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Investigating Particle Size-Dependent Redox Kinetics
and Charge Distribution in Disordered Rocksalt Cathodes

Yuxin Zhang, Anyang Hu, Jue Liu, Zhengrui Xu, Lingin Mu, Sami Sainio,
Dennis Nordlund, Luxi Li, Cheng-Jun Sun, Xianghui Xiao, Yijin Liu, and Feng Lin*

Understanding how various redox activities evolve and distribute in disor-
dered rocksalt oxides (DRX) can advance insights into manipulating materials
properties for achieving stable, high-energy batteries. Herein, the authors
present how the reaction kinetics and spatial distribution of redox activi-

ties are governed by the particle size of DRX materials. The size-dependent
electrochemical performance is attributed to the distinct cationic and anionic
reaction kinetics at different sizes, which can be tailored to achieve optimal
capacity and stability. Overall, the local charged domains in DRX particles
display random heterogeneity caused by the isotropic delithiation pathways.
Owing to the kinetic limitation, the micron-sized particles exhibit a holistic
“core-shell” charge distribution, whereas sub-micron particles show more
uniform redox reactions throughout the particles and ensembles. Sub-micron
DRKX particles exhibit increasing anionic redox activities yet inferior cycling
stability. In summary, engineering particle size can effectively modulate how
cationic and anionic redox activities evolve and distribute in DRX materials.

1. Introduction

Layered oxide cathodes such as 1iCoO, and LiNi,Mn,Co;.,.,0,
(NMC) have, for a long time, dominated the practical applications
of Li-ion batteries due to their overall reliable performance.l
However, the recent surge in Co usage and the controversy sur-
rounding Co mining have shifted the research interest toward
Co-free cathodes.’®l The discovery of disordered rocksalt cathode
(DRX) materials opens up a new area for utilizing a wide range
of transition metal (TM) redox couples,®™® including but not

limited to single-element redox, such as
Mn”/Mn“/Mn‘”,[lm] M03+/M06+,[19] and
V3 V> 120 and dual-element redox, such as
Cr/Mn?Y and V/Mn.??l These new chem-
ical compositions have vastly expanded the
compositional space for designing Co-free
cathode materials.

DRX materials have the rocksalt-type
crystal structure, with Li and TM randomly
occupying the cationic sublattice. For lay-
ered oxides, the structural disorder, in forms
of cation mixing, is usually detrimental to
battery performance owing to the inter-
rupted Li diffusion pathway.?l In contrast,
the Li-rich environment in DRX materials
provides a 3D Li percolation network, which
allows for facile Li diffusion between octahe-
dral sites.”! Furthermore, the lattice oxygen
redox activity has been demonstrated in
DRX materials.'>?4 Therefore, many DRX
materials can deliver higher capacity than
conventional layered oxides. However, these materials suffer from
severe capacity decay and poor energy efficiency due to irrevers-
ible oxygen loss and large voltage hysteresis. The asymmetric
redox activities and reaction kinetics between charging and dis-
charging have been shown to play critical roles in capacity decay
and energy efficiency.? Therefore, understanding redox activities
and reaction kinetics are of vital importance to develop stable and
high-energy efficiency DRX-based Co-free batteries.

Tuning chemical compositions can help modulate redox
activities and kinetics in DRX materials. The redox-active TM
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species with high d band energy levels have less orbital overlap
with the unhybridized O2p orbitals in the Li—O—Li configura-
tion, potentially decreasing the participation of oxygen redox
and mitigating oxygen loss.'”l In addition, suitable redox-inac-
tive TM species such as Nb>* can stabilize the oxidized oxygen
species and maintain high capacity.?®! Furthermore, partially
replacing oxygen with fluorine can lower the average TM
valence state and enhance the contribution of TM to the overall
capacity. Our recent study also highlighted that introducing
dual redox-active TMs can enhance the capacity contribution
from low-voltage TM redox reactions to provide high capacity
and rate performance without the need for high-voltage oxygen
redox activity.!

On the other hand, previous studies on Li-rich
LiNi,Mn,Co,0, (NMC) and LiFePO, cathode materials have
shown that the dimension of active particles also plays an
important role in determining redox activities and kinetics.
For instance, in Li/Mn-rich NMC materials, the structural evo-
lution at high potential changes from two-phase to one-phase
characteristics as the particle size is reduced to a domain where
the surface redox reactions dominate the battery capacity.l?’]
Such a size-dependent effect is even more pronounced in the
LiFePO, cathode, where charge distribution can be altered by
manipulating the miscibility gap through tailoring particle
size.283% Furthermore, the dimension of active particles is
directly related to the practical applications of electrode mate-
rials in different Li-ion batteries. Owing to their large par-
ticle sizes, LiCoO, and NMCs have exhibited large volumetric
energy density and dominated the battery market. In contrast,
most high-performing DRX materials are synthesized or post-
processed through ball-mill and exhibit nanometric particle
sizes,1%153132 which inevitably lowers the volumetric energy
density and inhibits their practical implementations. Therefore,
understanding how the redox activities and reaction kinetics of
DRX materials evolve as a function of particle dimension can
not only inform the underlying chemical mechanisms but also
promote the development of DRX materials with large particle
sizes for practical batteries.

