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Introduction

ABSTRACT

A high-pressure micro-fluidization method is applied to layered cathode
materials to obtain few-layered nanosheets for the first time. The effect of the
micro-fluidization on Li(Nig333Mng333C00333) (NMC) and LiCoO, is investi-
gated regarding crystal structure, morphology, and electrochemical properties.
Micro-fluidization facilitated the exfoliation of LiCoO; layers thanks to the high
shear force. As a result, the exfoliated LiCoO, nanosheets exhibited preferred
orientations with more intense (003) facets. In addition, the oxygen position in
the CoOg octahedra altered, resulting in a shortened Co-O bond length after
micro-fluidization. Research demonstrates that micro-fluidized NMC and
LiCoO, exhibited superior cyclic performance compared to the pristine one.
Notably, it was found that micro-fluidized LiCoO, exhibited an improvement in
capacity retention (75%) compared to pristine LiCoO, (21%) after 100 cycles at
0.1C. The enhanced cyclic performance of micro-fluidized NMC and LiCoO; is
attributed to the surface stabilization due to the surface reconstruction of thin
plates after micro-fluidization.

occupy different crystallographic octahedral sites
within the cubic close-packed oxide array. The

Layered structured materials with a chemical for-
mula of LiMO, where M is a transition metal like Nj,
Co, and Mn are the most promising candidates
among the cathode active materials for lithium-ion
batteries [1]. The crystal model of LiMO; is similar to
the o-NaFeO, structure with trigonal symmetry

(space group: R3m), where sodium and iron cations
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resulting rhombohedral structure has alternating
NaO, and FeO, layers perpendicular to the [111]
rock-salt plane in the ABC-ABC-stacking scheme. In
LiMO,, Na ions and other possible M ions (Co®,
Ni**, and Mn**) were replaced by Li* and Fe’* ions,
respectively [2, 3]. Among the layered cathode
materials, lithium cobalt oxide (LiCoO,) has been the
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most commonly used positive electrode material in
Li-ion batteries for many years thanks to its ease of
production, high energy density, high operational
voltage, and good cyclic stability [4]. Although the
LiCoO,’s theoretical capacity is 274 mAh g~ !, its
practical capacity is limited to 140 mAh g~ ' due to
the oxygen evolution that starts when around half of
the lithiums are de-intercalated from the Li;_,CoO,
structure (1 — x < 0.5). The reason for the oxygen
release is the overlap between the Co®™/*" and the
O,_:2p bands at about 4.2 V [5, 6]. This fact limits the
use of LiCoO, only to small devices requiring rela-
tively low energy and power densities, such as
mobile phones, cameras, and laptops. Therefore,
alternative layered cathode materials were improved
for high-energy-density Li-ion battery applications
such as electric vehicles and grid energy storage [7].
With the introduction of Ni and Mn elements into the
LiCoO, structure, layered LiNi,Co,Mn,O, (where
x+y+z =1 (NMC) cathode materials have been
developed. In the NMC structure, Ni**/** and
Mn>*/** bands do not overlap with the O,_:2p band.
Therefore, structural and chemical instability reasons
such as electron density removal and oxygen release
do not occur in contrast to cobalt. However, due to
their low octahedral site stabilization energies, Mn
and Ni have less structural instability, which results
in spinel transition and associated voltage drop
during cycling [8].

The development of (2D) nanosheets has taken
significant attention in the field of materials science.
After the invention of graphene in 2004 [9], many
types of 2D nanosheets comprising different elements
were discovered [10]. Furthermore, researchers have
recently shown increased interest in developing 2D
nanosheets for Li-ion battery applications to take
advantage of their short ion diffusion distance and
open charge transport path advantages for fast
charge and discharge performance [11]. Particularly
on the anode side, researchers improved the electro-
chemical stability and rate capability of graphene
[12], TiS, [13], and Coz04 [14]. Several attempts were
also made in order to produce 2D cathode materials
such as LiFePO, and improved electrochemical sta-
bility was observed [15, 16]. However, little attention
has been paid to obtaining 2D nanosheets for layered
cathode materials because the exfoliation of layers
leads to the extraction of lithium atoms from their
sites and the oxidation of transition metals to higher
valence states. These problems cause layered to rock-

salt transformation, which is a significant concern for
layered cathode materials [17, 18]. Recently, Lin et al.
suggested that the rock-salt layer could shed light on
the possible advantages of functionalizing the sur-
faces of cathode particles [19]. Besides, Su et al
demonstrated that the rock-salt layer improves the
cyclic stability of the cathode due to the prevention of
reactions between the active material and liquid
electrolyte [20]. Therefore, we believe that 2D layered
cathode nanosheets with stable surfaces may exhibit
superior cycling performance than bulk cathodes.
Although stacked morphologies of the layered cath-
odes allow producing of them as exfoliated 2D
nanosheets theoretically, this is difficult due to the
robust electrostatic force between the neighboring
layers. Therefore, a suitable and practical top-down
methodology are still needed to develop 2D layered
cathode nanosheets.

