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HIGHLIGHTS

e Cycle degradation issue in thick electrode under high current density.

e The mass transport limitation gets worse as the cycle progresses.

e Permanent mechanical and chemical damages occur at the top layer of the thick electrode.
o A comprehensive cycle degradation model of the thick electrode is provided in this study.
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The use of thick electrodes with high-loading density of active material is one of the most practical strategies to
increase the volumetric/specific energy density of lithium-ion battery, while taking advantage of the current
electrode chemistry. However, their use is accompanied by serious deterioration of electrochemical performance,
especially exhibiting poor capacity retention with low power capability. Here, the degradation behavior of the
LiNig.6C0¢.2Mng.202, one of widely adopted cathodes, is comparatively investigated under high loading levels as
high as 28 mg cm 2 over the extended cycling. It is revealed that the charge transport limitation is cumulatively
dominated by the lithium ionic diffusion rather than the electronic conduction in the thick electrode. More
importantly, as the cycle proceeds, the thick electrode gets exposed to a serious reaction inhomogeneity because
of the negative feedback between the accumulated ion transport limitation and locally increasing resistance. It
leads to the generation of current hot spot in the electrode and the corresponding local material degradation,
which further inhibit the charge transport, resulting in unavoidable capacity fading. This finding proposes that
rational electrode architecture detouring the hot spot generation needs to be considered with respect to the ion
transport and the electrode material degradation toward the high-loading electrodes.

1. Introduction driving mileages of EVs closer to that of

internal-combustion-engine-based vehicles. For example, the Ni-rich

Recent advances in lithium-ion batteries have continuously
increased their energy density per volume, weight and cost, accelerating
the market penetration of electric vehicles (EVs) [1,2]. The newly
developed active materials have contributed to increasing the energy
density of conventional lithium-ion batteries, endeavoring to bring the

layered oxide cathodes could partly overcome the limited capacity of
the traditional LiCoO; cathodes, and help approach the theoretical limit
of the conventional layered LiMO, electrode (~280 mAh g}, M =
transition metal) [3,4]. As new electrode chemistry, lithium-rich tran-
sition metal oxide cathode materials have been under intensive scrutiny
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seeking for a higher energy density beyond the conventional LiMO,
electrode. And, it was demonstrated that an unprecedentedly high ca-
pacity can be potentially achieved from the unique anion redox in the
lithium-rich oxides [5,6]. While the continuous optimizations of active
materials are in progress, the practical energy densities of battery packs
still do not meet the demands of long-distance driving of EVs from both
gravimetric and volumetric aspects. Further discovery of new electrode
materials is expected to enhance the performance of the current
lithium-ion batteries, however, the adoption of new chemistry in the
manufacturing of lithium-ion batteries is yet far from the immediate
reality.

An alternative course to maximize the practical energy density is to
minimize the inactive components in the electrode while employing
traditional electrode chemistries. Indeed, non-active components, such
as current collectors and separators, account for at least ~20% of the
total volume or weight of the commercialized battery packs [7].
Therefore, doubling the loading density of active materials could result
in an actual capacity increase of approximately 10%-15% per battery. In
this respect, a recent report demonstrated that a remarkably high areal
capacity could be achieved from the thick electrode by employing car-
bon nanotube network in the electrode [8]. In addition, the extensive
analyses have shown that practical factors such as electrode loading,
electrolyte amount and foil thickness are critical in achieving the real-
istic high energy density [9-11]. Nevertheless, the use of thick elec-
trodes with conventional formulation is inevitably linked with the
deterioration of electrochemical properties such as the rate capability in
particular. Lee et al. reported that LiNip.gCog.1Mng.;02 cathode with the
electrode loading of ~25 mg cm™2 was capable of delivering only less
than 20% of the theoretical capacity of the active material under a
moderate current density of 2C [12]. A 320-um thick electrode reported
by Singh et al. was only useable below a current density of C/2 [11].

