
RESEARCH ARTICLE
www.afm-journal.de

Minimize the Electrode Concentration Polarization for
High-Power Lithium Batteries

Weibin Chen, Kai Wang, Yonglong Li, Jing Chen, Hongbin Wang, Liewu Li, Hao Li,
Xiangzhong Ren, Xiaoping Ouyang, Jianhong Liu, Feng Pan,* Biwei Xiao,*
Qianling Zhang,* and Jiangtao Hu*

High-loading electrode is a prerequisite for achieving high energy density in
industrial applications of lithium-ion batteries. However, an increased loading
leads to elevated battery polarization and reduced battery power density,
which presents a significant technical bottleneck in the industry. The present
study focuses on designing a rapid electrolyte diffusion pathway to diminish
lithium concentration polarization for the high-loading LiNi0.83Mn0.12Co0.05O2

(NMC83) electrode by employing two layers of NMC83 materials with
different sizes. This innovative architecture demonstrates exceptional rate
performance even under challenging conditions with high-loading and
high-rate. Additionally, the interrelationships between electrode structure,
process route, porosity, and optimal thickness ratio between layers are
discussed, providing valuable guidance for industrial promotion and
application. The designed L-Dry-S electrode structure (coating large particles
first and then small particles) effectively mitigates concentration polarization
in the thick electrode, which is attributed to the fast electrolyte diffusion
channel and the differential reaction speeds of NMC83 particles with varying
sizes. The knowledge from this work is broadly applicable to other
material systems.

1. Introduction

Li-ion batteries (LIBs) currently dominate the portable electronic
device battery market due to their high specific energy density,
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wide temperature range, and long cycle
life.[1,2] Nevertheless, the energy density of
current LIB cells cannot meet the increas-
ing demands of the electric vehicle energy-
storage market in the future. The near-
term target for the automotive industry is
to achieve 350 Wh kg−1, while the long-
term objective is to attain 500 Wh kg−1

at the cell level, with a lifespan exceed-
ing 1000 cycles.[3] Among all the practi-
cal methods for constructing high-specific-
energy cells, increasing the amount of ac-
tive material and the thickness of the com-
posite electrode holds promise. This ap-
proach reduces the volume of inactive com-
ponents (such as current collectors, sepa-
rators, and packaging) required per stack
and results in high energy density and
lower manufacturing costs for the batteries.

As the electrode thickness increases,
lithium ions cannot be smoothly trans-
ported between the electrolyte and the ac-
tive materials because of the slow and con-
sistent ion transport process and the long

transport path, resulting in a large concentration gradient on the
vertical axis.[4–7] Therefore, after extended cycles, lithium ions
tend to accumulate on the electrode surface, draining out in prox-
imity of the current collector, resulting in decreased capacity and
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poor rate and cycle performance.[2,8–11] In thick electrodes, the
overall instability of the electrode structure caused by internal
polarization phenomena are inherent characteristic of the tradi-
tional electrode structure.[12–14] Hence, it is necessary and sub-
stantial to design the electrode structure with high loadings. Pre-
viously, it has been demonstrated that electrode structure de-
sign plays an important role in enhancing battery electrochem-
ical performance both experimentally and theoretically.[15,16] For
instance, Wu et al.[15] built a low-tortuosity thick electrode by ap-
plying an external magnetic field, presenting uniform lithium-
ion reaction kinetics inside the electrode. Nevertheless, most
of the current methods require additional templates, such as
ice-templating,[17,18] solvent evaporation,[19] and templated phase
inversion,[20,21] and these methods usually result in a fluffy elec-
trode with high electrode porosity. Such electrodes cannot main-
tain their original structure after calendaring and need more elec-
trolytes for wetting, resulting in low energy density and signifi-
cant challenges for industrial production. Furthermore, relevant
reports about electrode structure design based on the traditional
electrode slurry coating route is scarce.

Electrode structure design plays a crucial role in enhanc-
ing battery power performance. It has been reported that ad-
justing electrode tortuosity can lead to lithium batteries with
high power performance. However, the conclusions derived from
current electrode structure designs are not consistent. For in-
stance, some teams believe that an electrode with high poros-
ity at the top and low porosity at the bottom exhibits excellent
overall performance.[22–26] Conversely, certain research findings
suggest that flipping over such a structure yields good over-
all performance as well.[15] The main reason for these contra-
dictions lies in variations in electrode loading, characteristics
of the electrode material, and approaches to electrode struc-
ture design.[27] In studying electrode structure design, three re-
quirements must be considered: high electrode loading, struc-
tural integrity after the rolling processes, and scalability poten-
tial. Based on these considerations, achieving double-layer archi-
tecture directly through the size effects of the electrode material
proves more convenient.[28,29] Since a complete commercial pro-
cess for designing the internal structure of thick electrodes is
hardly available, this article demonstrates a detailed process for
designing particle-size double-layer architecture electrodes with
minimized electrode concentration polarization. We prepared
double-layer coating of LiNi0.83Mn0.12Co0.05O2(NMC83) materials
with different particle sizes, where the side of the current col-
lector (bottom layer) is composed of large particles (11.3 μm)
with low tortuosity, and the side close to the electrode surface
(top layer) comprises small particles (4.5 μm) with high tortuos-
ity. This electrode structure facilitates rapid electrolyte diffusion
from the top to the bottom of the electrode. Coupled with the
fast electrolyte diffusion channel, the intrinsic reaction speeds
of the particles with different sizes are employed, which effec-
tively alleviates the inherent concentration polarization. More-
over, the multi-layer coating techniques, electrode porosity ef-
fect, layer thickness control, etc. have been comprehensively
studied for the preparation of high-quality electrodes. Reason-
ably, our designed double-layer architecture demonstrates excep-
tional rate performance even at extremely low porosities (< 35%).
We firmly believe that the high-loading electrode with dimin-
ished cathode concentration polarization holds revolutionary sig-

nificance for achieving fast charging and alleviating the range
anxiety.

