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Figure 3. Crack density control by the slurry parameters: (a) solids content in NMP-based slurry, (b) various solvent, and (c) acetone concentration in acetone/NMP
solvent mixture, and representative SEM images of (d) solid content of 27 wt% in (a), (e) DMF solvent in (b), and (f) acetone 85% in (c).

charge/discharge cycling tests) and 176.7 mm2 (15 mm disk for sym-
metric EIS tests)) are much larger than the measured area.

At the same time, more volatile solvents such as DMF (Tb =
153◦C) and acetone (Tb = 56◦C) were used to achieve greater changes
in crack densities. The solids content of the slurries was thoroughly
controlled at 35 wt%. The DMF based slurry results in the increased
crack density of 2524.0 (± 157.1) μm/mm2 compared to the NMP
based slurry of 2141.6 (± 184.2) μm/mm2. Meanwhile, the NMP and
acetone mixture was used instead of the pure acetone based slurry
because the acetone based slurry totally delaminated from the cur-
rent collector during drying process (refer to Figure S2). The 1:1
NMP/acetone ratio sample shows an average crack density of 2672.3
(± 203.1) μm/mm2, and the crack density changes are summarized
in Figure 3b. As shown in Figure 3c, changing the NMP/acetone ratio
from 100 to 15 wt% leads to an increase in crack density to 2716.4 (±
168.2) and 2946.1 (± 133.7) μm/mm2 at 45 and 15 wt% NMP con-
centration in solvent mixture. Overall, crack density increases with an
increase in solids content and acetone concentration. The increase in
solvent volatility decreases the amount of time required for drying and
thus affects the kinetics of drying which determine the crack structure.
Qualitatively, unit cracks shorten and curve more as the crack density
increases (refer to Figures 3d-3f).

Electrochemical impedance spectroscopy (EIS) of symmetric
cell.—Electrochemical impedance spectroscopy (EIS) is a well-
known electrochemical characterization method which can provide
insight on the electrochemical systems such as Li-ion diffusion in
electrolyte, solid electrolyte interphase (SEI) formation, and charge
transfer reactions, etc.26 The transmission line model (TLM) for cylin-

drical pores can be combined with EIS using symmetric cells to
analyze internal resistance of electrodes.21,27 Symmetric cells were
prepared to evaluate the precise internal resistance of their specific
electrodes without the influence of the counter electrode. Meanwhile,
a non-intercalating salt (TBAClO4) eliminates the charge transfer re-
action effect which depends on the active material composition.22 The
EIS of the symmetric cell based on a non-intercalating salt allows
for evaluation of the inherent electrode architecture and interfacial
properties between current collector and electrode layer.

EIS curves of the mud-cracked electrodes with various crack den-
sities ranging from 1940 – 2946 μm/mm2 in Figure 4 reveal the typical
Nyquist plot of the cathode symmetric cell consisting of three com-
ponents: i) a semi-circle from high to mid frequency (e.g., 30 kHz to
400 Hz), ii) a 45◦ slope from mid to low frequency (e.g., 400 to 2 Hz),
and iii) a steep slope at low frequency (e.g., <2 Hz). High frequency
intercept of the semi-circle at around 30 kHz is related to the elec-
trolyte bulk resistance, and the resistance of the semi-circle at high
frequency impedance (>400 Hz) corresponds to the contact resis-
tance at the aluminum current collector/cathode layer interface.22,28,29

The 45◦ slope at intermediate frequency represents the mobility of
ions inside the porous electrode.27 The steep slope at low frequency
(<2 Hz) corresponds to the capacitive behavior of electrical double
layer and the pore geometry and side reactions cause the non-uniform
current distribution, reflected as the non-vertical line.27 The ionic re-
sistance corresponds to geometric parameters and should therefore be
geometrically normalized for fair comparison. However, because the
contact resistance is an interfacial property and the tested electrode
area is fixed as 1.767 cm2, the contact resistance was directly com-
pared without further normalization. The effective ionic conductivity
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Figure 4. Exemplary EIS curves of symmetric cells with crack density of (a) 1940, (b) 2355, (c) 2716, and (d) 2946 μm/mm2.