Herein, we study the redox chemistry in compositionally
identical (Li;3Mng4Nbgy30,, LMNO), yet particle size distinct
disordered rocksalt oxides. Although negligible local structural
evolution is observed as the particle size decreases, the cati-
onic and anionic redox activities exhibit strong size-dependent
behaviors. X-ray absorption spectroscopy (XAS) and spatially
resolved transmission X-ray microscopy (ITXM) accompanied
with mathematical quantifications reveal a depth-dependent
cationic redox pattern in LMNO materials. The fully-charged
micron-sized particles exhibit a “surface-to-bulk” state-of-
charge (SOC) distribution, with randomly distributed high SOC
domains, indicating an isotropic delithiation pathway enabled
by Li-ion percolation networks. The submicron-sized particles
show more uniform SOC distribution. Moreover, based on the
quantitative analysis of charge-discharge curves, the anionic
redox reactions are determined to be more activated in small
particles compared to cationic reactions, resulting in higher
specific capacity yet more severe performance decay. In sum-
mary, this study uncovers the origin of size-dependent perfor-
mance in DRX materials and reveals the correlation between
particle dimension and depth-dependent cationic/anionic redox
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kinetics, providing more insights into designing high-energy
and stable battery cathode materials.

2. Results

To measure the electrochemical performance of DRX mate-
rials with different particle sizes, Li; ;Mng4Nby30, (LMNO) is
selected as the platform material due to previously observed
size-dependent electrochemical behaviors.'®! The X-ray diffrac-
tion (XRD) pattern (Figure Sla, Supporting Information) of
LMNO materials synthesized through a molten-salt method pre-
sents a typical DRX crystal structure. After different durations
of ball-mill treatment (0, 6, 12, 18, 24 h), the overall intensity
drop (Figure S2a, Supporting Information) and the peak broad-
ening (Figure S2b and Table S1, Supporting Information) in the
XRD patterns can be observed, which suggest that the crystal-
linity of as-prepared LMNO materials is decreased. As shown
in Figures S3 and S4, Supporting Information, the average par-
ticle size is reduced from 6-7 um in as-prepared LMNO mate-
rials to =1.6 um in 12 h LMNO and =0.7 pm (sub-micron) in
18 h LMNO materials. Correspondingly, these materials exhibit
distinct battery performance (Figure S5, Supporting Informa-
tion). Considering that 0 h LMNO only exhibits negligible
discharge capacity, we choose 6, 12, and 18 h LMNO for our
subsequent investigation. The 6 h LMNO exhibits the lowest
discharge capacity (61 mAh g) whereas relatively better sta-
bility after 20 cycles (Figure 1a). As the particle size decreases,
the initial specific discharge capacity is elevated to 101 mAh g™
at 12 h (Figure 1b) and 248 mAh g! at 18 h (Figure 1c). How-
ever, significant capacity decay appears in 18 h LMNO (62.4%
capacity retention after 20 cycles). Aside from the differences in
capacity and stability, the voltage hysteresis between charge and
discharge curves, especially during the first cycle, gets smaller
as particle size decreases (Figure S6, Supporting Information).
The large specific surface area in small particles potentially
provides a kinetically more favorable condition for redox reac-
tions to occur. As shown in the Ragone plot (Figure 1d), the
material-level specific energy of the Li metal cell composed of
18 h LMNO is 823 Wh kg at a specific power of 64 W kg,
in good agreement with the literature value,l'”) and still main-
tains 121 Wh kg™ at a high specific power of 2217 W kg% In
comparison, the 6 h LMNO and 12 h LMNO materials exhibit
inferior output energy due to their larger particle sizes. There-
fore, size-dependent electrochemical performance is confirmed
in LMNO materials. Smaller particle sizes enhance the initial
discharge capacity but facilitate capacity decay. Given the higher
specific area and shorter Li-ion diffusion length in sub-micron
particles, the reaction kinetics become the most straightforward
factor that should be considered to explain the distinct electro-
chemical performance among different LMNO materials.