2. Results and Discussion

2.1. Electrolyte Infiltration Simulation and Electrochemical
Characterization

There are three electrode forms (Figure 1a–c): L-S electrode (coat-
ing large particles first and then small particles), S-L electrodes
(coating small particles first and then large particles), and Mix
(mixing and coating large and small particles evenly). Here, we
employed the Volume of Fluid (VOF, see details in the Exper-
imental part) model to elucidate the diffusion mechanisms of
electrolytes within the three electrode structures. As shown in
Videos S1–S3 (Supporting Information), during the initial wet-
ting stage, the air within the electrode is pushed to the surface,
and pores inside the electrode are gradually occupied by an in-
flowing electrolyte. During the gradual infiltration of the elec-
trolyte into the electrode to achieve an equilibrium state, the pres-
ence of nonuniform electrolyte flow and surface tension may re-
sult in the entrapment of air within pore channels. There is a
gradual decrease in the value of 1% VOF from S-L electrode to
Mix electrode, and then to L-S electrode (Figure 1d), indicating
the presence of a rapid electrolyte infiltration pathway in the L-S
electrode. Moreover, air distribution profiles are extracted from
the fully submerged electrodes as shown in Figure 1e. After the
electrode is wetted to a stable state, the average air fraction in-
side the L-S is 0.71%, significantly lower than that in S-L and Mix
electrodes. This observation suggests that most pores within the
L-S electrode have been filled with electrolyte and it is easier to
achieve full electrolyte wetting state. The results demonstrate su-
perior wetting performance of the L-S electrode, with only a small
portion of trapped air found in bottom corners. In contrast, for
S-L electrodes, narrower pores with higher tortuosity at their bot-
toms make it more difficult for air to escape through channels
toward the top surface; consequently, air remains within a larger
region of these electrodes. When the electrode surface is unwet-
ted, the loaded active materials in those regions cannot partici-
pate in the electrochemical reactions, which results in a low spe-
cific capacity. Here, we have collected series of impedance data to
validate our modeling conclusions. It has been demonstrated in
related studies that the electrochemical impedance of LIBs under-
goes a change during the electrolyte infiltration process. Specif-
ically, Günter R. et al. compared the electrochemical impedance
spectroscopy response signals and radiography images of cells
at different stages of electrolyte wetting and determined that the
Ohmic resistance Rp, which is the cell at the zero-crossing of the
real axis in the Nyquist plot, is directly correlated with the de-
gree of cell wetting.[30] As illustrated in Figure 1f and Figure S8
(Supporting Information), the Rp of L-S, Mix, S-L, L-Dry-S, Mix-
Dry-Mix, and S-Dry-L all decrease with time, indicating a gradual
wetting of the electrolyte. After 10 h resting, the corresponding
Rp of L-S reached to a stable state, which was lower than that ob-
served in the Mix and S-L (higher than 20 h). This suggests a bet-
ter electrolyte wetting in the L-S and L-Dry-S electrode, followed
by Mix, while S-L exhibits the least wetting and the infiltrating
ability of L-S and L-Dry-S is similar.
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Figure 1. Particle-size double-layer architecture electrode fabrication and electrolyte infiltration simulation. a–c) Schematic diagrams of the designed
electrode structures with three different arrangements: L-S (a), S-L (b), and Mix (c). d) Time to reach 1% of maximum export VOF of the three kinds of
different electrodes with S-L, Mix, and L-S. e) The electrolyte, electrode, and air distribution of the three kinds of different electrodes with S-L, Mix, and
L-S after electrode wetting reaches a steady-state condition. f) EIS data of L-S, Mix, and S-L during cell rest, collected by every 10 h.

2.2. Double-Layer Architecture Electrode Fabrication and Rate
Capability

NMC83 particles with different sizes were utilized to prepare
high-loading electrodes, and the corresponding particle sizes are
4.5 and 11.3 μm (Figure 2a,b). The corresponding electrode load-
ings of the three electrode structures are controlled at 22 mg cm−2

(4.6 mAh cm−2) and 29.6 mg cm−2 (6.2 mAh cm−2). The cross-
sectional images of the three electrode structures under different
loadings are illustrated in Figure 2c–e and Figure S1 (Supporting

Information). As presented, when controlling the loading condi-
tion, we also try to ensure a comparable thickness for different
layers in both L-S and S-L models.

