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Developing high-mass-loading electrodes holds great promise for enhancing the energy density of Li-ion batte-
ries. However, increasing mass loading also leads to thicker electrodes, significantly altering the electrode’s
microstructure. Using advanced multi-scale imaging, the three-dimensional pore structure and mass transfer
dynamic at micro-meter scale in both thick and thin LiCoO, and their impacts on electrochemical performance
and redox homogeneity at nano-scale are investigated. We demonstrate that the halved porosity and increased

tortuosity in thick electrodes result in poor electrolyte infiltration, which is a key factor contributing to capacity
degradation. This finding underscores the critical role of wetting in thick electrodes and necessitates the need to
optimize pore distribution, porosity, and tortuosity when thick electrodes are employed to boost the energy

density of Li-ion batteries.

1. Introduction

With the advent of long-range electric vehicles, the requirement for
driving range per charge has increased to 500 km [1]. However, modern
mainstream electric vehicles powered by lithium-ion batteries (LIBs)
typically achieve 200-300 km per charge, largely constrained by the
limited energy density of commercial LIBs (approximately 250 Wh/kg
and 770 Wh/L) [2-4]. Significant efforts have been put into improving
the energy density of LIBs [5,6]. One of the strategies is exploring high-
energy—density battery systems such as Mn-rich (Lij 5Nip.2sMn;j 2503 5)
cathode whose mass-energy density is up to 1100 Wh/kg [7]. Besides,
optimizing the electrode structure can increase the battery mass loading
(almost 100 mg/cm?) and have a long life span [8]. Lastly, using battery
packing techniques (i.e., blade batteries) to increase the energy density
is a practical and effective strategy [9]. Among them, increasing the

mass loading of the electrode to enhance the ratio of active material
mass to inactive mass holds significant promise for boosting the energy
density of the system. This approach is particularly advantageous as it
aligns seamlessly with electrode manufacturing processes. For example,
with the mass loading of commercial electrode LiNig¢Mng 2C0g 202
increasing from 6 mg/cm? to 20 mg/cm?, the corresponding battery
mass-energy density can be enhanced by roughly 40 % [10]. Whereas,
the increase in mass loading can also lead to an increase in electrode
thickness, which causes a series of undesirable effects, including the
complexity of the coating process [11,12], the difficulty in the regula-
tion of pore structure/tap density [13], and the increase in tortuosity
[14,15]. As a result, the capacity fades rapidly in such a high-thick
electrode battery system.

Significant progress has been achieved in understanding the battery
performance deterioration of thick electrodes [16]. For example, several
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theoretical models have been developed to simulate the effect of
porosity on the ion transport in thick electrodes [17]. These studies
reveal that the capacity of thick electrodes declines rapidly at high
current rates and that cathode thickness has a pronounced impact on
specific energy. Appiah et al. utilized mathematical modeling to simu-
late the impact of varying electrode thickness and porosity on Li-ions
transport [18]. Boyce et al. demonstrated through image-based
modeling that increasing the porosity at the interface between the
cathode and the separator can significantly enhance high-rate perfor-
mance.[19] Fu et al. argue that compared to thin electrodes, thick
electrodes are more sensitive to parameters such as porosity. Further-
more, they assert that strong dynamic constraints make thermodynamic
failure the primary cause of capacity loss [20]. However, simulation
methods have notable limitations [21,22]. Most simulation approaches
rely on averaged values rather than calculating porosity variations
across different electrode depths [23]. Additionally, conventional But-
ler-Vermer models fail to account for the concentration-dependent Li
insertion/withdrawal process at the solid side of the electrode/electro-
lyte interface, leading to discrepancies in the calculated current density
and overpotential [24]. Furthermore, studies have shown that thick
electrodes with low porosity significantly reduce a battery’s capacity
retention rate, which declines sharply as current density increases [25].
However, the complexity of pore distribution, along with thickness and
tortuosity, makes these properties challenging to characterize, as
traditional techniques are unable to probe such thick electrodes [26,27].
Consequently, most investigations into their failure mechanisms are
limited to theoretical simulations, leaving the precise causes of rapid
capacity fading largely unresolved. Therefore, advanced characteriza-
tion techniques is crucial and urgent for gaining a deeper understanding
of the mass transfer mechanisms in thick electrodes.