The reaction kinetics of each LMNO material is first esti-
mated through the cyclic voltammetry (CV) method. The peak-
to-peak separation (AE) in the CV profile, which is defined
by the voltage difference between cathodic and anodic peaks,
is an indicator of the reaction reversibility as well as reac-
tion overpotential.’3l Typically, sluggish kinetics leads to a
larger peak-to-peak separation. As shown in Figure 2a, in 6 h
LMNO, in addition to the Mn**/Mn* redox couple at the low
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Figure 1. Electrochemical performance of the LMNO cells Voltage profiles of a) 6, b) 12, c) 18 h LMNO at 20 mA g~' from 1.5 to 4.8 V, the specific
discharge capacity gets increased while the stability becomes worse as particle size decreases; d) Ragone plots of different LMNO materials. The cal-
culation is based on the active material in the cathode. The error bars, which are smaller than the data points, show the standard deviation of specific
energy and specific power obtained from three independent electrochemical tests for each LMNO material.

voltage range, the oxidation curve takes off at 4.2 V owing to
the occurrence of oxygen oxidation reaction!””! (Figure 2a). With
the particle sizes decrease, the AE, gets smaller (Figure 2b—c),
indicating a lower electrochemical overpotential and more
facile reaction kinetics. Moreover, the lattice oxygen oxidation
reaction at high voltage becomes more pronounced in 18 h
LMNO (Figure 2c), which suggests that the anionic reaction
gets more involved and leads to a higher specific capacity. The
cell impedance is estimated using electrochemical impedance
spectroscopy (EIS). At the fresh state, the Li metal cell con-
taining 18 h LMNO shows a smaller impedance than that con-
taining 6 h LMNO (Figure S7a, Supporting Information), and
such difference still remains after 2 complete cycles (Figure S7b
Supporting Information), suggesting a relatively rapid charge
transfer process and better kinetics of 18 h LMNO.
Furthermore, using the galvanostatic intermittent titration
technique (GITT), we evaluate the apparent Li ion diffusion coef-
ficient for each LMNO material (Figure S8, Supporting Infor-
mation). The amount of inserted/extracted Li in Figure 2d—f
is determined from coulometry. In 6 h LMNO, the apparent
Li diffusion coefficient is calculated to be 2 x 107 cm? s7!
at the initial charging state and 1.6 x 107 cm? s7! at the final
charging state, whereas this coefficient upon discharging
exhibits less fluctuation (Figure 2d). The gradual decrease of
apparent Li diffusion coefficient during the charging process
can be attributed to the kinetically unfavorable oxygen redox
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reaction at high voltages. The improved kinetics is observed
in both 12 h LMNO and 18 h LMNO (Figure 2e-f) by com-
paring the apparent Li diffusion coefficient when the extracted
Li (x value in Figure 2d—f) is similar among three materials.
For example, when x is equal to 0.1, the apparent Li diffusion
coefficient is enhanced from 2 x 107 cm? s7' in 6 h LMNO to
3.1x 107 cm? s7! in 18 h LMNO, which might originate from
the shortened Li diffusion length as the particle size decreases.
Hence, the small particles demonstrate rapid charge transfer
and facile Li diffusion behavior, demonstrating the dependence
of reaction kinetics on particle size.

Although the disorder nature is expected in the DRX lattice,
the cation short-range order (SRO) has been observed in var-
ious DRX materials and is dependent on the TM species, the
content of fluorine, and so on.[*!8] Even a subtle change of SRO
can lead to noticeable variations in electrochemical behaviors.
Mechanical ball milling can potentially create local structural
changes due to stress accumulation. A recent study highlights
the benefits of zero-strain structural evolution in Li-rich cath-
odes,? which can stabilize the lattice and elongate the cycle
life. As our study aims to understand the impact of particle size
on the spatial distribution of reaction kinetics, it is important
to first rule out the impact of potential local structural changes.
Herein, we apply the local structure-sensitive neutron pair dis-
tribution function (PDF) and diffraction analyses to investigate
the local structure.

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Reaction kinetics of LMNO materials CV profiles within first six cycles of a) 6, b) 12, ¢) 18 h LMNO at a scan rate of 0.5 mV s7', the peak
labeled by asteroid symbol represents the oxidation of lattice oxygen species; apparent Li-ion diffusion coefficient as a function of voltage derived
from the GITT in d) 6, ) 12, and f) 18 h LMNO materials. The amount of extracted Li is determined by Coulometry. A longer ball-mill time introduces

smaller particle size and better Li-ion kinetics.