The rate performance of the NMC cathodes with different elec-
trode structures (Figure 2f,g) and the typical charge/discharge
curves of Li||NCM83 half cells at 1C rate with areal loading is
22 and 29.6 mg cm−2 (Figure S9, Supporting Information) were
collected to reveal the lithium-ion diffusion dynamics processes.
The discharge specific capacities in the L-Dry-S and Mix-Dry-Mix
models for NMC83 with a loading of 22 mg cm−2 are observed
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Figure 2. Double-layer architecture electrode fabrication and corresponding rate capability. a,b) Shape of small particles (a) and large particles (b). c–e)
Cross-sectional images of the electrode structures for L-Dry-S (c), S- Dry-L (d), and Mix-Dry-Mix (e). The corresponding electrode loading is ≈29.6 mg
cm−2. f,g) Rate performance of NMC 83 electrodes (L-Dry-S, S-Dry-L, Mix-Dry-Mix) with different loadings, including 22 mg cm−2 (f) and 29.6 mg cm−2

(g). (1C = 210 mA g−1).

to be higher than that in the S-Dry-L model (Figure 2f). As the
current density increases, the capacity difference between these
three models becomes more pronounced, particularly for the S-
Dry-L model where its discharge capacity drops to zero when
the current density exceeds 0.5C. As to the L-Dry-S model, it
maintains the highest specific discharge capacity at 1C, which
is 139.5 mAh g−1 higher than that in the Mix-Dry-Mix model
(100.05 mAh g−1). When the NMC83 electrode loading increases
to 29.6 mg cm−2, the L-Dry-S model electrode still performs at the
best electrochemical performance (Figure 2g). The correspond-
ing discharge capacities of L-Dry-S electrode at 0.2C, 0.5C, and 1C
are 194.5, 178.55, and 103.95 mAh g−1, respectively. Mix-Dry-Mix
model also cannot withstand the polarization issue caused by the
increased loading, and its discharge capacity at 1C is 0. Figure S9
(Supporting Information) presents the typical charge/discharge

curves of Li||NCM83 half cells at 1C between 2.7 and 4.3 V. As
the electrode loading increases, there is a gradual exacerbation of
polarization in the electrochemical reactions, as evidenced by the
progressive rise/fall in charge/discharge voltage platforms.[31–34]

It can be seen that the polarization of the Li-ion concentration
in the thicker electrode is larger than that in the thinner elec-
trode. This increased polarization indicates reduced Li-ion trans-
port within the electrolyte, which is attributed to slower Li-ion
diffusion. Consequently, under identical conditions, transporta-
tion of Li-ion to or from the active materials relies more heavily
on Li-ion diffusion within the electrolyte in thicker porous elec-
trodes than in thinner ones.[34,35]

However, it is clear that the L-Dry-S model is conducive to
lithium-ion diffusion and it can alleviate the concentration po-
larization inherent in thick electrodes, presenting enhanced rate
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performance compared with the Mix-Dry-Mix and S-Dry-L mod-
els. To further validate the internal mechanism, we conducted
electrolyte diffusion rate tests (Figure S2, Supporting Informa-
tion) and Li+ diffusion coefficient (Figure S10, Supporting Infor-
mation) tests on the three models. A dropwise addition of 1 m
LiPF6 electrolyte was performed on the three electrodes and was
allowed to stand for 1 and 20 h. The diffusion rate of the elec-
trolyte was traced using P element mapping, as shown in Figure
S2 (Supporting Information).

For electrolyte diffusion rate tests, the EDS mapping after 1
hour demonstrates that the L-Dry-S and Mix-Dry-Mix electrodes
exhibit higher electrolyte diffusion rates compared to the S-Dry-
L electrode. After 20 h, the diffusion of the electrolyte from the
surface to the bottom of all three electrodes has completed. In
essence, the L-Dry-S model facilitates the diffusion of electrolytes
from the surface to the interior. The electrode surface is com-
posed of small particles with a high degree of tortuosity but are
in direct contact with the electrolyte and receive a continuous sup-
ply thereof. Meanwhile, the lower part of the electrode consists of
large particles that possess large voids and low tortuosity, which
enable rapid transport of electrolytes.[5] The L-Dry-S design fa-
cilitates the formation of efficient electrolyte diffusion channels,
and satisfies the criteria for mass and volume energy densities.

For Li+ diffusion coefficient by electrochemical impedance
spectroscopy (EIS) tests (Figure S10, Supporting Information),
the elevating reversible capacity and cycling performance at large
high rates are tightly associated with the Li+ diffusion kinetic,
especially considering for thick electrode with long diffusion
path. Therefore, the Li+ diffusion coefficient of L-Dry-S, Mix-Dry-
Mix, and S-Dry-L at different states are very important. Nyquist
plots and the corresponding profiles of Z’ versus 𝜔−1/2 of L-
Dry-S, Mix-Dry-Mix, and S-Dry-L are displayed in Figure S10a,b
(Supporting Information). Compared with L-Dry-S, Mix-Dry-Mix
and S-Dry-L exhibits a slight large semicircular at the high-
frequency and medium-frequency region, representing the in-
creasing impedance of charge transfer. The slope of L-Dry-S is
greater in the low-frequency region than that of Mix-Dry-Mix and
S-Dry-L, contributing to the calculated smaller fitted 𝜎 value and
larger DLi

+ based on the formula shown in Note S1 (Supporting
Information).[36] The result effectively demonstrates the intrigu-
ing kinetics of Li+ diffusion following electrode structure con-
trol, attributing the successful optimization of electrolyte diffu-
sion pathways and lithium-ion reaction rates in L-Dry-S to min-
imize electrode concentration polarization in high-power batter-
ies. The enhanced Li+ diffusion kinetics significantly enhance the
kinetic performance of the high-loading electrodes.

