into the as-prepared samples were
obtained from field-emission SEM and EDS using a LEO-1530 microscope (Carl Zeiss
AG).

FIB. Electron-transparent specimens for TEM investigation were prepared by the lift-
out technigue using an FEI Strata 400 S dual-beam system. Gallium ion beam induced
sample damage and amorphization were minimized by stepwise reduction of the
acceleration voltage, from 30 to 2 keV, during final thinning of the lamella. Specimen
preparation was immediately followed by TEM investigation to reduce possible
oxidation during sample storage.

(S)TEM. (S)TEM images were acquired at 300 keV using a probe aberration-corrected
Thermo Fisher Scientific (TFS) Themis Z microscope. EDS maps were collected with
a Super-X EDX detector.

ICP-OES. The composition of the products was determined by ICP-OES using a
Thermo Fisher Scientific ICAP 7600 DUO. To this end, powder samples were dissolved
in an acid digester in a graphite furnace. Mass fractions were obtained from three
independent measurements for each sample. About 10 mg material of interest was
dissolved in 6 mL hydrochloric acid and 2 mL nitric acid at 353 K for 4 h. The digested
samples were diluted, and analysis of the elements was conducted with four different
calibration solutions and an internal standard (Sc). The range of the calibration
solutions did not exceed a decade. Two or three wavelengths of the elements were
used for analysis. The oxygen content was analyzed by carrier gas hot extraction using
a commercial oxygen/nitrogen analyzer TC600 (LECO). The oxygen content was
calibrated with the certified standard KED 1025, a steel powder from ALPHA. The
standards and samples were weighed with a mass in the range 1-2 mg, in addition to
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5 mg graphite, in Sn crucibles (9-10 mm) and wrapped. Together with a Sn pellet, the
wrapped samples were placed in a Ni crucible and loaded in an outgassed double-
graphite crucible. Evolving CO2 and CO were swept out by He carrier gas and
measured by infrared detectors.

Capillary PXRD. PXRD patterns were collected on a STADI P (STOE) diffractometer
in Debye-Scherrer geometry with monochromatic Mo Koz radiation (A = 0.7093 A, 50
kV, 40 mA) and a Mythen 1K detector (Dectris). The diffraction data sets were analyzed
using TOPAS Academic v7. LeBail fitting was done first, in which background
correction was applied by a set of Chebyshev polynomials (10 terms), and lattice
parameters, zero-shift, axial divergence, and crystallite size were extracted as
Gaussian and Lorentzian contributions. The phenomenological model by Stephens
was used to describe hkl-dependent microstrain.®” During Rietveld refinement, the
parameters from LeBalil fitting were first fixed, and the oxygen coordinate(s) zo (LiNiOz2)
and zo_1 and zo_2 (NaNiO2), site occupancies, and Debye-Waller factors were refined
while applying an absorption correction. Lastly, 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.

ATR-IR Spectroscopy. Spectra were measured in an Ar-glovebox using an ALPHA
FT-IR spectrometer equipped with an Eco ATR sampling module. The data were
Fourier transformed using the OPUS software (Bruker) and background subtracted
with Origin Pro 2021.

DEMS. Cells consisting of a 30 mm diameter cathode with a 4 mm hole in the center,
a 40 mm diameter GF/D separator, a 32 mm Li-metal anode, and 750 uL LP57
electrolyte were assembled in a customized housing. In a variation, only 350 pL
electrolyte was used. The cells were cycled at 0.1C rate between 3.0 and 4.5 V vs.
Li*/Li for two cycles, while a stream of He carrier gas (2.5 mL/min, purity 6.0) was
constantly passed through. After passing a cold trap (=30 °C) to condensate extracted
electrolyte solvent, the gas mixture was analyzed by a mass spectrometer (GSD320,
Pfeiffer Vacuum GmbH). A calibration curve was obtained from measuring various
dilutions of a gas of known composition. A more detailed description of the setup and
method is available in the literature.4>68.69
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