Herein, we utilize synchrotron radiation micro-CT imaging (micro-
CT) and transmission X-ray microscopy with X-ray absorption near-edge
structure (TXM-XANES) to investigate the relationship between the
structure and performance of thick electrodes [28-30]. These methods
provide more intuitive and accurate insights compared to conventional
simulations [31-34]. Our findings reveal that limited electrolyte infil-
tration dynamics is a critical factor contributing to capacity degradation,
primarily driven by the non-uniform pore distribution, low porosity, and
high tortuosity in thick electrodes.
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2. Results and discussions

LiCoO4 (LCO) electrodes were made by blading coating followed by a
calendaring process to achieve a desired tap density (see methods). The
mass loading of the low-mass loading electrode (LMLE) and high-mass
loading electrode (HMLE) is ~ 20 mg/cm? and ~ 50 mg/cm?, respec-
tively, corresponding to a thickness of ~ 68 pm and ~ 190 pm (Fig. 1a-b
and Fig. S1). Note that as a model material, commercial LiCoO, particles
were employed with particle size around 12 pm (Fig. 1c¢). The micro-
meter structures of both electrodes were further imaged by synchro-
tron X-ray tomography (sample test method is shown in Fig. 52). As
shown in Fig. 1d, three-dimensional (3D) tomograms reveals that LMLE
contains relatively large pores, forming a pore network with lower
curvature. In contrast, HMLE exhibits smaller pores and a more intricate
pore structure, indicating more complex and extended Li-ion transport
paths. However, when considering electrode thickness, the relative
number of transport paths in HMLE is lower..The pore structure distri-
butions in LMLE and HMLEs were quantitatively analyzed along the
thickness direction of the electrode (Fig. 1e). The pore distribution of the
LMLE from separator to current collector appears to be relatively uni-
form. Conversely, the HMLE displays an uneven pore structure with
smaller unevenness on both sides facing separator/collector and a uni-
formly graded pore structure in the middle. Overall, the LMLE exhibits a
higher porosity of 0.213, compared with a porosity of 0.115 for HMLE.

Furthermore, the tortuosity of LMLE and HMLEs was calculated ac-
cording to the pore distribution from micro-CT results (see Note 1 in SI).
As shown in Fig. 2a, the tortuosity of the HMLE is 1.77, which is 33 %
higher than that of the LMLE (1.33), indicating a detour of mass transfer
in the HMLE. To compare the mass transfer properties in these two
electrodes, the MacMullin Number (N;,) was calculated via the empir-
ical ratio (z/€) between tortuosity (r) and porosity (¢), where higher
values indicate greater resistance of mass transport.[11,35] The Ny, of
electrodes was obtained both from EIS testing and micro-CT. As shown
in Fig. 2b, the impedance plots of symmetric batteries from HMLEs
display a resistance of 42.42 Q, which is 36.21 Q higher than that of
LMLEs (Table S3). The corresponding Ny, of the HMLE is 15.53, which is
2.4 times that of LMLEs, indicating that the diffusion of Li ions in HMLE
is more difficult (Fig. 2c, see Note 2 in SI). Notably, similar results were
obtained from the micro-CT characterizations, which further validate
the N, differences between these two electrodes based on their

LMLE: 0.213

% ?ﬁ.ﬁ( ~ HMLE: 0.115
%

Separator — Collector

Fig. 1. The micro-meter structure characterization of LiCoO; electrode. The cross-sectional micro-CT images of (a) LMLE and (b) HMLE. (c¢) The SEM image of
LiCoO, with a particle size ~ 12 um. (d) 3D CT reconstruction images show the skeletal and porous structures of LMLE and HMLE; Gray for the electrode skeleton and
the rest for pore distribution. (e) A box plot shows the porosity of LMLE and HMLE, and the inset shows typical pore distribution curves along the thickness direction.
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Fig. 2. Li-ion transport and electrolyte migration in LMLE and HMLE. (a) The tortuosity comparison of LMLE and HMLE (b) The EIS plots of the LMLE and HMLE
from LCO symmetrical cells. (¢) The MacMullin numbers of LMLE and HMLE:s as calculated both from micro-CT and EIS. (d) The comparison of average solid-phase
intrinsic diffusion coefficient (Dy; ) and electrolyte penetration coefficient (Deg) of LMLE and HMLEs. (f) The 3D streamlined images show the electrolyte penetration
in LMLE and HMLE’s skeletons (grey color), with dynamic penetration processes shown in video 1.

structural properties. To investigate ion transport behavior in LiCoOy
particles of different thicknesses electrodes, the galvanostatic intermit-
tent titration technique (GITT) was employed. During both charging and
discharging, the LMLE exhibited an average solid-phase intrinsic diffu-
sion coefficient (D7) of 1.82 x 10~8 cm?/s, which is 10 times that in
HMLE (Fig. 2d and Fig. S3). Furthermore, the effective electrolyte
diffusion (D.ff) was calculated with the Nernst-Einstein equation based
on the parameters of porosity and tortuosity (see Note 3 in SI), which is
approximately equivalent to the permeability coefficient of the elec-
trolyte in electrodes. The effective Degr in the LMLE is 3.8 x 1077 cmz/s,
higher than 1.5 x 1077 cm?/s calculated for HMLE (Fig. 2d). The higher

