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Clarifying the relationship between the electrochemically active
surface area and power capability is important for producing
high-power batteries. In this study, the impact of particle
morphology on the electrochemical kinetics of LiNi;;3C05,3Mny/3-
O, (NCM) materials was investigated via rate-capability tests and
electrochemical impedance spectroscopy using diluted NCM
electrodes. In particular, different sizes and shapes of NCM
materials were compared. The rate capability was governed by
the particle size and shape, which were correlated with the Li-ion
diffusion length and electrochemically active surface area. In
addition, charge-transfer resistance was inversely proportional to
the electrochemically active surface area, highlighting the
importance of facet engineering. Therefore, optimising the
particle morphology to selectively enhance active surfaces
supports high-power and high-rate capabilities.

Li-ion batteries (LIBs) have recently been used in electric
vehicles owing to their high energy density, and their
evolution is essential for improving the performance of
electric vehicles. To reduce the charging time and enhance
regenerative performance, the power capability of LIBs can be
improved by decreasing electrode resistance. Nanosized
electrode materials have been extensively investigated because
nanoparticles possess large surface areas for electrochemical
reactions." However, their large specific surface area also
promotes side reactions, such as material dissolution,
electrolyte decomposition, and solid-electrolyte interphase
formation; therefore, nanosizing alone cannot realise both
high power and long life.

Because power capability is closely related to the crystal
orientation of the thin-film electrode in layered LiCoO,
materials,>? power capability (W g™*) should be related to the
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electrochemically active surface area of the active material.
Moreover, rate capability is related to the particle size and
shape. For example, Li-ion diffusion within particles depends
on the current density per electrochemically active surface
area and  diffusion  distance. = Consequently, the
electrochemical activity of layered materials depends on the
crystal facets. The cyclability of layered materials is also
related to particle morphology.*® Considering these
phenomena, the electrochemical properties of a material are
dependent on particle morphology.

To overcome the trade-off between rate and power
capabilities and structural stability, particle morphology
modulation can be used to increase the surface area. This
approach can enhance power capability by increasing the
active surface area of the material while maintaining total
surface area. To validate this approach, the quantitative
correlation between the surface area of the specific crystal
facets of LiNi;;3C043Mn,,30, (NCM) and its power and rate
capabilities was determined. Clarifying the relationship
between the electrochemically active surface area and power
capability is extremely significant, both from the academic
perspective of establishing the kinetics of the Li insertion
reaction and from the engineering perspective of providing
effective guidelines for electrode materials for high-power
batteries.

In this study, we investigated the relationship between the
particle morphology of NCM and electrochemical reaction
kinetics with regard to the electrochemically active surface
area. To measure the essential properties of the NCM
materials, we conducted rate capability tests and
electrochemical impedance spectroscopy using the diluted-
electrode method.””** Similar to thin-film and single-particle
electrodes, the diluted electrode enabled the evaluation of
the intrinsic electrochemical properties of materials, because
a small amount of active-material particles is homogenously
distributed in the diluted electrode (Fig. S1). The procedures
for electrode preparation and cell fabrication are presented
in the SI. Four types of NCM particles (small/large and plate-
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like/octahedral crystals) were synthesised using flux
methods' and employed as active materials (Fig. S2). The
NCM particles exhibited a layered structure with the same
lattice parameters (a = 2.86 A, ¢ = 14.2 A). The electrochemical
behaviour of the NCM particles, which were examined in Li
cells (Fig. S2), was similar to that previously reported.'*"® For
example, they exhibited an operating voltage of 4 V, with
approximately 120 mAh g™ of rechargeable capacity.

To determine the conditions of a suitable diluted
electrode for evaluating the electrochemical properties of
NCM, rate capability tests were performed using diluted
electrodes with various NCM contents (Fig. S3). The contents
of active NCM material in these diluted electrodes were 20,
10, and 5 wt%. When the NCM content was low, the
discharge capacity increased, particularly at a high current
density. According to the capacity retention versus current
density plots based on NCM weight (Fig. S4), capacity
retention improved as the NCM content decreased. However,
it remained the same at NCM contents of <10 wt%. Thus,
solid-state Li-ion diffusion inside the NCM particles was the
rate-determining step. The amount of Li ions in the
electrolyte required for the Li insertion reaction was
sufficient owing to the low number of NCM particles in the
diluted electrode.”® Consequently, we used diluted electrodes
containing 10 wt% NCM to evaluate the rate capability of
NCM materials with solid-state Li-ion diffusion as the rate-
determining step.