Micro-fluidization is a homogenization technique
carried out by passing a fluid through the micro-
channels by applying high pressure (207 MPa). It is
mainly used to produce nanoparticles and nanosus-
pensions in pharmaceutical applications. Moreover, it
has also been used for the separation and dispersion
of carbon nanotubes [21], few-layer graphene [22],
graphene quantum dots [23], and hexagonal boron
nitride nanosheets [24]. The working principle of this
technique was explained elsewhere [24]. Briefly, too-
high pressure is generated via the intensifier pump. It
accelerates the input powder solution fed into the
interaction chamber at high velocities, around
500 m/s. The powders in the solution are exposed to
very high shear stresses thanks to the microchannels.
Hence, low-energy bands such as Van der Waals can
be broken. The most important advantage of this
technique is that while applying a high shear force to
the entire fluid, the plates can be exfoliated without
significantly reducing size in a preferred direction. It
is possible to obtain large amounts of materials with
preferred orientation because of the semi-continuous
nature of the process.

In the present study, we suggest a facile way to
obtain the 2D-layered cathode nanosheets with
desired thickness by using a micro-fluidization tech-
nique for the first time. To this end, we have studied
the effect of micro-fluidization on the crystal struc-
ture and electrochemical performance. Finally, we
correlated the electrochemical measurements via
combined X-ray diffraction (XRD), Raman Spec-
troscopy, and electron microscopy techniques.
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Experimental study

Pristine Li(Nip333Mng333C00333)02 (NMC) (Ecopro)
and LiCoO, (MTI) were used for the micro-fluidiza-
tion process. Firstly, 1 g cathode powder was sieved
through a 63 um sieve, and 400 mL 2-propanol was
added to form a suspension before use. The resulting
suspension was mixed using sonication (Sonics, 750
Vef) for one hour. Next, Sonicated LiCoO, suspen-
sion was fed into the high-pressure commercially
available micro-fluidizer (Microfluidics Corp.) with
207 MPa constant intensifier pump pressure. After
that, the resulting suspension was heated up to 80 °C
for 12 h to obtain a dried LiCoO, powder. The crys-
tallographic structures of all micro-fluidized cathodes
were analyzed by the XRD (Rigaku Miniflex 600, Cu-
Ko radiation (1.5406 A), 20 range of 15°-80°, 0.02 step
size and 1°/min scan speed). Rietveld analysis was
performed to determine the lattice parameters of
cathodes using MAUD software [25]. The morphol-
ogy of cathode particles was observed using scanning
electron microscopy (SEM, Zeiss Supra 50 VP). The
thickness of layers was monitored using a transmis-
sion electron microscope (TEM, JEOL JEM 2100F).
Raman spectroscopy (WITec alpha 300) was carried
out on pristine and micro-fluidized samples under
5 mW output power.

The cathode slurry was prepared by mixing
86 wt.% active material with 6 wt.% Super P (Timcal)
and 6 wt.% PVdF (MTI) dissolving the mixture into
N-Methyl Pyrrolidone (NMP), three times the total
solid volume. The slurry prepared was spread uni-
formly on aluminium foil using a doctor blade
(150 um in thickness) and dried at 80 °C under a
vacuum. CR2032 coin cells were fabricated in an
Argon-filled glove box. Lithium foil (Alfa Aesar) was
used as an anode. The electrolyte was 1 m LiPF
dissolved in ethylene carbonate and diethyl carbon-
ate (Sigma, EC: DEC = 1:1, v/v). A Celgard 2400 PE/
PP membrane separated positive and negative elec-
trodes. The electrochemical tests were performed to
analyze the charge-discharge behaviour of cathodes
using the BaSyTec GmbH Test System in the
2.75-4.25 voltage range. The electrochemical impe-
dance spectroscopy measurements were performed
at 0.1 Hz-1 MHz with a 10 mV AC amplitude. All of
the voltage values in this study are given against
lithium oxidation potential unless stated otherwise.
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Results and discussion