Former theoretical and experimental works suggested that this
deterioration most likely results from the elongated charge transfer
paths of lithium ions in the high-loading electrode [12-16]. Longer ion
diffusion in the electrode would increase the charge-transfer resistance,
which becomes more severe and problematic under a high current
density. In order to maintain the moderate rate capability, many
research groups have previously attempted to reduce the overall tortu-
osity of the electrode to abate the charge transfer paths and keep the
desired loading density or areal capacity [17,18]. While some success
has been achieved, it has been still a tremendous challenge to secure
sufficiently high power-capability for the practical usage. Moreover, a
complicated issue for thick electrodes is that the rate capability is
coupled with the capacity retention. In many prior studies, a feasible
cycle retention was achieved for a thick electrode only under low cur-
rent density (~C/5) for short-term cycles (<50 cycles) [12,19,20]. And,
even though relatively high-power density seems to be displayed for the
initial cycles, the capacity retention over extended cycles is significantly
affected by the high-loading of the electrode, as will be discussed in
detail later. However, so far, this inferior cycle retention of the thick
electrode has not been dealt with systematically. More fundamental
understanding is required to elucidate the accelerated degradation be-
haviors of thick electrodes in correlation with the current density to
expedite the practical employment of the thick electrode.

In this work, we systemically investigated the underlying capacity
fading mechanism of thick electrodes over extended cycles for
LiNip.6C0g.2Mng.202 cathodes. Through the comparisons of electrodes
with different loading levels, it was observed that thick electrodes suffer
from the significant reaction inhomogeneity aggravating with cycle
number, whereas the conventional electrode maintains the reaction
homogeneity even after 100 cycles, as verified by laser-induced break-
down spectroscopy (LIBS) and X-ray diffraction analyses. Moreover,
severe particle destruction and formation of byproducts were detected
selectively at the top layer of the thick electrode after cycles as a result of
the reaction inhomogeneity. Based on the findings, we propose a
comprehensive model, including not only determining limiting factor
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but also mechanical damages and surface chemical changes along the
electrode depth, regarding the cycle degradation of the thick electrode.
The degradation is initialized by (i) the slightly elongated lithium-ion
diffusion route in the electrode, (ii) accompanied by selectively cumu-
lative side reactions, and (iii) followed by the reaction inhomogeneity
that becomes severe with negative feedback between the altered tortu-
osity and side reactions. Eventually, local current hot spots are formed at
the electrode, leading to the degradation of the active material. These
observations would aid in identifying potential solutions to bottlenecks
in employing high-loading thick electrodes toward the high-energy-
density batteries with the long-term cyclability.

2. Experimental
2.1. Electrode preparation and electrochemical analysis

To prepare the electrode, LiNip.¢Cog.2Mng.202 powder (provided by
Samsung SDI), Denka carbon black, and Polyvinylidene fluoride (PVDF)
were mixed in a weight ratio of 97:1.5:1.5 and added to N-Methyl-2-
pyrrolidone (NMP, anhydrous, 99.5%, Aldrich). After this mixture was
homogenized into a slurry, it was coated onto aluminum foil using the
doctor-blade method, dried for 20 min in a 120 °C convection oven, and
pressed by a roll-pressing machine. Coin-type half cells (CR2032,
Wellcos) were assembled using the composite electrode as the cathode,
lithium metal as the anode, a glass fiber filter (GF/F) separator, and 1 M
LiPFg in ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 v/v,
PanaX Etec) as the electrolyte. Galvanostatic measurements of the
charge/discharge of half-cells were conducted within the voltage range
of 2.8-4.3 V with a current density of 150 mA g~ (~1C) at 25 °C using a
multichannel potentio-galvanostat (WBCS-3000, Wonatech, Korea). EIS
analysis was conducted after the half-cell was charged to 4.3 V every 20
cycles. A sine-modulated AC potential of 10 mV was applied in the
frequency range of 200 kHz to 5 mHz.

2.2. Chemical composition analysis

The state of charge (SOC) inhomogeneity was examined using LIBS
(J200, Applied Spectra). In employing LIBS, a high-power laser was
exposed to a sample to transform it into the plasma state and analyze the
elements. The plasma-state material returns to the ground state, emit-
ting characteristic wavelengths of light. The difference in wavelengths
for each element allows element species in the material to be identified
and quantitatively measured. The spot size of LIBS is approximately
30-200 pm, which was appropriate for observations at the electrode
level. We used a wavelength of 266 nm with 11.25 and 17.25 mJ for the
standard and thick electrodes, respectively. The cycled cells were
immediately disassembled, and the electrodes were retrieved and wiped
out within 1 min to prevent the possible re-distribution of lithium ions in
the electrode before the LIBS measurement.