2.3. Manufacturing Techniques for Double-Layer Architecture
Electrodes

The preparation processes of double-layer architecture electrodes
were explored. We employed two distinct routes: L-Dry-S, indi-
cating coating a first layer of 11.3 μm large-particle NMC83 ma-
terial on aluminum foil from bottom to top, followed by drying
and then coating a second layer of 4.5 μm-sized NMC83 material
particle; L-S, representing coating a first layer of 11.3 μm large-
particle NMC83 material, followed by directly coating a second
layer of 4.5 μm small-particle NMC83 material without drying

(Figure 3a,b). For the L-Dry-S electrode structure, it can be ob-
served that there is a clear boundary between the two layers, and
the thicknesses are maintained at a 1:1 ratio. In contrast, for the
L-S structure, the boundary between the first and second layers
shows a mixture between the two layers, and the overall thickness
is significantly smaller than that of L-Dry-S.

To further reveal the relationship between battery rate perfor-
mance and electrode preparation processes, the rate performance
of L-S was collected with the electrode loadings of 22 and 29.6 mg
cm−2. At 22 mg cm−2, the specific discharge capacities of the two
electrodes are not much different because sufficient time allows
lithium ions to be transported from the electrolyte to the current
collector.[15] As the current density increases, the electrode dif-
ferences among the two different electrodes become more ob-
vious (Figure 3c). Especially at 0.5C, L-Dry-S presents a higher
discharge capacity of 182.1 mAh g−1 compared to the L-S elec-
trode (142.75 mAh g−1). As the NMC loading increases to 29.6 mg
cm−2, the specific discharge capacities of the L-Dry-S electrode
at different current densities are all higher than that in the L-S
electrode (Figure 3d). Moreover, S-L and Mix electrodes without
drying during slurry coating were also prepared, and the corre-
sponding rate performance are presented in Figure S3 (Support-
ing Information). The rate capabilities of S-L and Mix electrode
are significantly lower compared to the capacities of the S-Dry-L
and Mix-Dry-Mix electrodes, not to mention when compared with
the performance of L-Dry-S electrode. The reason for the elec-
trochemical differences between the electrodes with and without
drying process can be attributed to the interface between the two
layers.[37] Take L-S model as an example, the first coating layer
remains a sticky state when the second coating layer is applied,
leading to a mixture of large and small particles at the boundary
owing to gravity, which can be named as L-Mix-S. Compared to
L-Dry-S, the tortuosity of L-S (L-Mix-S) model is higher, result-
ing in uneven electrochemical reaction kinetics and reduced rate
performance.[38]

In order to meet the demands of industrialization, it is imper-
ative for the electrode design to ensure uniform thickness across
the coating area, thereby minimizing material wastage. Conse-
quently, we have undertaken relevant research aimed at enhanc-
ing the utilization rate of double-layer architecture electrodes.
Case I means the width of the second layer (S) is within the range
of the first layer (L) (Figure 3e). We have selected three regions
from the center to the edge for uniformity comparison, labeled
as i, ii, and iii. Figure 3g demonstrates that the thicknesses of
L-Dry-S electrodes gradually decrease from region i to region iii.
Contrary to Case I, the width of the second coating layer is outside
the range of the first layer in Case II (Figure 3f). As performed in
Figure 3h, from region i to region iii, the electrode thicknesses
are not much different, presenting a uniform electrode thickness
distribution.

2.4. Porosity Investigation on Double-Layer Architecture
Electrode

Electrode calendaring is a crucial pre-processing step for thick
electrode application, as it not only enhances the volumet-
ric energy density of electrode materials but also mitigates
the impact of electronic conductivity on the rate performance
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Figure 3. Investigation of manufacturing techniques for double-layer architecture electrodes. a,b) Cross-sectional images of the L-Dry-S electrode (a)
and L-S electrode (b). The corresponding electrode loading is ≈29.6 mg cm−2. c,d) Rate performance of S-L electrodes with different loadings, including
22 mg cm−2 (c) and 29.6 mg cm−2 (d). e,f) Schematic of the coating processes, including Case I (e) and Case II (f). g,h) Cross-sectional images of
region i, ii, and iii in Case I (g) and Case II (h). The scale bar is 100 μm.
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Figure 4. Double-layer architecture electrode porosity investigation. a) Schematic of the calendaring process, including traditional electrode and L-Dry-S
electrode. b) Cross-sectional images of NMC83 with different porosities (45%, 35%, and 25%), the corresponding electrode structure is L-Dry-S. c,d)
Rate performance of L-Dry-S, S-Dry-L, and Mix-Dry-Mix electrodes with loading of 22 mg cm−2 (c) and 29.6 mg cm−2 (d) at different porosities.

of high-loading electrodes by reducing the electronic trans-
port distance.[39–42] Therefore, minimizing the unoccupied space
within the electrode is desirable, however, excessive calendar-
ing can impede lithium ion diffusion and compromise the elec-
trode material’s capacity. Hence, it is imperative to design an opti-
mized electrode structure that ensures low porosity while achiev-
ing superior electrochemical performance (Figure 4a). As pre-
sented in Figure 4b, a calendar process was carried out on the
prepared electrode. As to the L-Dry-S model, the electrode thick-
ness changes from 141.5 to 82.7 μm, corresponding to the poros-

ity variation from 55% to 25% (The calculation process of elec-
trode thickness and porosity is referred to Table S1, Supporting
Information).