XRD analyses were used to see the relationship
between the micro-fluidization and crystal structure
of NMC and LiCoO, cathode materials. The XRD
spectrums and Rietveld refinements of the pristine
and micro-fluidized samples are shown in Fig. 1.
Each diffraction pattern is normalized by the inten-
sity of the (003) peak. All reflection peaks could be
indexed as hexagonal (PDF No.: 01-075-0532) layered
oxide structures. The intensity ratios of Iggs) and I¢o4)
peaks for each sample are shown in the inset. For the
layered cathodes, the most intense Bragg peaks,
namely (003) and (104), provide valuable information
about crystalline ordering and perfection of crystal-
lization. Kalyani et al. draw attention to the relation
between the intensity of the (003) and (104) peaks and
the crystalline ordering for LiNiO,. While the (003)
peak is diffracted from the layered rock-salt struc-
ture, the (104) peak is diffracted from the layered and
cubic rock-salt structure. In other words, when the
Li* and Ni*" ions are entirely mixed, the intensity of
(003) peaks completely disappear, and the electro-
chemical inactive LiNigO;y phase occurs [26, 27].
Figure 1a shows that the relative peak intensity ratios
are 2.07 and 3.51 for the pristine and micro-fluidized
LiCoO, samples. It is apparent that the intensity
ratios of Ig3),/l104) increase with the micro-fluidiza-
tion process, which shows that the formation of
nanosheets results in excellent layered morphology.
The calculated peak intensity ratio of bulk LiCoO, as
2.07 seems consistent with previous research that
found 2.00 [18]. However, the peak intensity ratio of
micro-fluidized LiCoO, calculated as 3.51 is lower
than 7.6 in the previous study. This difference may be
due to the disorder induction into the LiCoO, crystal
structure during the micro-fluidization process.
Another possible explanation for this difference is the
thickness differences between nanosheets. On the
other hand, the relative peak ratios for the pristine
and micro-fluidized NMC samples are calculated as
1.47 and 1.67, respectively (Fig. 1b). Although the
relative peak ratio of micro-fluidized NMC is also
higher than that of pristine one, it is not as higher as
that of LiCoO, and is still below 2.00. This discrep-
ancy could be attributed to the morphology of NMC
powders which is explained in more detail in the
SEM results. Crystal structure changes, such as lattice
parameters and oxygen positions, were quantified
using the Rietveld refinement with LiCoO, and
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Figure 1 XRD patterns of pristine and micro-fluidized a LiCoO, and b NMC; refined spectrums of pristine ¢ LiCoO,, and d NMC and
micro-fluidized e LiCoO, and f NMC.

LiNi 333Mng 333C00 333 phase models (Fig. 1c—f). The It can be seen from Table 1 that the lattice param-
results were summarized with weighted (Ryyp), eters ‘a’ and 'c’ define the size of the hexagonal lat-
expected (Rexp) profiles, and the goodness of fit (;  tice. In the case of the NMC particles, the 'c’ lattice
= Rwp/Rexp) in Table 1. parameter decreased by micro-fluidization. It seems

possible that this reduction is due to induced
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disorder during the micro-fluidization process [28].
However, the enlargement of the 'c’ lattice parameter
was observed with micro-fluidization at the LiCoO,
side. This finding shows that the LiCoO, layers were
exfoliated due to the high-shear force effect of the
micro-fluidization process [18]. Further data from
Table 1 shows that the ‘c/a’ ratio for all samples is
around 4.9 indicating an ideal cubic-close packed
oxygen lattice [29]. The refined 'z’ parameters show-
ing the oxygen position and are responsible for the
deformation of the oxygen octahedron surrounding
TM cations [30] are also given in Table 1.

Figure 2 shows the calculated Co-O bond distance
and O-Co-O bond angle of the pristine, micro-flu-
idized, and theoretical LiCoO, model according to
the 'z’ parameter. The pristine sample has a lower
Co-O bond distance and a higher O-Co-O bond
angle (parallel to the c-direction) than the theoretical
model. This result suggests that the pristine Li,CoO,
sample has less lithium than the nominal amount.
Thus, the Co-O bond distance decreased, and the O—
Co-O bond angle increased by decreasing 'x" [34].
Furthermore, the micro-fluidized LiCoO, has the

J Mater Sci (2023) 58:864-879

shortest Co—O bond distance and higher O-Co-O
bond angle (parallel to the c-direction). It seems
possible that this result is due to the partial extraction
of Li ions during the exfoliation resulting in spin
ordering of the Co ions [31].