2.3. Structural analysis of the electrodes

The morphology of the active materials was observed using scanning
electron microscopy (SEM; SU70, Hitachi, and SUPRA). When observing
the active particles near the current collector, the electrode materials on
the top side were removed using Kapton tape; the top side of the
remaining electrode was then examined. The extent of electrolyte
decomposition was determined using X-ray photoelectron spectroscopy
(XPS; Sigma Probe, Thermo Fisher Scientific, U.K). The binding energy
was referenced to the C 1s peak at 284.5 eV. The electrodes were further
analyzed using X-ray diffraction (XRD; D2 PHASER, Bruker, Bremen,
Germany) with Cu-Ka radiation (A = 1.54178). Before collecting the
XRD pattern, we evaluated the penetration depth of X-rays using a thin
electrode and concluded that the maximum depth is approximately 35
pm (Fig. S1.). This XRD depth represents either less than half of the
standard electrode (~70 pm) or nearly one-third of the thick electrode
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(~100 pm). To characterize the active particles near the separator, the
top side of the electrode was analyzed. For the XRD measurement of the
current-collector side, the upper layer of the electrode was carefully
peeled off using the taping method until the high peaks of Al were clear.

3. Results and discussion
3.1. Capacity retention of high-loading electrodes

In order to evaluate the effect of the high-loading on the electro-
chemical performance, we prepared the standard electrode with the
commercial loading level of 20 mg cm 2 employing LiNig.¢Cog.2Mng.202
(so called NCM622) as a reference, and the thick electrode with 40%
higher loading density, i.e. 28 mg cm™2. The densities of the electrodes
after the preparation process were carefully controlled within the range
of 2.8-2.9 mg cm™> to ensure the identical porosity and the electric
wiring effect in each electrode for a fair comparison [15,17,21]. Fig. 1a
and Fig. 1b depict the cross-sectional image of the two electrodes with
~70 and ~100 pm thick, respectively, which proportionally correspond
to the intended loading density, confirming that the electrode densities
of the two are almost identical. In addition, computed tomography also
showed that both electrodes have a similar porosity of 25% regardless of
the thickness (See Fig. S2.). Each electrode was assembled in the
coin-type lithium cell, and the specific capacity retention was examined
under the practically important current density of 150 mA g~! corre-
sponding to ~1C, as presented in Fig. 1c. The major finding in the
comparative cycle test was that the capacity retention of the electrode
significantly decreases with the active loading density even by the 40%
increase from the commercial loading level. After 100 cycles, the thick
electrode only retained 36% of the initial capacity (~56 mAh g~ 1),
whereas the standard electrode exhibited 76% capacity retention (~124
mAh g1). When considering the areal capacity, the capacity retention
of the thick electrode appeared to be even more inferior to that of the
standard electrode. The initial areal capacity of the thick electrode was
approximately 4.2 mAh cm ™2, which is higher than that of the standard
electrode (3.0 mAh cm™2); however, it plummets below 1.5 mAh cm?
after 100 cycles, which becomes lower than that of the standard
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electrode (see Fig. 1d). These results clearly indicate that the capacity
retention gets severely deteriorated simply by the high loading of the
electrode even with the same cathode chemistry. It is also interesting to
note that at the initial cycles, the capacity retention at 1C is comparable
to each other, indicating the similar power density of the thick electrode
to that of the standard electrode, however, it gets progressively aggra-
vated with extended cycles. It implies that the seemingly comparable
power capability during the initial cycles does not reflect the efficacy of
the thick electrode.