Neutron total scattering is conducted to measure the local
structure of 0 and 18 h LMNO materials, which provides infor-
mation about both local and average structural change. Based
on the random model that assumes all cations are randomly
distributed in the distortion-free lattice, we obtain good fits
for intermediate-range structure (10-20 A) for both samples
(Figure 3a). This result suggests that, although the average par-
ticle size is changed dramatically, the local structure in LMNO
is not affected. However, the simulation based on the random
model deviates significantly from the experimental data in
the short-range (e.g., 3, 4, and 5 A) (Figure 3b) and uncovers
the existence of cation SRO in LMNO materials, which can
be attributed to the size mismatch between Nb>*(0.62 A) and
Li*(0.76 A). The size effect results in the segregation of Li* and
forms Li, tetrahedral, thereby increasing the 0-TM channel as
well as accessible Li content."!l The deviation between observed
and calculated data within the short-range show negligible
change by comparing 0 h and 18 h LMNO (Figure 3b), sug-
gesting indiscernible SRO variation after long-time ball-mill.

Rietveld method is employed to refine the neutron diffrac-
tion (ND) patterns of both samples using the same model.
From Figure 3c,d and Table S2, Supporting Information, we
can observe that: 1) Both samples yield excellent agreement
with the experimental data as evidenced by the small R, values
(Ryp = 4.45% for 0 h samples and Ry, = 3.00% for 18 h LMNO
samples). (2) The lattice parameters are similar in both samples
(4.1866 (£0.0007) A versus 4.1896 (£0.0017) A), and the relative
lattice strain accumulation, which is calculated based on the d
spacing value of the strongest peak in 0 and 18 h LMNO, is
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determined to be 0.14% after ball-mill, suggesting minor global
structural change, in consistent with the conclusion made from
neutron PDF results. Therefore, these results demonstrate that
the improved reaction kinetics in smaller particles is unlikely
induced by the local structural changes.

The size-dependent reaction kinetics motivates us to study
how the cationic and anionic reactions evolve with particle
size. In particular, a combination of analytical techniques that
can resolve the depth-dependent distribution of charged states
becomes critical in this study. Soft and hard XAS measure-
ments are first conducted to investigate cationic reactions. Due
to their different probing depths, these measurements can col-
lectively reveal the depth-dependent cationic reaction behaviors
in LMNO materials. Figure 4a shows the surface-sensitive soft
XAS results of selected LMNO materials at pristine and fully
charged (4.8 V) state. The mixture of Mn** and Mn*" appears in
the pristine samples, suggesting that Mn3* is partially oxidized
during the ball-mill process. After electrochemical charging,
both 6 h LMNO and 18 h LNMO samples demonstrate the
enriched Mn** on the particle surface. The same soft XAS
results of various LMNO materials uncover that the particle
surface undergoes similar cationic redox reactions although the
delivered capacities are different. In other words, surface Mn
cations can undergo rapid oxidation regardless of the particle
size, and the slower reaction kinetics in large LNMO particles
should be attributed to the slower propagation of redox reac-
tions into the bulk. Thus, we use bulk-sensitive hard XAS to
evaluate Mn redox reactions throughout the electrode. As we
have done using the soft XAS, here we also study the pristine

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Local Structure characterization of LMNO materials a) Refinement of neutron PDF data of 0 and 18 h LMNO using the random model where
all cations are assumed to be randomly distributed in a distortion-free lattice. The experimental data are plotted as solid black lines. The calculated
values are plotted as solid red lines. The difference between observation and calculation is plotted as solid blue lines; b) short r-range PDF results,
which demonstrates slight mismatch between experimental data and calculated value and indicates the existence of SRO. ND pattern resolved by the
Rietveld method of c) 0 and d) 18h LMNO, where the similar R, values suggest negligible lattice structural change after the ball-mill process.

materials. Hard XAS results (Figure 4b) display that there is
no edge shift between 0 h LMNO and 18 h LMNO, indicating
negligible Mn valence state change in the bulk although the
surface gets more oxidized (Figure 4a). At the fully charged
state, 18 h LMNO has a larger edge shift and exhibits a higher
Mn valence state, suggesting more capacity contributed by
Mn?**/Mn*" redox couple in 18 h LMNO. The linear combina-
tion fitting of Mn K-edge energy versus valence state confirms
that the Mn is oxidized from 3+ to 3.5+ upon charging in the
6 h LMNO whereas it is oxidized from 3+ to 3.9+ in the 18 h
LMNO (Figure S9, Supporting Information). In summary, XAS
results suggest that the propagation of redox reactions into the
bulk of LMNO particles remains a key kinetic limiting factor in
cycling large LMNO particles.