To examine the impact of particle morphology on the rate
capability of NCM, the diluted NCM electrodes containing 10
wt% NCM with various particle shapes and sizes were
discharged at several current densities (Fig. 1). For all cells,
changes in the discharge curves with increasing current
density were similar; however, the current density required to
deliver the same capacity was significantly different. When
comparing the rate capabilities of NCM with different
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Fig. 1 Discharge curves during the rate capability tests of diluted
NCM electrodes containing 10 wt% NCM. Morphology of NCM: (a)
small octahedral, (b) large octahedral, (c) small plate-like, and (d) large
plate-like particles.
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particle sizes, smaller NCM particles exhibited better rate
capability. For example, to deliver 80 mAh g™, the current
densities were 1010 and 136 mA g~ for the small and large
octahedral crystals, respectively. Notably, the rate capabilities
of the plate-like and octahedral crystals were similar. For
example, for large crystals, the current density was 260 mA
g to deliver 60 mAh g'. Thus, particle size more
significantly affected the rate capability of NCM than did
particle shape.

Differences in the rate capabilities of NCM materials with
different particle morphologies were examined by plotting
capacity retention against the current density based on NCM
weight (Fig. S5). The rate capabilities of the four NCM
materials differed at high current densities but were similar
at low current densities. The capacity retention of NCM
materials with layered structures was proportional to the
square root of the current density (Fig. S6). Conversely, in
other materials with spinel structures, the capacity retention
is proportional to the current density.”*'* As shown in Fig.
S5 and S6, small crystals exhibited better rate capabilities
than large crystals for both octahedral and plate-like NCM
materials. However, no significant difference was observed in
the rate capabilities of the plate-like and octahedral crystals.
When the particles were large, the plate-like and octahedral
NCM materials exhibited similar rate capabilities. Conversely,
when the particles were small, the rate capability of the
octahedral crystals was slightly superior to that of the plate-
like crystals. Thus, the rate capability of NCM was more
significantly affected by particle size than by particle shape
because the rate capability measured using the diluted
electrodes was strongly correlated to the diffusion length of
the particles."
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Fig. 2 Nyquist plots of Li/NCM cells measured at 4.1 and 4.2 V. The
diluted NCM electrodes contained 10 wt% NCM. Morphologies of
NCM: (a) small octahedral, (b) large octahedral, (c) small plate-like, and
(d) large plate-like particles.
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Electrochemical impedance measurements were performed
to investigate the impact of particle morphology on the Li
insertion kinetics of the NCM materials. In the Nyquist plots of
diluted NCM electrodes measured at 4.1 and 4.2 V (Fig. 2), a
large arc appeared in the low-frequency region, and a small arc
was observed in the high-frequency region. According to
previous studies,®'*'*2° the high-frequency arc is attributed to
contact resistance between the active material and current
collector, while the low-frequency arc corresponds to the
charge-transfer resistance (R.) of the particles. In the diluted
electrode with a low NCM content (10 wt%), the total surface
area of the NCM particles in the electrodes was small owing to
the low number of NCM particles; thus, the low-frequency arc
due to R increased in size. The R, value, which was estimated
from the diameter of the low-frequency arc, increased with
particle size for both plate-like and octahedral crystals, because
larger crystals have a smaller surface area.'® No significant
difference in R, value was observed between 4.1 and 4.2 V.
Therefore, the measured R, value can be used to evaluate the
electrochemical properties of NCM materials, despite certain
variations in NCM materials with a layered structure depending
on the state-of-charge.>**"

To clarify the reason for significant differences in the R
values of NCM depending on the particle morphology, we
considered differences in the electrochemically active surface
area (Aacive) due to particle shape and size (Fig. 3).*® The (100)
planes, which are the sides of platelike crystals, are
electrochemically active because they contain Li-ion conduction

Fig. 3 (a) Crystal structure of NCM. (b and e) Miller indices of
hexagonal plate and octahedral NCM crystals. Atomic arrangements of
each crystal facet: (c and f) electrochemically active and (d) inactive
surfaces.
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paths. However, the (003) planes, which are the top and bottom
surfaces of plate-like crystals, are electrochemically inactive
because the Li insertion reaction is blocked by transition-metal
ions. Therefore, only the sides of plate-like crystals are
electrochemically active. In the octahedral crystal, six crystal
faces, including the {012} and {110} faces, contain Li-ion
conduction paths among all crystal faces on which oxide ions
are closely packed; thus, these crystal faces are electrochemically
active. However, the other two faces of {003} are
electrochemically inactive because the conduction paths are
filled with transition-metal ions. Therefore, only six of the eight
crystal faces participate in this reaction. The A,cive values were
calculated for the octahedral and plate-like crystals, as shown in
Table 1 and the SI.