The Raman spectroscopy was conducted further to
assess the effect of micro-fluidization on the bonding
structure, and results are given in Fig. 3. The Raman
analysis showed two characteristic spectra belonging
to the layered cathodes. While the E; band indicates
O-Co-O bending in the a-b plane at 485 cm™’, the
A,z band shows the Co-O stretching mode along the
c-axis at 593 cm ™' [32]. The broad-spectrum nature of
NMC due to the different oxidation states of Ni ions
is explained in detail elsewhere [33]. It is seen from
Fig. 3a, b that E; and A;; bands broadened and
shifted downwards from the pristine state with the
micro-fluidization of NMC and LiCoO,, respectively.
The polyhedral distortion and motion of the oxygen
atoms may result in peak shifts [34]. These results
also align with the Co-O bond distance and O-Co-O
bond angle measurements in Fig. 2. For the LiCoO,
samples, there is also a minor peak around the

Table 1 Lattice parameters and ratios (a, ¢ and c/a) and oxygen parameters (Zoxy) Of pristine and micro-fluidized NMC and LiCoO,

powders given with reliability factors of expected (Rexp) and weighed (R,,) profiles and goodness of fit (/%) values

Sample a (A) c(A) cla Zoy Rep %)  Ryp (%) 7
NMC-pristine 2877 + 539E—5 14270 + 520E—4 4962 0242+ 1.71E—4 976 14.07 .44
NMC-MF 2877 + 644E—5 14259 + 6.52E—4 4958 0239 + 1.60E—4  8.80 11.88 135
LiCoOypristine ~ 2.819 + S.61E—5  14.069 + 542E—4 4990 0262 + 2.39E—4  12.80 15.93 124
LiCoO,-MF 2819 + 1.01E—4 14072 + 1.166—3 4990 0270 + 3.34E—4  12.04 21.39 178
o :Co
O 0
c
94.94°
r @ —P LCO Model Pristine-LCO LCO-MF

Figure 2 Comparison of Co—O bond lengths and O-Co—O bond angles of pristine and micro-fluidized LiCoO, samples based on

theoretical CoO¢ octahedra model.
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Figure 3 Raman spectra of (a)
pristine and micro-fluidized
a NMC b LiCoO, cathodes.
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693 cm™! showing the Cos0O, formation during the
micro-fluidization process. The formation of Co3;04
was assigned to the LiCoO, decomposition into O,
and Coz04 (Eq. 3) due to the loss of more than 0.50
lithium [35-37]. However, since there is no Co30y4
peak detected on XRD patterns, it is believed that

Raman Shift (cm-l)

Co30,4 content is found only as a thin layer at the
LiCoO, surface.

1 1
Lig50Co0, < 0.50LiCo0O; + 6C03O4 + 602 (3)

Secondary electron SEM images of pristine and
micro-fluidized cathodes are shown in Fig. 4. The
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Figure 4 Secondary electron SEM images of a pristine NMC, b micro-fluidized NMC, ¢ pristine LiCoO,, d micro-fluidized LiCoO,

particles.

shape of the pristine NMC has a spherical secondary
particle nature, and the primary particles are closely
packed without apparent gaps in between (Fig. 4a).
After micro-fluidization, the secondary particles are
disintegrated into the primary particles having loose
contact (Fig. 4b). Pristine LiCoO, particles have the
typical smooth bulk morphology consisting of thin
layers with approximately 10 pm particle size
(Fig. 4c). Moreover, it can be observed that pristine
LiCoO, powders get thinner with micro-fluidization
while preserving their characteristic stacked mor-
phology (Fig. 4d).