(κeff) is calculated from the 45◦ slope in Figure 4 and normalized
by thickness to ensure that any slight variation during fabrication is
accounted for. Figure 5 reveals the effective ionic conductivity and
electronic contact resistance with various crack densities including
the measurement shown in Figure 4. The ionic conductivity increases
from 0.141 to 0.234 mS/cm as the crack density increases, while the
contact resistance (Rc) does not follow the crack density trend as di-
rectly. The trends of interfacial contact resistance in the top graph of
Figure 5 show: i) reduced Rc with an increase in solids content in NMP
mono-solvent, and ii) increased Rc with a mixed or more volatile sol-
vent system. The second trend is further supported by galvanostatic
charge/discharge curves discussed in the following section. On the
other hand, the effective ionic conductivity is increased as the crack
density increases (refer to the bottom graph in Figure 5). Four groups
of samples with the highest and lowest values of κeff and Rc were se-

lected from the top graph to examine the effect of ionic conductivity
on the electrochemical performances as depicted.

Galvanostatic charge/discharge cycling test for rate and cy-
cling performance evaluation.—The rate and cycling performances
of the selected samples were examined using a galvanostatic
charge/discharge cycling test. The initial coulombic efficiencies of
samples 1–4 are 72.16% (± 0.18%), 76.07% (± 1.31%), 71.61%
(± 0.50%), and 71.52% (± 1.25%), while the first discharge capaci-
ties at C/10 are 166.78 (± 0.72), 178.29 (± 4.14), 166.30 (± 2.17),
and 170.23 (± 3.25) mAh g−1, respectively (Table I). The current
densities are calculated based on the expected capacity of 1C = 210
mAh g−1. Both the initial coulombic efficiency and first discharge
capacity of sample 2 with the lowest Rc value at symmetric cell EIS
test results are significantly higher than those of the other groups.
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Figure 5. Summary of symmetric two cathode EIS characterization in
TBAClO4 electrolyte: contact resistance (Rc) between cathode layer and Al
current collector and effective ionic conductivity (κeff) calculated from ionic
resistance (RIon).

The discharge profiles in Figures 6a-6d reveal that the decrease of
onset reduction potential, due to the internal resistance (IR) drop, of
the discharge profiles intensifies as the current density increases, and
the IR drop is highly related to the Rc. Despite the considerable IR
drops, the mud-cracked electrodes, at C/5 and C/3, still deliver specific
capacities of more than 94% of the initial discharge capacity at C/10.
The two typical reduction peaks related to Co3+/Co4+ and Ni2+/Ni4+

redox pairs30 develop distinctly at around 4.2 and 3.7 V at a low current
density of C/10 as shown by the dQ/dV∼V curves in Figures 6e-6h.
Note that the tetravalent stated Mn stabilizes the high-delithiated local
structure rather than providing capacity.31 Although the peak at around
4.2 V significantly shifted to lower potential (�VC/10 to C/3 = 0.07–
0.19 V) as the current density increased, the peak intensity gradually
increased (refer to Figure S3). Meanwhile, the peak potential at around
3.7 V shifted less (�VC/10 to C/3 = 0.04–0.06 V), and the peak intensity
decreased due to the increased current density.

On the other hand, the electrochemical performances at high cur-
rent densities (≥ C/2) are significantly degraded as the electronic
conductivity is reduced. The discharge capacities of all the samples
are normalized with respect to their initial discharge capacity during
the first cycle of C/10. The average normalized discharge capacities
of sample 2 (featuring the lowest Rc) at the current densities of C/2,
1C, and 2C are 94.35%, 78.74%, and 17.69%, while those of sample
3 (highest Rc) are 86.97%, 49.82%, and 8.22%, respectively (refer to

Figure 7a). Although the effective ionic conductivity of sample 4 is
much higher than that of sample 1, its rate performances are not dis-
tinguishable: the average normalized discharge capacities of sample
1 at C/2, 1C, and 2C are 93.78%, 67.73%, and 7.87%, while those of
sample 4 are 92.14%, 60.71%, and 7.71%. The depressed discharge
reactions at high current densities are caused by the discharge re-
action happening preferentially at particles with lower inter-particle
resistance.32 The discharge capacities of all samples are fully recov-
ered at a current density of C/5 at the 28th and subsequent cycles.