Rate capabilities of the L-Dry-S, S-Dry-L, and Mix-Dry-Mix elec-
trodes were performed under different porosities and loadings.
In general, the rate performance of L-Dry-S electrode is signifi-
cantly better than that of Mix-Dry-Mix and S-Dry-L (Figure 4c,d).
Specifically, when the electrode loading is controlled at 22 mg
cm−2 (Figure 4c), the specific discharge capacities of L-Dry-S,
Mix-Dry-Mix, and S-Dry-L with 25% porosity at 1C are 176.10,

Adv. Funct. Mater. 2024, 34, 2410926 © 2024 Wiley-VCH GmbH2410926 (7 of 13)
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153.15, and 134.95 mAh g−1, respectively. When the electrode
loading increases to 29.6 mg cm−2, the corresponding discharge
capacities of the three electrodes present a decreasing trend, es-
pecially at high current densities. For instance, the discharge
capacities of the three electrodes with 25% porosity at 1C are
150.05, 71.35, and 63.35 mAh g−1 (Figure 4d). At low porosity
conditions, the high electrochemical performance of the L-Dry-
S electrode can be attributed to the designed electrode structure.
As depicted in Figure 4a, after undergoing a thorough calendar-
ing process, the traditional electrode exhibits reduced porosity
and increased void tortuosity, thereby impeding the diffusion rate
of lithium ions within the electrode. Consequently, an increase
in current results in a diminished discharge capacity. However,
our designed electrode structure (L-Dry-S) features a double-layer
void distribution. In the upper region with small particles, the
calendaring process enhances lithium-ion transport paths, lead-
ing to concentration polarization that can be mitigated through
adequate electrolyte supply. As the electrolyte continues to per-
meate downward, the large pores in the region of large particles
facilitate the diffusion of lithium ions. This fast diffusion chan-
nel guarantees the rapid diffusion process of lithium ions within
the thick electrode.

The electronic conductivity is also a crucial factor that in-
fluences the performance of electrode rate under high-loading
conditions.[43] With nearly identical porosities (uncalendared,
almost the same thickness), both the S-Dry-L electrode and
Mix-Dry-Mix electrode exhibit zero discharge capacities at 1C
(Figure 2g), but not in the L-Dry-S electrode. Moreover, after be-
ing calendared, the high loading S-Dry-L and Mix-Dry-Mix elec-
trodes still present 0 discharge capacity (Figure 4d), indicating
that electronic conductivity does not limit capacity release.[35]

2.5. The Optimum Thickness Ratio of the Double-Layer
Architecture Electrode

To fully exploit the potential of the double-layer architecture elec-
trode, we also investigated the impact of different layer thickness
ratios on the electrochemical performance. To ensure a consis-
tent electrode load, we adjusted the thickness of both the up-
per and lower layers of the L-Dry-S electrode. As depicted in
Figure 5a–c, the thickness of the L layer gradually increases un-
til most of the electrode is taken up by the large particles, and
the corresponding thickness ratios between the L and S layers
can be approximated as 3:7, 5:5, and 7:3. The rate capability was
evaluated for the three different structures, and it was observed
that the L-Dry-S electrode with a ratio of 7:3 exhibited superior
performance, particularly at 1C (134.95 mAh g−1) (Figure 5d).
In parallel, the feasibility of the double-layer electrode structure
(L:S = 1:1) relative to the conventional single electrode structure
(L:S = 0:1) was verified under long cycling in full-cell configura-
tion, as illustrated in Figure 5h,i. There was no significant dis-
parity in specific capacity between L:S = 1:1 and L:S = 0:1 at a
charge/discharge rate of 0.1C; however, this discrepancy arises
at 0.5C. At higher current densities, a notable distinction exists
in the specific capacity between the two electrodes (Figure 5h).
Moreover, Figure 5i presents the typical charge/discharge curves
of graphite||NCM83 full cells during 200 cycles at 0.5C between
2.7 and 4.3 V. In the case of L:S = 0:1, the polarization of the elec-

trochemical reactions gradually aggravates with the increase of
cycling number, as indicated by the gradual ascent/ descent of
charge/discharge voltage platforms.[31,32] However, the prepared
double-layer electrode structure L:S = 1:1 effectively suppresses
the polarization aggravation of the cells since there are only slight
changes in the voltage platforms with the increase of cycling
number. This can be attributed to the uneven tortuosity result-
ing from the small particle size of L:S = 0:1, which impedes elec-
trolyte penetration and hampers sufficient diffusion of lithium
ions within the electrode structure, consequently leading to de-
creased capacity. Conversely, our electrode design with an L:S
ratio of 1:1 demonstrates commendable cycling stability owing
to its smooth electrolyte recharge pathway, which facilitates the
rapid diffusion of lithium ions even under high current density
conditions.