In polycrystalline cathode particles, the redox propagation can
be tailored by the crystallographic orientation of primary parti-
cles.’ In single-crystal DRX materials synthesized using the
molten salt method, the redox propagation is primarily deter-
mined by the Li percolation path. Given the near isotropic Li
percolation path in DRX particles, we expect a strong core-shell
redox propagation. Relying on the TXM measurements, we are
able to directly visualize the Mn valence state spatially and fur-
ther investigate cationic redox reactions on the single-particle
level. Edge energy, defined by the intensity of 0.5 in the normal-
ized spectra, is selected to represent the trend of Mn oxidation
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state in our data analysis.'®! 2D TXM is first adopted to investi-
gate the spatial distribution of Mn redox in different LMNO par-
ticles. The lower Mn edge energy in the bulk in Figure S10a,b,
Supporting Information and Figure 4c show the presence of
Mn** in as-synthesized and 6 h ball-mill treated LMNO particles,
while the higher Mn edge energy at the surface of 6 h LMNO
suggests that Mn>" is oxidized by the oxygen during the ball-mill
treatment, consistent with the soft XAS result (Figure 4a). Com-
plex heterogeneous energy distributions are observed in fully
charged LMNO particles. As shown in Figure 4d, larger particle
gets less oxidized and exhibits a typical “core-shell” charge distri-
bution. Although the average particle size in 18 LMNO is at the
sub-micron level, we could still find several isolated particles that
are not bombarded during ball-mill process for investigation.
Even in these large particles, we observe higher Mn oxidation
state in the charged 18 h LMNO (Figure 4e) compared to that in
the charged 6 h LMNO (Figure 4d). The longer charging time
in 18 h LMNO during the galvanostatic cycling with potential
limitation allows for more Li-ion to be extracted from the bulk,
giving rise to higher Mn oxidation states. The Mn edge energy
difference between the surface and bulk of the charged 18 h
LMNO (Figure 4e) demonstrates the scarcity of Mn*' in these
big particles, which indicates that charging capacity contributed
by Mn oxidation mainly arises from the particle surface and
sub-micron particles (Figure S10c,d, Supporting Information).

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Size-dependent cationic redox reactions in LMNO materials a) Mn L;-edge soft XAS in the TEY mode and b) ex situ Mn K-edge XANES results
for LMNO cathodes at the state of pristine and charged to 4.8 V in the first cycle; 2D TXM results of ¢) 6 h LMNO at the state of pristine, d) 6 h LMNO
at the state of charged to 4.8 V and e) 18 h LMNO at the state of charged to 4.8 V. The Mn K-edge energy is color-coded, where blue and red stand
for low edge energy and high valence energy, respectively. The scale bar for 2D TXM images is 5 um; f) 3D morphology of single 6 h charged LMNO
particle and corresponding g—h) representative TXM slices along xy plane; i) The average Mn-K edge absorption energy from surface to bulk, suggesting
a typical core-shell charge distribution; j) The valence gradient vector size distributions in different 0 range in selected particle; k) The vector angle
distribution and the average vector size as a function of 6, where 0-180° are divided to 36 intervals. The discrepancy between yellow-shaded region at
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vector distribution when the core voxel is at near-surface region.

Because 2D TXM results are based on the projection data, regarding charge heterogeneity in charged particles. Consistent
which lacks depth information, we then perform 3D TXM  with the results from 2D TXM maps, the complex charge het-
measurements to obtain a more comprehensive understanding  erogeneity emerges in 3D (Figure 4f~h). Depth-dependent
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analysis in Figure 4i reveals the highly oxidized surface due
to the core-shell charge distribution. We further conduct a
quantitative analysis of the charge distributions using the
mathematical model that we developed previously.’®! This
mathematical model allows us to quantitatively evaluate the
3D charge distribution in battery particles, with millions of
XAS spectra accounted for the model. Briefly, for each voxel
that represents a specific Mn valence state in the 3D dataset,
six neighboring voxels are systematically investigated in order
to show the valence gradient in each direction. The amplitude
of the total valence gradient vector is used as a fingerprint for
the local charge heterogeneity. The angle between the total
valence vector and the vector that connects the core voxel with
the gravity center indicates the preferred direction of charge
heterogeneity. We divide nine equally spaced theta groups and
show the vector size distribution in Figure 4j. The y-value dem-
onstrates the probability of finding a certain vector size in a
defined angle range, and the sum of y values in all angle ranges
is equal to 1. The smaller average vector size within the defined
angle range indicates less charge heterogeneity in this particle.
Figure 4k shows the vector angle distribution and the average
vector size within the whole particle as a function of 6, where
0-180° were divided into 36 intervals. Based on our previous
work, the angle distribution should be proportional to sin@
function under the assumption of fully random charge dis-
tribution.’*! However, we notice that there are a lot of vectors
located in 140-160 degrees deviating from the predicted shape
and correspondingly, the average vector size increases sig-
nificantly within this range. We speculate that such abnormal
angle distribution and increased vector size are caused by the
large discrepancy between Mn valence states at the surface and
in the bulk (green color versus light blue color in Figure 41).
As discussed above, the particle surface has a high Mn* con-
centration after the ball-mill treatment. After charging, the par-
ticle undergoes a limited redox reaction owing to the sluggish
kinetics. If the center voxel is located in the bulk of the studied
particle, the Mn valence state will be much lower than the Mn
valence state on the surface. Correspondingly, the size of the
vectors that face the surface is much larger than the size of
vectors that face the bulk. As a result, the total valence vectors
surrounding such center voxels are directed toward the outside
of the particle, thereby forming a very large angle. At the same
time, the amplitude of the total valence vector is also increased.
In order to test such a hypothesis, we extract a sub-volume,
where the particle surface is removed. Then we perform the
same mathematical analysis. As expected, the angle distribu-
tion of this volume of interest (VOI) obeys the sinf function
(Figure S11, Supporting Information), and the vector sizes
are stable within the whole angle range, proving our hypoth-
esis. The angle distributions in LMNO particles are similar to
those in “Gravel NMCs”, which is one type of polycrystalline
NMC materials exhibiting random high valence Ni domains at
charged state due to the randomly oriented grains.[3* Previous
reports show the single-crystal nature of LMNO materials pre-
pared using the molten-salt method,*® which indicates that the
single crystal DRX material and polycrystalline NMC materials
share similar distributions of high valence TM domains. We
attribute this phenomenon to the unique 3D percolation net-
work for Li diffusion in DRX materials. Owing to the randomly
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interconnected 0-TM channel in the lattice structure, Li extrac-
tion in the single crystal DRX materials is isotropic rather than
favoring specific crystal orientation. In contrast, LiNiysMn;sO,
spinel crystals exhibit a strong crystal orientation depend-
ence.’. In summary, the depth-dependent cationic redox
behavior LMNO particles originate from the core-shell charge
distribution, and the isotropic Li percolation paths in LMNO
particles are further validated by our quantitative analysis.