To confirm that NCM with a larger A,.ive €xhibits a lower
R, Rec was plotted against A,qive (Fig. 4a). To normalise the
R, based on the NCM content, specific R, (Q g) was
calculated using the R. of the electrode multiplied by the
NCM mass, because the R, of electrodes is inversely
proportional to the NCM content. A linear relationship was
observed in the plot of logR.; versus 10gAactive. The slope of
the straight line was -1.0, suggesting that R is inversely
proportional to the A,cive 0f NCM particles. Although a large
error in the Aucve, particularly for large crystals, was
observed, the reciprocal of R.. was proportional to A,ctye, and
a straight line passing through the origin was drawn (Fig.
S7). From the slope of this line, the R.. per unit area of the
electrochemically active surface in NCM was 8.4 kQ cm?. For
the first time, we quantitatively clarified that only the
electrochemically active crystal plane contributes to particle
reactions of the Li insertion material. By controlling the
particle  morphology to  selectively increase the
electrochemically active surface area rather than reduce the
particle size of Li insertion materials, we designed a highly
durable material that achieves a high-power capability while
suppressing side reactions on the surface.

Similar to the analysis of R. values, the relationship
between rate capability and active surface area was examined
(Fig. S8). The current density at which half of the discharge
capacity can be obtained (jw@Q = 50%) was used as a
quantitative index of rate capability. A linear relationship
between jw@Q = 50% versus Aactive in both octahedral and
plate-like NCM crystals was observed. This relationship
resulted from the dependence of current density on the active
surface area; thus, the current density per active surface area
decreased with increasing A,.ve. However, different particle

Table1 A,cive and R values of the four types of NCM materials

Small Large Small Large

Oct. Oct. plate plate
lorr[um] 1.0 12 0.6 3.0
Aactive X 107 [em? g7'] 1.2 0.096 0.80 0.16
d [um] 0.36 4.3 0.52 2.6
R@4.1V[Qg] 0.77 9.0 0.88 3.8
R@4.2 V[Qg] 0.76 7.6 0.79 3.3
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Fig. 4 (a) Plots of R versus Aactive in double-logarithmic scales. Red

and blue symbols indicate R.; measured at 4.1 and 4.2 V, respectively.
(b) Plots of jw@Q = 50% versus Aactive X d2. Blue and green symbols
represent octahedral and plate-like NCM particles, respectively.

shapes yielded straight lines with distinct slopes because the
rate capability was limited by Li-ion diffusion within the solid
NCM particles. During this process, both the particle surface
area and Li-ion diffusion length within the particles played
critical roles.

The diffusion distances of plate-like and octahedral NCM
particles were estimated (Fig. S9). In a layered structure, the
Li-ion conduction path corresponds to the two-dimensional
plane perpendicular to the [003] direction. For plate-like
particles, the diffusion distance equals the length from the
centre to the edge of the hexagonal plane. In contrast, the
diffusion distance in octahedral particles can be calculated
from a cross-section perpendicular to the (003) plane of the
octahedron. When finite diffusion within the active material
determines the rate capability, the discharge capacity is
inversely proportional to the square of the diffusion
distance.”® Consequently, rate capability is proportional to
A,ciive and inversely proportional to the diffusion distance (d).

To confirm this expectation, jw@Q = 50% was plotted
against Aactive X d™?, and a linear relationship was obtained
regardless of particle shape (Fig. 4b). The diffusion distance
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of the octahedral NCM particles (0.36 /) was shorter than that
of the plate-like particles (0.87 r). Thus, the diffusion distance
of plate-like particles approximately equals the particle
radius, whereas that of octahedral particles is less than half
the particle radius. For Li insertion materials, the same
relationship between NCM crystals with different shapes
demonstrated that the diffusion distance and active surface
area played critical roles in determining the rate capability.

In summary, the dependence of Li insertion kinetics on
the particle morphology of NCM materials with different
particle shapes and sizes was investigated via rate capability
tests and electrochemical impedance spectroscopy using the
diluted-electrode method. Both particle shape and size played
important roles on two different aspects of Li insertion
kinetics: power and rate capabilities. Electrochemical
impedance measurements revealed that power capability,
which was evaluated using the R, value, was related to both
the particle size and shape (plate-like/octahedral). For
example, R, was significantly higher for larger particles and
higher for octahedral crystals than for plate-like crystals. To
quantitatively explain this difference, the 4, values of the
four types of NCMs were calculated, and their relationship
with R.. was examined. The reciprocal of R, was proportional
to Apctivee Thus, R, was 8.4 kQ cm? based on the active
surface area of the NCM particles.

In addition to power capability, rate capability is closely
related to particle size and shape. The electrochemically
active surface area and diffusion distance strongly depend on
particle morphology. Because layered materials contain two-
dimensional Li-ion conduction paths, the diffusion distance
within the particle varies depending on the particle shapes.
Octahedral crystals have a shorter diffusion distance than
plate-like crystals, even with the same particle size. This
study demonstrates that modulating particle morphology
while increasing the electrochemically active surface area and
reducing the diffusion distance is an effective approach to
enhance the power and rate capabilities of Li insertion
materials.
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