We performed TEM analysis to assess the layer
morphology, elemental distribution, and crystal
structure of micro-fluidized LiCoO, cathodes. It can
be seen from the bright-field TEM images that pris-
tine LiCoO, powder appears as shaded due to being
in bulk form (Fig. 5a). As the sample is micro-flu-
idized, transparent layers stand out by thinning
LiCoO, stacks (Fig. 5b). This finding has important
implications for the micro-fluidization process, which

@ Springer

helps to reduce the thickness of LiCoO, layer stacks
thanks to the exfoliation effect. Additionally, EDX
analyses were done from the edge toward the center
of the micro-fluidized LiCoO, sample (labelled as 1,
2, and 3 in Fig. 5¢). The corresponding spectrums are
shown in Fig. 5 (d), and chemical compositions are
given in Table 2. As a result, the oxygen content
increases from edge to inside the sample, pointing
out that the edges of LiCoO, get more oxygen-defi-
cient due to the edge disordering of LiCoO,
nanosheets [38]. These results also support the
Raman spectra showing CozO, formation with micro-
fluidization. HRTEM image of the micro-fluidized
LiCoO, (Fig. 5e) confirms the edge disordering with a
few atom thicknesses, which is known for its chem-
ical resistivity against liquid electrolyte reactions
[39-41]. Although the surface seems to be layered
structured (space group R3m), previous studies
showed that a surface reconstruction with a few atom
thicknesses occurs along with the (003) facets [42].
This combination of findings provides some support
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Figure 5 TEM image of a pristine and b micro-fluidized LiCoO,, ¢ STEM HAADF image of micro-fluidized LiCoO, (d-f) EDX spectra
of positions 1-3 g) HRTEM image showing the edge of micro-fluidized LiCoO,.

Table 2 Elemental

distribution of positions in O (at.%) Co (at.%)

Fig. 4c Point 1 6401  35.99
Point2 6652  33.48
Point3 6592  34.08

for LiCoO, nanosheets being more stable against the
liquid electrolyte reactions in all directions. However,
the nanosheets compromise the battery’s rate capa-
bility due to the reduced electronic and ionic con-
ductivity [17, 43, 44].

The effect of micro-fluidization on the electro-
chemical performance of NMC and LiCoO, materials
has been studied in a potential range between 2.75
and 425V under room temperature. The initial
charge/discharge capacities of the pristine and
micro-fluidized NMC samples were measured at
0.1C, and results are given in Fig. 6a. The pristine
NMC delivered a higher charge and discharge

capacity (176 and 143 mAh g™, respectively) than
the micro-fluidized NMC (161 and 128 mAh g~ ',
respectively). The coulombic efficiency of the pristine
and micro-fluidized NMC are nearly the same (81%
and 80%). In the case of the LiCoO,, the micro-flu-
idized sample delivered a higher charge capacity
(164 mAh g™")  than the  pristine LiCoO,
(155 mAh g~ ') (Fig. 6b). Besides, discharge capacities
are nearly identical (146 mAh g~ ' and 145 mAh g/,
respectively). The decrease in coulombic efficiency
(93.5% for pristine-LiCoO, and 89.0% for micro-flu-
idized LiCoO,) shows that the reversible capacity
decreases with micro-fluidization, which may be due
to the crystal structure distortion.

Pristine and micro-fluidized NMC and LiCoO,
cathodes were cycled for 100 cycles between 2.75 and
425V at 0.1 C-rate. Figure 7 displays the cyclic per-
formance of pristine and micro-fluidized NMC elec-
trodes. The capacities of pristine and micro-fluidized
NMC are 76 and 88 mAh g, respectively, after the
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Figure 6 First charge and (a) 4.2 -
discharge performances of
pristine and micro-fluidized
a NMC and b LiCoO, 4.0
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100th cycle. Even having a lower initial discharge
capacity, the micro-fluidized sample retained more
than 68% of its capacity after 100 cycles (Fig. 7b). This
value is limited to 53% for pristine-NMC (Fig. 7a). It
seems possible that the improved cyclic stability of
micro-fluidized NMC is due to the surface recon-
struction of disintegrated primary particles, which
were shielded in secondary particles before [45, 46].
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The cyclic stabilities of pristine and micro-fluidized
LiCoO, samples at 0.1 C are shown in Fig. 8. Pristine
LiCoO, preserved its discharge capacity of only
31 mAh g ' after 100 cycles representing 21% of its
initial discharge capacity (146 mAh g~'). This
capacity retention rate of pristine LiCoO; is similar to
previous studies [47-49]. Such a high capacity fade
can be attributed to mechanical failure because of the
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Figure 7 Cyclic performances (@) —
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structural changes during cycling above 4.25 V [50].
Although the pristine and micro-fluidized LiCoO,
have the same discharge capacity at the first cycle, the
micro-fluidized sample shows faster capacity decay
during the first ten cycles and then is stabilized. This
rapid and irreversible capacity loss confirms the

I ! I ! I ! I ! I I
40 50 60 70 80 90
Discharge Capacity (mAhg'l)