To further validate the experimental findings, multi-physics
simulations were carried out on different L/S ratios, including
3:7, 4:6, 5:5, 6:4, and 7:3 (Figure 5e). The electrolyte density, elec-
trolyte viscosity, and electrode loading were set as 1.2 g cm−3, 3.1
cp,[44–47] and 30 mg cm−2, respectively. The simulation results are
demonstrated in Figure 5f. The top boundary of the region is set
as a velocity inlet where only the electrolyte is injected as a fluid
and the fluid velocity is 10−4 m s−1, and the bottom boundary of
the region is set as the outlet (Video S3–S7, Supporting Informa-
tion). The values of 1% VOF were collected for comparison. With
the increase of L layer (large particle) thickness, there is a gradual
decrease in the value of 1% VOF, reaching its minimum when
the ratio of L to S is 7:3. The results demonstrate that an increase
in the proportion of large particle size and a decrease in the pro-
portion of small particle size are conducive to the rapid wetting of
electrolyte and the diffusion of lithium ions. This leads to a signif-
icant improvement in the multiplicative performance and cycling
performance. However, an excess of large particle size will result
in a reduction in the volumetric energy density of the single cell.
Consequently, the investigation of the optimal thickness ratio is
of great utility in identifying a suitable L/S ratio that meets the
consumer’s demand for high energy density while maintaining
excellent rate performance and cycling performance.

These findings provide two suggestions: 1) In the industrial
preparation process of high-loading electrodes, it is necessary to
incorporate a mixture of large and small particles to improve the
volume energy density. Under such conditions, separate coatings
of large and small particles along with implementation of the L-
Dry-S model can greatly enhance the rate capability. 2) Under the
premise that the volume energy density is not affected, minimiz-
ing the S-layer thickness in the L-Dry-S model improves electrode
rate performance.

2.6. Concentration Polarization Minimization Mechanism

Before the large-scale application of thick electrodes, the rate
performance must be enhanced at first. Only by clarifying the
underlying causes of the poor kinetics performance for the thick
electrodes, can there be a theoretical basis to increase the rate ca-
pability. When there is a current flowing through the electrodes,
it will be polarized due to different types of resistances, causing
the decrease of capacity. Three of these resistances are impor-
tant: ohmic resistance caused by solid-phase electron transport,

Adv. Funct. Mater. 2024, 34, 2410926 © 2024 Wiley-VCH GmbH2410926 (8 of 13)
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Figure 5. Optimal thickness ratio screening. a–c) Cross-sectional images of the L-Dry-S electrodes with different L/S thickness ratios, including 3:7 (a),
5:5 (b), and 7:3 (c). The corresponding electrode loading is ≈29.6 mg cm−2. d) Rate performance of NMC83 electrodes (L-Dry-S) with different L/S
thickness ratios. e) Simulation model of L-Dry-S electrodes with different L/S thickness ratios. f) Time to reach 1% of maximum export VOF of the
five kinds of L-Dry-S electrodes with different L/S thickness ratios. g) Electrolyte infiltration processes in the L-Dry-S electrode with the L/S thickness
ratios of 7:3. h) Cycling performance of NMC 83 electrodes (L:S = 1:1 and L:S = 0:1) with loadings of 24.6 mg cm−2. (1C = 210 mA g−1). i) The typical
charge/discharge curves of graphite||NCM811 full cells during the 200 cycles at 0.5C rate between 2.7–4.3 V with L:S = 1:1 and L:S = 0:1.
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Figure 6. The mechanism of the mitigated concentration polarization of the L-Dry-S electrode.

liquid-phase ionic transport resistance, and charge transfer
resistance at the interface between material and electrolyte.
Compared with the electron transport and interfacial charge
transfer,[48,49] liquid-phase ionic transport is slower, which is
mainly considered as the rate-determining step for the sluggish
electrochemical reaction kinetics of thick electrodes.

The essence of liquid-phase concentration polarization is that
the Li+ concentration will be in gradient distribution in the elec-
trolyte in electrode pores when the current is applied, which be-
comes more pronounced at higher currentsor beyond a certain
C-rate.[17,50,51] Taking the discharge process as an example, Li+

concentration will decrease from the separator side of electrodes
along the thickness direction. According to the Fick’s law (J =
− D 𝜕C

𝜕n
), there exists an ionic limited diffusion distance (n).[13]

The concentration polarization increases appreciably with elec-
trode thickness owing to limited diffusion distance (n) can’t meet
the actual internal diffusion distance of the electrode.[23,34,52,53] In
this study, the electrode structure was optimized to address the
issue of concentration polarization within the thick electrode, in-

cluding L-Dry-S, S-Dry-L, and Mix-Dry-Mix, and the L-Dry-S elec-
trode structure exhibits excellent ability in alleviating the concen-
tration polarization.