To gain more insights on the anionic redox reactions in
different LMNO particles, we perform quantitative analysis
to the charging curves of 6 h LMNO and 18 h LMNO. Firstly,
the turning point of each curve, as indicated by the arrow in
Figure 5a, is used to define Stage 1 and Stage 2, which can be
predominantly attributed to the Mn and O oxidation reactions,
respectively, according to the previous reports.l'”] The voltage of
turning point is reduced from 4.4 to 4.25 V, indicating a lower
overpotential for oxygen redox reaction in sub-micron parti-
cles. The dQ/dV analysis (Figure 5b) shows that the oxidation
peaks at high voltage take off at the same voltage determined
by the turning point. Distinct from the CV analysis, two oxida-
tion peaks can be observed at high voltages in 18 h LMNO. Due
to the rapid capacity degradation in the following cycles, we
attribute the first peak to oxygen oxidation reaction (0%~ to 0,2,
0,, or other oxidized oxygen species) whereas the second peak
to electrolyte decomposition. Furthermore, we calculate the
absolute capacity and percent contribution to the total capacity
for each Stage within first five cycles. As shown in Figure 5c,d,
it is evident that Stage 2 experiences much more severe decay
compared to Stage 1, no matter whether in absolute capacity
or in percent contribution. Thus, the high charging capacity
in 18 h LMNO mainly results from more active oxygen spe-
cies. Meanwhile, the X-ray fluorescence microscopy results
(Figure S12, Supporting Information) demonstrate that Mn
undergoes similar dissolution behavior in different LMNO
materials after first charging process (0.132 ug cm™ in 6 h
LMNO versus 0.122 pug cm™? in 18 h LMNO), which suggests
that the severe capacity decay in 18 h LMNO is caused by the
irreversible oxygen loss and decreased contribution from the
oxygen redox upon extended cycles. In addition, according to
the peak broadening and intensity decreasing in the XRD pat-
terns (Figure S2, Supporting Information) and slight oxygen
occupancy reduction (0.9991 to 0.9866) through ND fitting
(Table S2, Supporting Information), we speculate that defects
are introduced after long-time ball-milling, which may also
facilitate the capacity decay in 18 h LMNO materials. The
results in Figure 5¢,d suggests that the anionic redox reaction
has a stronger dependence on the particle size than the cationic
redox reaction. Considering that different redox reactions rely
heavily on the spatial chemical distribution, understanding the
surface component variation can potentially provide us more
insights into the discrepancy between cationic and anionic
reactions. Therefore, we conduct X-ray photoelectron spectros-
copy (XPS) to determine the Mn/Nb ratio on the top surface
(=14 nm) of particles. The XPS results (Figure S13, Supporting
Information) show that compared to pristine LMNO, the Mn/
Nb ratio is increased from 1.28 to 1.47 in 18 h LMNO, suggesting
an Mn-enriched surface after long time ball-mill. According to
a previous study,?®! the Mn* species in LMNO tend to decom-
pose peroxide/superoxide species through disproportionation