T
100

T
110

T
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T
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association between the surface reconstruction layer
formation and the surface stabilization of exfoliated
LiCoO, nanosheets [51, 52]. However, compared to
the pristine LiCoO, electrode, micro-fluidized
LiCoO, showed much better capacity retention than
the pristine LiCoO, with 75%. Therefore, the primary
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Figure 8 Cyclic performances of pristine and micro-fluidized
LiCoO, cathode materials.

outcome of the LiCoO, nanosheet cathode material,
as confirmed in relevant literature based on the
exfoliation process [21]. The stable, protective layer
nature of the disordered surface and edges of LiCoO,
nanosheets resulted in the retention of the reaction
between liquid electrolyte and active material.

Rate performances of pristine and corresponding
micro-fluidized NMC and LiCoO, at different
charge/discharge C-rates from 0.1C, 0.2 C, 0.5 C, and
1C between 2.75 to 4.25 V were also examined. Fig-
ure 9 shows the rate capabilities of pristine and
micro-fluidized NMC cathodes. Micro-fluidization’s
clear benefit in enhancing discharge capacity at high
C-rates could not be identified for the NMC cathode
(Fig. 9a). This result may be explained because dis-
integrated primary particles with micro-fluidization
have loose contact leading to longer Li-ion pathways
and impedance. In the case of LiCoO,, pristine and
micro-fluidized samples exhibited almost the same
discharge capacity at a 0.1C rate (Fig. 8b). However,
the difference between the discharge capacities of the
two samples increased with higher C rates. The
decreased rate capability of micro-fluidized LiCoO,
may be attributed to the worsened Li-ion conduc-
tivity of particles due to the surface rock-salt layer,
according to recent studies [44].

We conducted electrochemical impedance spec-
troscopy (EIS) at room temperature under the same
conditions to analyze the micro-fluidization effect on
charge transfer kinetics. The Nyquist plots of pristine
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and micro-fluidized electrodes are presented in
Fig. 10. The spectra included a high-frequency semi-
circle associated with the ohmic resistance (Ry),
medium frequency semi-circle related to the solid-
electrolyte interface and charge transfer (R.), and a
low-frequency tail was a clue of Warburg-type
lithium-ion migration. We calculated the R, and R
values from Nyquist curves fitting with correspond-
ing equivalent circuit models presented as an inlet in
Fig. 10 and gave results in Table 3. Notably, the
charge transfer resistance of pristine NMC (Fig. 10a)
and LiCoO, (Fig. 10b) was decreased due to the
micro-fluidization process. This increase in the R
value was attributed to the evolution of a resistive
layer that impedes ionic transport due to the surface
reconstruction of micro-fluidized samples [53].

Conclusion

This study aimed to exfoliate NMC and LiCoO,
cathode particles using a novel micro-fluidization
technique inspired by 2D materials such as graphene.
The results show that the micro-fluidized cathode
samples have better cyclic stability than that pristine
samples. Notably, LiCoO, showed superior capacity
retention with 78% after 100 cycles. The exfoliated
cathode layers having more (003) facets are more
stable against the liquid electrolyte reactions due to
the surface reconstruction (CozO, formation), con-
firmed by XRD, Raman, and TEM analysis. The
study’s primary limitation is reducing rate capability
due to the looser contact of particles with fragmen-
tation and surface reconstruction after exfoliation
with the micro-fluidization process. The electro-
chemical impedance spectroscopy results show
increasing charge transfer resistance with micro-flu-
idization correlated with this limitation of both lay-
ered cathodes.

Notwithstanding these limitations, this study
offers valuable insight into exfoliated layered cath-
odes for long-lasting lithium-ion batteries. A greater
focus on reproducing secondary particles with con-
trolled shape and heat treatment could produce
interesting findings that account for more enhanced
rate capability.
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Figure 9 Rate capabilities of
pristine and micro-fluidized

a NMC and b LiCoO, cathode
materials.
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Figure 10 The Nyquist plots
of pristine and micro-fluidized
a NMC and b LiCoO, cathode
materials.
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Table 3 Ohmic transfer and charge transfer values of pristine and
micro-fluidized cathodes

Sample Ry (©) Rt (©) x
NMC-pristine 1.64 80.31 439 x 1073
NMC-micro-fluidized 1.38 326 732 x 107°
LiCoQ,-pristine 1.63 182 423 x 1073
LiCoO,-micro-fluidized 1.77 228 242 x 1073
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