Defr in the LMLE indicates a faster wetting process in electrodes, which
contributes to a higher Dy, in LMLE compared to that of HMLE. In
addition, the electrolyte migration processes in LMLE and HMLE are
simulated using Avizo software (see Note 4 in SI).[36] As shown in
Fig. 2e and video 1, the streamlines passing through LMLE have a more
uniform color distribution, indicating homogenous absolute flow ve-
locity of electrolyte. In comparison, HMLE exhibits fewer effective flow
lines and inhomogeneous absolute flow velocity along the thickness
direction, indicating fewer effective migration paths for the electrolyte
to replenish, and potential sluggish diffusion and uneven electrolyte
distribution within HMLE [37,38].
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Fig. 3. Electrochemical performances of Li|LiCoO cells. (a) CV curves of the LMLE and HMLE at a scan rate of 0.1 mV/s. (b) Cycling performance of cells at 0.1C
with flooded electrolyte and (c) corresponding charge and discharge curves at specific cycles. (d) Cycling performance of cells at a high current rate of 0.5C. (e)
Cycling performance of cells at 0.1C with the E/C ratio of 5 p L/mAh. (f) Rate performances.
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The electrochemical performance of Li|LMLE and Li|HMLE cells
were investigated. All cells are resting for 24 h to realize a full infiltra-
tion state of the electrodes. As shown in Fig. 3a, the gap between the
oxidation and reduction peaks in cyclic voltammetry (CV) results of
HMLE (0.48 V to 0.31 V) is larger and less symmetrical compared to
LMLE, indicating higher polarization and weaker electrochemical
reversibility. This supports the hypothesis that the uneven pore structure
in HMLE hinders mass transport within the battery, resulting in signif-
icant polarization and rapid capacity decay. The cycling performance of
Li|LMLE and Li|HMLE cells with flooded electrolyte to achieve a fully
wetted state was compared. As shown in Fig. 3b-c, during the first cycle,
the Li|LMLE cell delivers a specific capacity of 218.6 mAh/g (areal ca-
pacity is ~ 4.4 mAh/cm?) at a current density of 0.1C (1C = 274 mA/g),
which is close to the theoretical capacity of LCO at 4.6 V (220 mAh/g),
while the Li|HMLE cell reaches only ~ 200 mAh/g (areal capacity is ~
9.5 mAh/cm?). The Li|LMLE cell demonstrates stable cycling behavior,
retaining 80 % of its capacity after 100 cycles. In contrast, the capacity
of the Li|HMLE cell declines rapidly between 20th and 50th cycles,
resulting in poor retention of just 14 % after 100 cycles. This can be
attributed to the uneven pore structure in HMLE, which restricts ion
diffusion, hindering the full participation of the active material in
electrochemical reactions and resulting in a lower specific capacity.
Cross-sectional analysis after 100 cycles (Fig. S4) shows that the thick-
ness of LMLE increases to 79.9 pm, corresponding to a maximum
expansion rate of 17.5 %, whereas HMLE expands to 200 pm with an
expansion rate of only 5 %. These findings highlight the lower utilization
rate of active material in HMLE, as reflected in its reduced capacity and
more pronounced capacity degradation during cycling. For the charge
and discharge tests, a different industrial battery operating scenario was
simulated with a high current density of 0.5C (Fig. 3d). In these mea-
surements, the first three cycles were conducted at 0.1C for activation
but were excluded from the plotted data. The LMLE battery demon-
strated excellent performance, maintaining a capacity of 191 mAh/g and
a specific capacity of 43 mAh/g after 100 cycles. In contrast, the HMLE
battery exhibited an initial specific capacity of only 74 mAh/g, which
rapidly declined under the high current density. This stark difference
highlights that, at high current densities, the rapid charge and discharge
processes necessitate efficient mass transfer of lithium ions during lith-
iation and delithiation. The ion transport in HMLE, due to its complex
pore structure, is sluggish and cannot be replenished during high-rate
cycling, leading to significant performance degradation compared to
LMLE.