In elucidating the inferior electrochemical performance observed,
we note that thick electrodes are likely to suffer from the kinetic limi-
tations that arise from the finite mobility of charge carriers either
dominated by lithium ion transport or the electronic resistance build-up
along the electrode (e.g. electron transport) during the electrochemical
reaction. And, in each case, there will be distinct spatial distribution of
the reaction front, assuming that the major supply of the electrons and
lithium ions to the electrode takes place from the interface of the elec-
trode/current collector and that of the electrode/electrolyte, respec-
tively, as schematically illustrated in Fig. 2a and Fig. 2b, [13,14]. For the
ion-transport limitation circumstance, the active electrode material
particles near the current collector are prone to be less utilized in the
electrochemical reaction because they require the longest lithium ion
path from the electrode/electrolyte interface (Fig. 2a). And, the region
near the electrode/electrolyte interface, i.e. top layer of the electrode,
would be ready for the electrochemical reaction with the sufficiently fast
supply of both lithium ion and electron even at a high current density. In
the extreme case, the bottom layer electrode may remain idle during the
cycling. On the contrary, for the electron transport limiting case, as
illustrated in Fig. 2b, the active particles near the electrode/electrolyte
interface would suffer from the largest electronic resistance build-up
from the current collector and become inaccessible for the electro-
chemical reaction within the certain voltage cutoff, while the bottom
region would be more electrochemically active.

Bearing this in mind, we attempted to monitor the distinct spatial
distribution of the reaction front, if any, by quantitively measuring the
local SOCs in the electrode in various charge and discharge conditions.
The local SOCs were determined along the electrode thickness by
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Fig. 1. Cross-sectional SEM images of (a) standard and (b) thick electrodes. Comparison of cycle life of standard (blue) and thick (red) electrodes in terms of (c)
specific discharge capacity and (d) areal discharge capacity. The cells were cycled with a current density of 1C within a voltage range of 2.8-4.3 V (vs. Li/Li"). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Schematic illustration of limiting factors in the charge transfer: (a) lithium ions and (b) electrons in a thick electrode. The black balls represent the active
particles of the battery electrode. LIBS results of normalized lithium composition deviations every 25 cycles along the electrode depth for (c) the end-charge and (d)
end-discharge states of the standard electrode and (e) the end-charge and (f) end-discharge states of the thick electrode.

comparatively tracing the lithium contents with the depth-profiling
using the laser-induced breakdown spectroscopy (LIBS). LIBS analysis
was particularly suitable for the lithium elemental analysis because of its
high sensitivity to the lithium spectra, as shown in Fig. S3a. In our
experiment, we set the energy level of LIBS for the depth-profiling on a
scale of several micrometers with the adjustable detection area (30-200
pm), which could probe a depth area corresponding to 10% of the thick
electrode per measurement, such that after 10 measurements, the bot-
tom bare current collector was exposed (see Fig. S3b. The details of the
LIBS measurement are provided in the experimental section). Using

these features, we measured the change in the lithium composition
along the height in the thick electrode for both end-charge and end-
discharge states in every 25 cycles, as presented in Fig. 2c—f. In the
figure, we normalized the relative amount of lithium content (y-axis)
based on the response intensity of the first measurement (i.e., the top
layer region) for each depth-profiling data set. In the x-axis, a tenth
cross-sectional information on the electrode was recorded, where the
numbers of 1-10 represent the number of depth-profiling conducted
from the top layer, thus the higher number displays the properties of the
region closer to the current collector. Fig. 2¢ and d depict the lithium
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distribution along the height in the standard electrode, which indicates
the relatively uniform SOCs for all the cycles regardless of the charge
and discharge states. It suggests that the electrochemical reaction in the
standard electrode occurs homogenously over the entire electrode ge-
ometry for the cycles even at 1C rate. However, it was found that sig-
nificant deviations in the lithium composition are present in the thick
electrode from the top to the bottom layer, which becomes more obvious
with the cycle number. In Fig. 2e, it was observed that the distribution of
SOCs in the electrode is relatively uniform until 25 cycles, however, the
deviation begins to kick off from the 50th cycle and it gets severe after
75 cycles, which interestingly agrees to the cycle number where the
significantly faster cycle degradation begins to occur in Fig. 1c and d.
Noteworthy is that the relative lithium composition is substantially
higher at the bottom layer at the end-charge state. It signifies that the
charging reaction could not be completed in the electrode near the
electrode/current collector interface, which is observed more evidently
after longer cycles. Fig. 2f presents the similar set of the data at the end-
discharged states, which consistently show that the relative lithium in-
homogeneity increases with the cycles. The degree of the non-
uniformity, nevertheless, appears to be notably weaker than the case
of the end-charge state. However, it needs to be reminded that the
discharge process begins with the charged state which already contains
the prior significant inhomogeneity, showing much less lithium contents
in the top layer. It suggests that much faster lithium content recovery
took place in the top layer during the discharge, indicating the signifi-
cant reaction inhomogeneity in the electrode. Indeed, when we repeated
the end-discharge experiment after the electrode was slowly charged to
reach a sufficiently uniform charged state, the LIBS results confirmed
similarly severe lithium inhomogeneity in the discharge state, as
observed in Fig. S4. This observation of SOC variations in the thick
electrode suggests that the active electrode particles near the electrolyte
is more actively charged and readily discharged than the one near the