As illustrated in Figure 6, the electrolyte concentration within
the L-Dry-S electrode was uniformly distributed during the elec-
trochemical processes. In the charge process, owing to the dis-
parate diffusion speeds of lithium ions (VL<<VS), the lithium
ions within the small particle diffuse rapidly into the electrolyte at
the commencement of charging, whereas the lithium ions within
the large particle diffuse at a relatively slow rate. Therefore, the
L-Dry-S electrode structure forms a concentration gradient with
a high concentration of lithium ions in the electrolyte near the
small particle and a low concentration of lithium ions in the elec-
trolyte near the large particle. Fortunately, the small particle is in
full contact with the electrolyte, due to Fick’s law the high con-
centration of lithium ions is able to diffuse into the electrolyte
rapidly, and the concentration polarization is eliminated during
the charging process. During the discharge process, the lithium
ions start to intercalate into the cathode material, and since the

Adv. Funct. Mater. 2024, 34, 2410926 © 2024 Wiley-VCH GmbH2410926 (10 of 13)
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small particle can intake more lithium ions at the same time than
large particles, the L-Dry-S electrode structure forms a concen-
tration gradient of low lithium ion concentration near the small
particle and high lithium ion concentration near the large par-
ticle at the beginning of the discharge. However, the small par-
ticle can receive a continuous supply of electrolyte, and the low
lithium ion concentration is replenished, which in turn mitigates
the concentration polarization. On the other hand, neither S-Dry-
L (Figure S6, Supporting Information) nor Mix-Dry-Mix (Figure
S7, Supporting Information) can alleviate the concentration po-
larization phenomenon well in the charging and discharging pro-
cesses. Therefore, the well balance of electrolyte diffusion chan-
nel and lithium ion reaction speeds can effectively minimize the
electrode concentration polarizion for high power batteries.

3. Conclusion

In summary, we have developed a double-layer architecture elec-
trode featuring a fast electrolyte diffusion channel, which effec-
tively addresses the polarization issue of the commercial high-
loading electrode. With the L-Dry-S electrode structure, the cor-
responding high-loading electrode demonstrates 73.3% (150.0
mAh g−1) capacity retention at 1C compared to the 0.1C capacity
with 25% electrode porosity, superior than that of the traditional
Mix electrode. Furthermore, we have also discussed the princi-
ples behind double-layer architecture electrode design, including
coating protocol, porosity adjustment, and thickness optimiza-
tion for different layers. In addition, it should be noted that the
design of minimized cathode Li-ion concentration polarization
can also be applied to other battery materials such as LiFePO4,
silicon, and graphite. This study is expected to have practical im-
plications in the field of industry, aiming to alleviate consumer
concerns regarding battery charging durations.

4. Experimental Section
Characterization: The morphologies of NMC83 and the cross-section

images of NMC83 electrode were investigated by scanning electron mi-
croscopy (SEM, HITACHI) at voltage of 10 kV. The diffusion rates of elec-
trolytes in different electrodes were captured by the distribution of P el-
ement by EDS mapping (HITACHI). The corresponding voltage and take
off angles are 15 kV and 35.0°. Measuring electrolyte wettability and Li+

diffusion coefficient by electrochemical impedance spectroscopy. EIS was
performed using a CHI660. Spectra were recorded at a frequency range of
1 MHz–0.1 Hz, with a quiet time of 2 s and an amplitude of 5 mV.

Cell Preparation: The active material NMC83 (LiNi0.83Mn0.12
Co0.05O2) was blended with acetylene carbon black (Shenzhen Ke-
jing Star Technology Company) and polyvinylidene difluoride (PVDF,
Shenzhen KeJing Star Technology Company) with a weight ratio of 96:2:2
in N-methyl pyrrolidone (NMP, Macklin) solution and stirred in a Thinky
machine to prepare electrode slurry. The slurry was then coated onto an Al
foil using a coating machine. After drying overnight in a vacuum at 80 °C,
the electrodes were punched into 0.785 cm2 disks. Here, the electrode
thicknesses were controlled at 22 and 29.6 mg cm−2, respectively. The
porosities of the original electrodes without calendaring were between
55% and 60%, which was labeled as 55%. Thick electrodes with different
porosities (25%, 35%, and 45%) were prepared by calendaring the
electrodes to the corresponding thickness. Porosity was calculated by [1-
(0.96*m/𝜌active + 0.02*m/𝜌c + 0.02*m/𝜌pvdf)/SH] (m is the total mass
coating on current collector; 𝜌active, 𝜌c, and 𝜌pvdf are the densities of active
material, conductive carbon and PVDF; S is the area of the electrode;
H is the thickness of the electrode materials on the current collector.)

1 m LiPF6 in ethyl carbonate (EC) and methyl carbonate (EMC) (3:7 by
weight) with 2% VC as an additive was used as the electrolyte. LiPF6, EC,
and EMC were purchased from DoDoChem. The CR2032 coin half-cells
were assembled with NMC83 electrode as cathodes, polypropylene (PP)
as separator, and lithium foil (15.6 mm diameter, Cellithium Corporation)
as an anode. The CR2032 coin full-cells were assembled with NMC83
electrode as cathodes, polypropylene (PP) as a separator, and Graphite as
an anode. The electrolyte content was controlled at 70 μL. The moisture
and oxygen contents were controlled lower than 1 ppm. The electrochem-
ical performance of the coin cells was evaluated using Land tester. All the
cells were tested between 2.7 and 4.3 V versus Li+/Li at different current
densities, and the 1C rate corresponds to 210 mA g−1.