Under near-practical conditions, the electrolyte-to-cathode capacity
ratio (E/C) was controlled at 5 pL/mAh with a current density of 0.1C
(Fig. 3e). At this low E/C ratio, the initial specific capacity of HMLE
decreased significantly compared to measurements with a higher initial
electrolyte volume of approximately 150 pL, whereas the capacity of
LMLE remained essentially unchanged. This discrepancy is likely due to
incomplete electrolyte infiltration in HMLE prior to cycling. HMLE
exhibited similar capacity attenuation trends under excess electrolyte
conditions (Fig. 3b) and thin electrolyte conditions (Fig. 3e), indicating
poor electrolyte penetration during cycling. This observation is consis-
tent with our discussion in Figs. 1 and 2 about the effect of porosity and
curvature on electrolyte permeability. In contrast, LMLE maintained
stable capacity under excess electrolyte conditions but experienced
rapid capacity decay under thin electrolyte conditions, showing an
attenuation trend similar to that of HMLE. Even with a larger injection
volume (150 L), the high curvature and low porosity structure of HMLE
create local electrolyte deficiencies, exacerbating the “quick fall” in
capacity.

The rate performance of LMLE and HMLE batteries, tested at
increasing rates from 0.1C to 3C, is shown in Fig. 3f. Li|LMLE cells
deliver discharge capacities of 221, 217.5, 193, 152, 37, and 15 mAh/g
at rates of 0.1, 0.2, 0.5, 1, 2, and 3C, respectively. Li|HMLE cells, in
comparison, provide corresponding capacities of 198, 172, 102, 14,
0.02, and 0.02 mAh/g. When the rate was reduced back to 0.1C, the
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capacities recovered to 221 mAh/g for LMLE and 196 mAh/g for HMLE.
The capacity of HMLE can be restored to 196 mAh/g because its high
tortuosity and low porosity hinder effective electrolyte infiltration. As a
result, most active materials remain unreacted at high current densities
(>0.5C). However, since the structure remains intact, the capacity re-
covers when the rate returns to 0.1C. These results indicate that the
smaller porosity and higher tortuosity in HMLE significantly limit its
rate performance, as its spatial structure cannot efficiently replenish the
required amount of Li ions during high-rate cycles, resulting in a
considerable reduction in ion transport capacity. In addition, electro-
chemical impedance spectroscopy (EIS) was performed on lithium metal
half-cells constructed with LCO cathodes. The Nyquist plots exhibit
semicircles in the high-medium frequency region, corresponding to
charge transfer resistance (R, Fig. S5). After one cycle, the R of the Li|
LMLE is 95.9 Q, lower than that of the HMLE battery (122.3 Q). After
100 cycles, the R increases to 128.1 Q for LMLE but remained lower
than HMLE’s 149.7 Q. Additional EIS tests on pristine batteries without
sufficient standing time prior to testing (Fig. S6) revealed resistances of
390.9 Q for LMLE and 630.9 Q for HMLE. These findings corroborate
earlier observations: LMLE exhibits faster ion diffusion, effectively
penetrating the separator and electrode to establish efficient ion trans-
port paths quickly. In contrast, the complex and uneven pore structure of
HMLE lead to poor electrolyte infiltration, higher impedance, and
limited ion transport capability, both before and after cycling.

Based on the aforementioned studies, it is hypothesized that the
majority of active particles near the current collector are less likely to
fully participate in the electrochemical reaction due to weak dynamic
properties during the long-term cycling of HMLEs. To validate this hy-
pothesis, structural characterization was performed on electrodes after
100 cycles at lithiated states.

To investigate the impact of electrode thickness on redox heteroge-
neity, LCO particles near the current collector from both LMLE and
HMLEs were extracted using focused ion beam-SEM (Fig. S7) followed
by spectro-tomographic scans over the absorption K-edge of the Co
element, namely TXM-XANES. This technique enables nanoscale, three-
dimensional spatial resolution of the local valence state of the Co
element. As shown in Fig. 4a-c, the particle from the HMLE exhibits
significantly higher valence inhomogeneity of Co element. Clearly, local
area with high Co valence exists at the edge of the particle from HML
electrode, which is further confirmed by the XANES plots in Fig. 4d
obtained over the area in Fig. S8 [39]. Since the electrodes were cycled
100 times and analyzed in their delithiated states, the overall higher Co
valence in the HMLE particle indicates reduced redox homogeneity. This
finding aligns with the previously discussed uneven and sluggish mass
transfer characteristics observed in thick electrodes.