Journal of Power Sources 468 (2020) 228369

current collector, strongly supporting that the charge-transfer limitation
in the cycled thick electrodes is likely from the lithium ion transport.
The reaction inhomogeneity in the thick electrode could be further
verified by XRD by selectively probing the top and bottom layers of the
electrodes at every 25 cycles for both end-charge and end-discharge
states, as presented in Fig. 3. The full spectra of the XRD along with
the calculated lattice parameters are provided in Fig. S5 and Table S1,
respectively, in the supplementary information. Fig. 3a and b display the
magnified picture of the XRD patterns of the top and bottom regions of
the standard electrode. It shows that there is no apparent difference in
the peak positions between the two regions during the initial cycles. In
the later cycles, the difference becomes slightly bigger, but remains
comparatively minor, in consistent with the results of LIBS. Considering
the lattice parameters tabulated in Table S1, it is estimated that the SOC
difference between the top and bottom region of the standard electrode
is less than 5% even after 100 cycles regardless of the charge/discharge
states. Fig. 3c also confirms that the difference in the SOCs between the
two regions remains negligible with the cycle numbers for both end-
charge and end-discharge states, indicating of only small in-
homogeneity in the standard electrode after cycles. On the contrary, a
clear mismatch between the peak positions was observed for the thick
electrode, which was particularly substantial for the samples cycled over
50 times. In Fig. 3d, the (108) and (110) peaks became more split at the
top region of the electrode, and the (113) peak noticeably shifted to the
right compared with that of the bottom region at the charged state. For
the samples in the discharged state (Fig. 3e), a similar trend was
observed; the top layer of the active materials exhibited notably lower
SOC states than the bottom part. Quantitative analysis of the SOCs in
Fig. 3f illustrates that the bottom layers in the thick electrode are far
more deviated from the intended SOCs, showing the substantial reaction
inhomogeneity. The SOCs at the end-charge and end-discharge states
appear to be even converging with cycles particularly for the bottom
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part of the electrode. At around the 100th cycle, the bottom part close to
the current collector no longer participates in the electrode reaction,
remaining at the same SOC regardless of the charge and discharge. It
implies that as cycling progresses, only the top layer of the thick elec-
trode is utilized for the electrochemical reaction, while the bottom layer
remains idle. Considering the XRD penetration depth (Fig. S1) and the
areal capacity of the electrode, more than 50% of the capacity is
delivered from less than one-third of the thick electrode, i.e. top layer.

3.2. Current hot-spot formation and material degradation

The LIBS and XRD results clearly demonstrate that the main kinetic
limitation arises from the insufficient lithium-ion transport within the
thick electrode. As a result, serious SOC inhomogeneity is generated
along the electrode depth due to its limited mass transport issue; the top
region of the electrode majorly experiences the electrochemical reac-
tion, whereas the bottom region remains idle, and it gets aggravated
over cycles. This implies that at a given areal current density applied, the
top layer of the thick electrode would be gradually exposed to a
considerably higher effective current density in later cycles, i.e., serving
as current hot spots. It is generally accepted that a higher current density
can lead to serious damage of the active materials, such as the formation
of micro-cracks or irreversible local phase transformation [22-25].
Since the local high current density creates a steep lithium gradient
inside the secondary particle, it can engender a large stress field within
the particle, breaking up the particles with new exposing surfaces, which
continuously produce thick organic surface layers [22,24,26,27]. These
undesired side reactions, which build up gradually on the materials,
eventually give rise to a high charge-transfer resistance in the electrode,
leading to degradation of the cell [26,27].