Double-Layer Architecture Electrode Fabrication: Here, two kinds of
NMC83 particles were employed to fabricate double-layer architecture
electrode, and the corresponding particle sizes are 4.5 and 11.3 μm, which
were labeled as S and L, respectively. The double-layer architecture elec-
trodes have two layers, with large particles on the bottom (L-S) or large
particles on top (S-L). If there was a drying process (80 °C for 12 h) after
the first layer coating, the corresponding electrodes are named as L-Dry-S
or S-Dry-L. The traditional electrode was also prepared by coating a mix-
ture of large and small particles for comparison. The electrodes with the
mixture were labeled as Mix and Mix-Dry-Mix based on the inclusion of
a drying process. Before assembled into the cells, all the prepared elec-
trodes were dried at 110 °C in a vacuum oven for 12 h. For the coating
details of L and S layers, take L-DRY-S as an example, the base of the first
layer of L is aluminum foil, and the thickness ratio before and after dry-
ing can be used as an empirical formula to calculate the thickness of the
first layer of this coating, while the base of the second layer of S is the L
of the first layer. The first layer will absorb part of the NMP in the slurry,
changing the rheology of the slurry, and then changing the thickness ra-
tio of the second layer before and after drying. Therefore, the coating of L
and S layers cannot be achieved by the same amount of slurry, but under
the condition that the thickness of the first layer is determined, the coating
thickness of the second layer is adjusted step by step, and the thickness ra-
tio of L:S is finally maintained to be 1:1, which is verified by SEM electrode
cross-section data. For L-S, the first layer of L is not dried after coating,
causing compression and outward spreading due to gravity. This results
in a reduction in the thickness of the first layer, leading to an increased
paste thickness prior to its application. Additionally, during the coating of
the second layer, there is an occurrence of particle mixing between small
and large particles under gravity’s influence. Consequently, adjustments
are required for the corresponding thickness of the second layer slurry.
For details, please refer to Table S2 (Supporting Information).

Volume of Fluid (VOF) Method: The VOF model was a widely utilized
method in two-phase computational fluid dynamics (CFD) simulations,
known for its simplicity and suitability in simulating flows of multiple im-
miscible fluids on numerical grids capable of resolving the interface be-
tween the phases. It is suitable for solving problems involving immiscible
fluid mixtures, free surfaces, and phase contact time. In such cases, there
is no need for extra modeling of interphase interaction, and the model as-
sumption that all phases share velocity, pressure, and temperature fields
becomes a discretization error. The mass, momentum, and energy equa-
tions can be expressed as follows:

𝜕

𝜕t (𝜌)
+ ∇ ⋅

(
𝜌u⃗

)
= 0 (1)

𝜕

𝜕t

(
𝜌u⃗

)
+ ∇ ⋅

(
𝜌u⃗u⃗

)
= −∇p + ∇ ⋅

[
𝜇
(
∇u⃗ + ∇u⃗T)] + 𝜌g⃗ + F⃗s (2)

where u⃗, 𝑝, 𝜌, 𝜇, and g⃗ are the fluid velocity, pressure, fluid density, fluid
viscosity, and gravitational acceleration, respectively.

The VOF multiphase model implementation in Simcenter STAR-CCM+
assumes that the mesh resolution is sufficient to resolve the position and
the shape of the interface between the phases. The distribution of phases
and the position of the interface are described by the fields of phase vol-
ume fraction. The volume fraction of phase i is defined as:

𝛼i =
Vi

V
(3)
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where Vi is the volume of phase i in the cell and V is the volume of the cell.
The volume fractions of all phases in a cell must sum up to one:

N∑

i = 1

𝛼i = 1 (4)

where N is the total number of phases. Depending on the value of the
volume fraction, the presence of different phases or fluids in a cell can be
distinguished: 1) 𝛼i = 0 means the cell is completely void of phase i; 2) 𝛼i
= 1 means the cell is completely filled with phase i; 3) 0 < 𝛼i < 1 means
values between the two limits indicating the presence of an interface be-
tween phases.

In this simulation, first order discretization scheme and pressure-
velocity coupling model were used. 2D simulations were used to ease the
numerical difficulty. The height of the region in the simulation was 146 μm
and the width was 50 μm. First order implicit scheme was applied for tran-
sient formulation and the time interval was set as 1 × 10−4 s for t < 0.1 s
and 2 × 10−4 s for t > 0.1 s. The boundary and initial condition were set
as follows: the top boundary of the region was set as a velocity inlet where
only the electrolyte was injected as a fluid and the fluid velocity is 10−4 m
s−1; the bottom boundary of the region is set as outlet; and the left and
right boundaries of the region are set as symmetric plane.

To assess the model’s sensitivity, two sets of meshes were employed,
and a comparison between them was conducted. As illustrated in Figure
S5 (Supporting Information), the coarse mesh successfully captures fluid
motion but exhibits a more ambiguous boundary. In contrast, the finer
mesh provides a much clearer boundary. Consequently, a finer mesh was
selected for this study. The base size of the coarse mesh was set at 1 ×
10−5 m, while the base size of the fine mesh is 1 × 10−6 m. Additionally,
to enhance accuracy, three boundary layers with a combined thickness of
1 × 10−7 m were introduced in the vicinity of the particle surface.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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