X-ray photoelectron spectroscopy (XPS) was conducted to analyze
the valence states of cobalt near the current collector (Fig. 4e) and the
separator (Fig. 4f) [40,41]. On the side closer to the collector, the Co*t
signals (782.9 eV, 798.1 eV) were more pronounced with larger peak
areas, whereas no significant changes were observed on the separator
side. Additionally, Time-of-flight secondary ion mass spectrometry
(ToF-SIMS) was employed to evaluate the structure and particulate
matter distribution near the current collector (Fig. 4g-h), with the
pristine LCO electrode serving as a reference (Fig. S9). The three-
dimensional spatial distribution images of LMLE exhibited fewer occu-
pied sites, indicating a lower lithium concentration. In contrast, the
HMLE showed a nonuniform yet significantly more occupied distribu-
tion, suggesting a higher lithium concentration. This can be attributed to
the high tortuosity and low porosity of HMLE, which hinder effective
electrolyte infiltration during replenishment. As a result, the reaction
depth is shallow, leading to a lower degree of lithiation. The cobalt el-
ements in both electrodes appeared fibrous and densely packed. Inte-
grating the XPS and ToF-SIMS results, it can be inferred that as the
electrochemical reaction progresses, the degree of delithiation of active
materials near the collector side of the HMLE battery decreases. A sub-
stantial portion of these materials fails to participate in the
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Fig. 4. The nano-scale spectro-microscopic investigation of LMLE and HMLE. (a-b) 3D and 2D energy distribution map obtained by TXM-XANES of (a) LMLE and (b)
HMLE. (c) The probability distributions of the edge energy over the K-edges of Co across the whole particle. (d) XANES spectra of and enlarged view. (e-f) The Co 2p
XPS spectra of LMLE and HMLE collected at side (e) near the collector and (f) near the separator. (g-h) The distribution and content of Li and Co of (g) LMLE and (h)
HMLE harvested near the collector from 3D ToF-SIMS.

electrochemical reaction, leading to a relatively shallow reaction depth. Finally, the key findings are summarized in the schematic diagram
These findings confirm that the slow electrolyte diffusion caused by the shown in Fig. 5. Increasing electrode mass loading inevitably alters the
uneven pore distribution is the primary reason for the rapid capacity electrode structure, resulting in significantly greater thickness, reduced
degradation observed in thick HMLE. porosity, and increased tortuosity. These structural changes directly
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Fig. 5. Schematic illustrating the comparison of mass transfer in LMLE and HMLE. (a) The LMLE features a well-distributed pore structure, enabling active material
particles deep within the electrode to participate effectively in charge/discharge cycles while maintaining good electrolyte wettability. (b) In contrast, the HMLE
exhibits uneven pore distribution and increased tortuosity, which hinders the electrolyte infiltration and limits the participation of active particles in electro-

chemical redox.
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affect mass transport dynamics within the electrode, including intrinsic
ion diffusion (Df;) within particles and effective electrolyte diffusion
(Des). For both LMLE and HMLE prior to cycling, sufficient electrolyte
availability and adequate resting time initially facilitate proper elec-
trode infiltration. However, in thick electrodes (Lihjck), uneven pore
distribution and reduced porosity are more pronounced compared to
thin electrodes (Liin). These structural deficiencies increase tortuosity
and impede electrolyte infiltration, particularly for particles near the
current collector. When electrolyte infiltration becomes insufficient and
Li ions cannot replenished, LCO particles tend to partially participate in
electrochemical reactions, reducing the overall mean diffusion coeffi-
cient. This limitation becomes even more pronounced under high-rate
cycling or lean electrolyte conditions. Consequently, poor electrolyte
wettability significantly accelerates the degradation of cell performance.

3. Conclusion

Multi-scale imaging techniques including synchrotron micro-CT,
nano-scale TXM-XANES, and ToF-SIMS, were employed to investigate
the pore microstructure, mass dynamic transfer in thick LiCoO; elec-
trodes as well as their impacts on electrochemical performance. We
demonstrate that poor electrolyte infiltration in thick electrodes, driven
by decreased porosity and increased tortuosity, is a key factor in the
rapid capacity degradation of cells. In the studied systems, increasing
the mass loading of LiCoO, electrodes from ~ 20 mg/cm? to ~ 50 mg/
cm? raises the electrode thickness from ~ 68 pm to ~ 190 pm, leading to
a decline in capacity retention rate from 80 % to 14 %. These adverse
effects are particularly pronounced under fast-charge conditions or in
lean-electrolyte battery systems. For example, the capacity retention of
68 pm electrodes decreases from 80 % to 23 % when decreasing the
electrolyte to 5 pL/mAh. These results demonstrate that optimizing pore
distribution, porosity, and tortuosity in thick electrodes to enhance
electrolyte infiltration is essential for improving the performance of
high-energy—density Li-ion batteries.
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