We also found that the top layers of the thick electrode were selec-
tively and more significantly degraded than the bottom region after
cycles, with respect to the morphology and surface nature as verified by
SEM and XPS analysis. Fig. 4a-d presents the morphologies of the sec-
ondary active particles after 100 cycles at the top and bottom regions of
the standard and thick electrodes, respectively. It is shown that the
standard electrode did not exhibit noticeable morphology changes in
either the top (Fig. 4a) or bottom region (Fig. 4b), indicating the
robustness over cycles. On the contrary, it was clearly observed that
many of secondary particles in the top layer of the thick electrode
contain micro-scale cracks, and some of them have already broken apart
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in Fig. 4c. However, the particles at the bottom region near the current
collector remained intact (Fig. 4d), suggesting that the top layer of the
thick electrode had selectively underwent a significant degradation. The
degradation of the top electrode region could be further confirmed by
XPS measurement probing the surface nature of the secondary particles
containing organic byproducts, as presented in Fig. 4e-h. The charac-
teristic carbon peaks are detected in the C 1s spectra for all the samples
after cycles with the deconvoluted peaks at 289, 286, and 284.5 eV,
corresponding to C=0, C-0O, and C-C bonding, respectively. The C-C
bonding at 284.5 eV is considered a fingerprint of carbon conducting
agents, and the other peaks are attributed to organic byproducts from
the electrolyte decomposition deposited on the electrode [28]. Negli-
gible differences in the XPS spectra were observed between the top and
bottom regions of the standard electrode (Fig. 4e and f). However,
notable discrepancies were observed for the thick electrode, as shown in
Fig. 4g and h. The peak intensities of the C=0 and C-O bonds from the
top region were substantially greater than those for the bottom, indi-
cating that larger amounts of organic byproducts were formed on the top
region of the thick electrode. It agrees with the previous works that the
electrode material with considerable micro-crack formation triggers the
build-up of the thick organic surface layers, increasing the overall
impedance of the electrode [22,24,26,27]. Indeed, it was also found that
the impedance of the thick electrode increases more rapidly than that of
the thin electrode with cycles from the electrochemical impedance
spectroscopy (EIS) (see Fig. S6), which is consistent with the faster
degradation behavior of the thick electrode. These observations indicate
that the development of severe current hot spots occurs particularly at
the top layer of the thick electrode and it accompanies side reactions
during the repeated electrochemical cycles, contributing to the degra-
dation of the cell.

3.3. Capacity fading mechanism of thick electrodes

Based on the findings in this work, we propose a model for the
accelerated capacity fading occurring in high-loading electrodes. During
the initial stage of the cycle, the electrochemical reaction takes place in a
relatively uniform manner throughout the thick electrode (Fig. 5a)
without the serious concentration polarization issue. However, the
limited transport of lithium ions within the electrode gradually results in
the inhomogeneous electrochemical reaction particularly separating the
top and bottom region of the thick electrode, meaning that the IR drop
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Fig. 4. SEM images of secondary particles after 100 cycles: (a) top layer and (b) bottom layer of standard electrode, (c) top layer and (d) bottom layer of thick
electrode. The bottom layer images show the Al current collector in the background. XPS bonding signals of electrolyte decomposition by-products after 100 cycles:
(e) top layer and (f) bottom layer of standard electrode, (g) top layer and (h) bottom layer of thick electrode.
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Fig. 5. Schematic illustration of capacity fading mechanism in the thick electrode: (a) intact thick electrode at initial cycling, (b) appearance of SOC/local effective
current density differences in thick electrode after cycles, (c) unevenly formed cracks and byproducts on active particles, (d) thick electrode after long-term cycling.