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Size-dependent cationic and anionic reactions in LMNO materials a) voltage profiles of 6 and 18 h LMNO at 20 mA g~ during the first
charging and discharging process. The Stage 1 and 2 upon charging, which can be predominantly attributed to the Mn and oxygen oxidation reactions,
are separated by the turning points, as labeled by the black arrows; b) dQ/dV versus voltage profiles derived from the voltage profiles at 20 mA g7';
c) the absolute charging capacity contribution and d) percentage of Stage 1and 2 upon first five cycles, revealing that the oxygen redox reaction is more

activated in 18 h LMNO and leads to more severe capacity decay.

reaction, whereas the Nb>* with no valence electron can sup-
press the charge transfer from oxidized oxide ions and stabi-
lize the anionic redox reactions. Therefore, we speculate that
there are two reasons contributing to the depth-dependent
anionic/cationic redox reactions: 1) the specific surface area is
increased dramatically in 18 h LMNO, which enables more suf-
ficient electrochemical reaction while destabilizes the surface
component; 2) the abundant Mn*-O exposed on the surface of
small LMNO particles can activate the anionic redox reaction in
LMNO materials while destabilizing the oxidized anionic spe-
cies and cause irreversible lattice oxygen loss, resulting in the
enhanced specific capacity while more rapid degradation, as we
observed in Figure 5c,d.

3. Conclusion

Disordered-rocksalt materials, as a family of promising elec-
trode materials for next-generation batteries, have attracted
much attention recently due to their excellent output-specific
energy. However, the main challenges arise from the irrevers-
ible structural distortion induced by lattice oxygen loss at high
charging voltages. Moreover, nanosizing DRX particles seem to
be a necessary step to maximize redox kinetics, which deterio-
rates volumetric density. Particle engineering in DRX materials
plays an important role but has been underestimated compared
to engineering chemical composition and crystal structure.
Although there are several studies suggesting the significance
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of controlling particle size, the underlying mechanisms
regarding how the particle size influences the global structure,
electrochemical performance and associated redox mechanisms
in DRX materials have not been clarified. The present study
demonstrates the effects of particle size through electrochem-
ical testing, and advanced synchrotron and neutron analyses.
We systematically investigate the electrochemical performance
and structural variations in micron and sub-micron LMNO
materials, and we analyze the size-dependent behavior of redox
couples from the electrode level to single-particle level. Overall,
as the particle size decreases, more kinetically favorable envi-
ronment is created for Li insertion/extraction, contributing to
higher output energy. The XAS results and spatially resolved
TXM accompanied by the mathematical quantification demon-
strate the depth-dependent cationic redox reaction and confirm
the percolation network in LMNO particles. Further investiga-
tion elucidates that anionic redox reaction is more activated in
sub-micron particles owing to the higher specific surface area
and more abundant exposed Mn-O structure, contributing to
the elevated specific capacity while facilitating performance
decay. This work uncovers the effects of particle dimension and
highlights the importance of particle size engineering in DRX
materials. This work also suggests the need of preparing sub-
micron single-crystal particles or secondary particles consisting
of nano-scale primary particles to overcome the kinetic limita-
tion and enable higher energy density. Compared to the DRX
materials that are directly synthesized using the ball-milling
process and have <100 nm particle size, our study reveals that
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cationic/anionic reactions can be comprehensively activated
when the DRX particle size is over 500 nm, which is benefi-
cial for the volumetric density and electrode manufacturing of
DRX-based batteries. Moreover, considering the higher specific
surface area of the ball-mill synthesized particles, efforts need
to be established to mitigate side reactions between electrode
and electrolyte to maintain electrochemical performance.

4. Experimental Section

Material Synthesis: The Li;3sMng4Nbg30, (LMNO) was synthesized
through a molten-salt method. Stoichiometric amount of Li,COs,
Nb,Os, Mn,0; (Sigma Aldrich, >99%) were ball-milled with ethanol
at 200 rpm for 12 h in a planetary ball mill (Across International). To
compensate for the Li loss in the following high-temperature calcination
process, 10% extra Li,CO; was added when preparing precursor. The
obtained powder was dried at 60 °C, grinded, and fully mixed with the
KCI flux at a molar ratio (KCI/TM precursor) of 4.5. The mixture was
calcined at 950 °C in an Argon-atmosphere quartz tube furnace for 12 h
at a heating ramp rate of 4 °C min~". The calcined powder was dissolved
into deionized water, washed, and centrifuged three times to collect the
final product (LMNO). The as-synthesized product was ball-milled for
6, 12, 18 and 24 h to obtain the LMNO materials with different particle
sizes.