The cycling performances were continuously evaluated following
the rate performances test. The average values of the normalized dis-
charge capacities of the four sample groups in Figure 7b reveal the
same trend as the rate performance. The number of cycles for which
the average cycling retention of each sample is 80% or less are 83
(sample 1), 91 (sample 2), 75 (sample 3), and 81 (sample 4). The
improved cycling performance in sample 2 is attributed to the im-
proved electronic conducting network compared to other groups.33

The cycling degradation behaviors of the cathodes are shown in volt-
age profiles and differential discharge capacity curves in Figure S4.
The electrochemical reactions at high potential peaks (e.g., 4.0–4.2 V)
are considerably suppressed as the cycle number increases. Dramatic
degradation of NMC 811 electrodes may be due to the overlapped po-
tentials of the Co3+/Co4+ redox and O2 evolution onset by electrolyte
oxidation at the cathode surface34–36 as well as mechanical failure
such as micro cracks by repetitive volume change during cycling.37–39

In brief, it can be concluded that the electrochemical performances
of the cracked electrodes are more closely related to the interfacial
resistance than the ionic conductivity tuned by the crack densities.

Further examination of interfacial contact effect.—In order to
further quantify the electronic conducting effect at the interface, a
simple experiment was conducted to compare cathodes with differ-
ent current collector metals. Free-standing cathodes with gold current
collector were prepared by peeling off the aluminum current collec-
tor and sputtering gold on those cathode surfaces as shown in Figure
S5 (a). The details on the sample preparation and rate performance
test are described in Supplementary Information. The loadings of the
gold sputtered electrodes and the reference group with the aluminum
current collector were controlled at around 60 mg/cm2. The rate per-
formances of these electrodes at C/3 and C/2 rates are highly dete-
riorated compared to the initial cracked electrodes due to the higher
loading and the lower amount of carbon black content. However,
the sputtered gold current collector provides far higher normalized
discharge capacities at those current densities (68.66% and 38.00%)
in comparison to the aluminum current collector electrodes (38.88%
and 12.94%) because of reduced contact resistance (refer to Figure
S5 (b)). The pronounced difference between discharge capacities of
gold versus aluminum current collector cathodes illustrates the impor-
tance of addressing interfacial electronic resistance at high loadings
and moderate C rates. This work assumes the electronic conducting
nature between the active material particles and binder components
to be analogous to that of the current collector and active material
particle interface because both the aluminum current collector and
NMC particles have the oxide layer at their surface.40 Future research
can further quantify the carbon black and binder distribution and how
they interact with the oxide particles.

Table I. Summary of electrochemical performance data of sample groups 1–4 showing that electronic resistance is a greater indicator of
performance than ionic conductivity under certain conditions.

Coulombic Discharge Capacity Average Normalized No. of cycles
Sample Composition Conductivity Efficiency (mAh g−1) Discharge Capacity (%) at 80% Capacity

C/10 C/2 1C 2C
1 NMP with 27% solids content Low κeff 72.16% 166.78 93.78 67.73 7.87 83
2 NMP with 35% solids content Low Rc 76.07% 178.29 94.35 78.74 17.69 91
3 NMP : acetone = 45:55 High Rc 71.61% 166.30 86.97 49.82 8.22 75
4 NMP : acetone = 15:85 High κeff 71.52% 170.23 92.14 60.71 7.71 81
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Figure 6. Voltage profiles (a-d) and differential capacity curves (e-h) of the cracked electrode discharge with various current densities: (a and e) Sample 1, (b and
f) Sample 2, (c and g) Sample 3, and (d and h) Sample 4.

Conclusions

Mud-crack formation was employed to create high loading, low
tortuosity electrodes. Various crack density samples were prepared by
controlling the slurry compositions. The ionic conductivity increases
with the crack density due to the formation of more straight, vertical
ionic channels, while the electronic conductivity is also affected due
to the varying carbon black and binder distribution. This mechanism

thus allows the fabrication of electrodes with the same compositions
and porosities but with different microstructure which result in var-
ied electronic and ionic resistances. Four groups of samples with the
highest and lowest values of κeff and Rc were chosen to illustrate
the effects of the ionic and electronic conductivity on the electro-
chemical performances. Although the low rate cycling performances
are excellent regardless of the ionic and electronic conductivity, the
galvanostatic charge/discharge behaviors at high rates (≥ C/2) and
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Figure 7. Average normalized discharge capacities of the cracked samples: (a) rate performances discharged at different current densities and (b) cycling
performances cycled at C/3.

the cycling performances at a rate of C/3 are more closely related to
the electronic conductivity than the ionic conductivity. Experiments
comparing electronic interfacial contact resistance of gold-sputtered
and aluminum current collectors further support the conclusion that
electronic conductivity plays a greater role in electrochemical perfor-
mance than ionic conductivity for thick electrodes fabricated in this
study.
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