and concentration polarization are not trivial anymore in the thick
electrode. Accompanying side reactions and repeated charge/discharge
lead to a further increase in the resistance to the transport of lithium ions
in the electrode. Subsequently, the top layer of the electrode will be
exposed to a higher effective current density, as shown in Fig. 5b. The
active particles that receive higher current density will be vulnerable to
the electrochemical degradation by mechanical cracks, producing
organic surface residues at the newly exposed surfaces. The crack for-
mation and the resulting surface residues increase the complexity of the
lithium-ion diffusion path along with the increase in the lithium-ion
tortuosity (Fig. 5c). The repeated negative feedback between Fig. 5b
and c will reduce the active region available for the electrochemical
reactions from the combined tortuosity and transport issues. Eventually,
a considerable amount of the active materials in the bottom region
cannot participate in electrochemical reactions at all. On the other hand,
the particles at the top layer of the electrode get further exposed to more
severe effective current density as current hot spots, risking the per-
manent damage over cycles (Fig. 5d). Our proposed model was further
supported by additional experiments provided in supporting informa-
tion. Using the same standard and thick electrodes, when lithium ions
are given with enough time to diffuse such as in constant-current and
constant-voltage mode (CCCV), the thick electrode was remarkably less
degraded than the case of the conventional galvanostatic cycling even at
the same current density. (Fig. S7). The additional constant-voltage
charging time could significantly delay the appearance of the current
hotspots in the thick electrode, enhancing the cycle performance.

4. Conclusion and perspectives

We systematically investigated the origin of the rapid capacity fading
of thick electrodes employing the representative cathode material in a
lithium electrochemical cell. While the active weight and thickness of
the electrodes differed by only ~40% in our comparative investigation
of the standard and thick electrodes, significant electrochemical per-
formance differences were observed for the extended cycles. Composi-
tional and structural analysis using LIBS and XRD revealed the marked
increase in the SOC inhomogeneity along the depth of the electrodes as
cycling progressed, verifying the limited lithium-ion diffusion in the
cycled thick electrode. It was further found that such reaction in-
homogeneity became aggravated in later cycles owing to the selective
degradation of the secondary active particles and the accumulated
resistance to lithium-ion diffusion. As a result, a considerably higher
effective current density is applied to the top layer of the electrode,
serving as a current hot spot. The severe current concentration eventu-
ally causes the formation of serious micro-cracks and side reactions on

the active particles, which in turn degrades the cycle stability further.

Understanding of the deterioration mechanism in lithium-ion bat-
teries has been actively pursued in many previous studies with respect to
the operating temperature [29], cut-off voltages [30,31] and electrode
material types [32,33], which were often found to be closely related
with the degradation of active materials. Thick electrodes are also
eventually accompanied by the similar material degradation; however,
it is important to understand that it comes with the geometrical re-
strictions of the charge transport as cycling progresses. Although the
electrodes we investigated were primarily limited by the lithium-ion
charge transfer, the electron flow could be a limiting factor for elec-
trodes that use less amount of conducting agents to increase the energy
density or for which the active material has low electronic conductivity.
Similarly, in those cases, severe electrochemical reaction
non-uniformity and material degradation would occur locally due to the
current hot spots. Consequently, upon increasing the loading weight and
thickness of the electrode, even small changes in the charge-transfer
resistance may accelerate the capacity fading owing to the negative
feedback between the current concentration and material degradation.
Furthermore, it needs to be noted that current hot spots can cause local
heating inside the cell and dendrite formation at thick anodes, and, in
extreme cases, can also lead to battery explosion. As thick electrodes are
likely to be applied in high-energy density devices in the near future,
they should be designed with an understanding of safety issues by
considering the charge-transfer kinetics of thick electrodes. As a po-
tential solution, for example, different particle size distributions at the
top and bottom of electrodes can be used to control the overall reaction
homogeneity or the application of a hierarchical structure would enable
relatively facile charge transfer of the electrode. We believe that this
study on the capacity fading mechanism of thick electrodes provides
useful guidelines to resolve the issues facing high-loading electrodes and
to contribute to further development of practical high-energy-density
batteries.
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