Electrochemical Measurements: To prepare the composite electrodes
for electrochemical measurements, poly(vinylidene difluoride) (PVDF,
the binder) was first dissolved into N-methyl-2-pyrrolidone, then the
active material (LMNO) and acetylene carbon were added into the
solution and thoroughly mixed, following the weight ratio of active
material: PVDF: acetylene carbon = 8:1:1. The electrode slurry was cast
onto the Al foil and dried overnight at 120 °C in a vacuum oven. The
dry composite electrode was punched into disks with a diameter of
10 mm and an active material mass loading of 3.5 mg cm=2. The LMNO/
Li cells were assembled in CR2032-type coin cells with the composite
electrode as the cathode and Li metal as the anode. The separator was
Whatman glass fiber (1827-047934-AH) and the electrolyte was 1 M LiPFg
in 1:1 (v/v) ethylene carbonate (EC): diethylene carbonate (DEC). The
cell was electrochemically cycled between 1.5-4.8 V at a current density
of 10 mA g7 on electrochemical workstations (Wuhan Land Company).
CV measurements for different LMNO materials were carried out on a
Princeton Applied Research VersaSTAT4 at a scan rate of 0.5 mV s™\. For
the GITT measurements upon cycling, the cell was charged/discharged
at 10 mA g7' for 1 h, followed by 20 h relaxation to reach a quasi-
equilibrium state. Such process was repeated until the charge/discharge
cutoff voltage was reached. The Li-ion diffusion coefficient was calculated

. 4 (N, AE
based on the equation: D = e "“S T AE:
of the current pulse, N, is the molar volume of the electrode, S is the
electrode/electrolyte contact area; AE; is the steady-state voltage change
due to current pulse and AE, is the voltage change during the constant
current pulse. EIS was measured from 1 MHz to 0.01 Hz under open
circuit potential.

Materials Characterization: The morphology of the materials was
characterized on an LEO 1550 field-emission scanning electron
microscopy (SEM) with an accelerating voltage of 6 kV. The lab XRD
results were obtained on a Rigaku Miniflex Il diffractometer with
a Cu Ko X-ray radiation (4 = 1.54 A) in a scan range of 10-90°. XPS
measurements were performed on the PHI VersaProbe Il with a
monochromatic Al K-alpha X-ray source (1486.6 eV). Ar sputtering
was applied to the samples for 2 min to obtain a depth of =14 nm.
The full-field 2D TXM was performed at beamline 6-2 at Sandford
Synchrotron Radiation Lightsource (SSRL). An in-house developed
software package known as TXM-Wizard was used for the analysis of
the 2D results.?® The full-field 3D TXM was performed at National
Synchrotron Light Source Il (NSLS-Il), beamline 18-1D, Brookhaven
National Laboratory. A python-based framework TXMgui was used

, where tis the duration
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to reconstruct the tomographic datasets, and a commercial software
Avizo was used for visualization. Soft XAS was performed at the
Stanford Synchrotron Radiation Lightsource (SSRL), beamline 10-1,
SLAC National Accelerator Laboratory using a ring current of 350 mA
and a 1000 L mm™ spherical grating monochromator with 20 um
entrance and exit slits, providing =10" ph s at 0.2 eV resolution
in a 1 mm? beam spot. Data were acquired under ultrahigh vacuum
(107 Torr) in a single load at room temperature using TEY, where
the sample drain current was collected. The samples were mounted
on an aluminum sample holder in an Ar-filled glove box and well-
sealed for transfer. Hard XAS measurement was performed using a Si
(111) monochromator at the beamline 20-1D of the Advanced Photon
Source (APS) at Argonne National Laboratory. The absorption energy
calibration was based on the first inflection points of the Mn reference
spectra that were collected from an Mn foil reference simultaneously
with the samples. The samples of hard XAS were sealed with Kapton
tapes in the Ar-filled glove box for transfer and measurement.
The XANES data were analyzed with the ATHENA software. X-ray
fluorescence microscopy measurements were conducted at the
8-BM-B beamline at the Advanced Photon Source, Argonne National
Laboratory. The samples were raster-scanned by a sub-micrometer
focused 10-keV X-ray beam with a step size of 30 um. The fluorescent
X-rays were detected with a four-element silicon-drift Vortex detector
and the raw data were processed and quantified with MAPS. ND was
performed on Nanoscale-Ordered Materials Diffractometer (NOMAD)
BL-1B, spallation Neutron Source (SNS) at Oak Ridge National
Laboratory. About 0.3 g powder sample was loaded into the quartz
capillary and each measurement takes around 1 h. The refinement of
ND data was carried out with the software GSAS EXPGUI and the PDF
data was analyzed through PDFgui.
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