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A B S T R A C T

High-loading electrodes are crucial for attaining elevated high energy density in the industrial applications of 
lithium-ion batteries. However, a rise in electrode loading correlates with an elevation in electrode tortuosity. 
The elevated tortuosity of the transport pathway may result in a discrepancy between ion transport and electrode 
reaction, leading to excessive or incomplete reactions of localized particles, creating concentration gradient 
phenomena, and ultimately causing capacity loss. Research on high-loading electrodes mostly concentrates on 
the regulation of electrode structure and material modification, while investigations into electrolyte concen
tration predominantly emphasize solvation structures; however, the correlation between electrolyte concentra
tion and high-loading electrodes has been inadequately explored. This study examines the effect of electrolyte 
concentration on the electrochemical performance of high-loading LiNi₀.₈₃Mn₀.₁₂Co₀.₀₅O₂ (NMC83) electrode. 
Utilizing pore network modeling (PNM), high-resolution techniques, and pore equivalent diameters (EqD) 
analysis to compare ion transport pathways and abilities under different electrolyte concentrations. It was 
observed that a concentration of 1.5 M in the conventional electrolyte can establish a more efficient percolation 
channel and provide sufficient lithium ions to achieve a balance between ion transport and electrode reaction, 
thereby alleviating the inherent concentration polarization of high-loading electrodes.

1. Introduction

With the swift development of new energy, the emerging opportu
nities in the electric vehicle (EV) market and grid-scale storage call for 
lithium-ion batteries (LIBs) with a higher energy density (>500 Wh kg− 1 

at the cell level) and a lower price (< $100 (kWh)− 1 at the pack level)
[1]. High-loading electrode design is extensively utilized to optimize 
specific energy and minimize the total package cost in the pursuit of 
high-performance battery systems.[2] Nevertheless, increasing elec
trode loading results in elevated battery polarization and a decrease in 
battery power density, constituting a significant technical bottleneck in 

the industry.[3]
Material modification and electrode structure optimization are the 

most commonly employed techniques for addressing high-loading 
electrode issues.[4–10] The core principle of the aforementioned tech
nique is to achieve rapid lithium-ion transfer, both within the material 
and across the electrode. Material optimization can enhance the intrinsic 
conductivity of the electrode, a goal likewise sought by material syn
thesizers. For instance, Pan et al.[11], utilizing first-principles calcula
tions in combination with percolation theory and Monte Carlo 
simulations, have revealed the crucial role of lithium content in inhib
iting oxygen loss in lithium-rich cathode materials, establishing a 
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relationship between the migration network of oxygen ions and the 
transition metal (TM) component. The importance of rational compo
sitional design in lithium-rich cathodes lies in effectively suppressing 
irreversible oxygen release and enhancing solid-phase diffusion within 
electrodes. For the design of the electrode structure, the diffusion effi
ciency of the electrolyte within the electrode is primarily achieved 
through the construction of gradient pores or gradient particle sizes. For 
instance, Wu et al.[12] constructed a low-tortuosity thick electrode by 
applying an external magnetic field, presenting uniform lithium-ion 
reaction kinetics within the electrode. Yu et al.[13], employed a modi
fied ice-templating method to fabricate low-tortuosity porous electrodes 
with tunable wall thickness and channel width, achieving smaller ion 
transport impedance inside the pore space and faster overall ion diffu
sion kinetics. In our previous work[9], we designed a rapid electrolyte 
diffusion pathway to diminish lithium concentration polarization for the 
high-loading NMC83 electrode by employing two layers of NMC83 
materials with different particle sizes. So far, the current focus of 
research at the electrolyte has primarily been on enhancing battery 
stability, with limited exploration into the optimal concentration of 
electrolytes at the high-loading electrodes. This is due to a consensus 
that a 1 M concentration exhibits maximum ionic conductivities and is 
considered the most favorable choice. Considering the significance of 
high-loading electrodes in enhancing the energy density of lithium 
batteries, it is crucial to investigate the optimal electrolyte concentration 
for high-loading electrodes.[14]

In this work, we provide 3D-visualized insights into the nature of 
liquid phase ion transport under different electrolyte concentrations. 
Facilitated by a combination of pore network modeling (PNM), high- 
resolution techniques, and pore equivalent diameters (EqD) analysis to 
compare ion transport pathways and abilities under different electrolyte 
concentrations. Simultaneously, a comprehensive investigation into the 
underlying machanisms is conducted by analyzing the lithium-ion 
transfer kinetics using DRT and GITT, as well as the interphase evolu
tion through XPS and TEM. It was found that the conventional con
centration electrolyte (1 M) does not provide a sufficient supply of 
lithium ions to alleviate concentration polarization,[15] and the 
concentrated electrolyte (≥ 2 M) with overly high viscosity simulta
neously affects lithium-ion transport, exacerbating concentration po
larization. Furthermore, the percolation channels formed by both 
aforementioned methods cannot meet the requirements of high-loading 
batteries. For high-loading electrodes, the highly convoluted transport 
pathways result in a significant disparity between the sluggish 
lithium-ion transport and the lithiation/delithiation processes, which in 
turn leads to localized over/under lithiation and capacity degradation. 
Nevertheless, a concentration of 1.5 M in the conventional electrolyte 
can establish a more efficient percolation channel and supply sufficient 
lithium ions to alleviate the inherent concentration polarization in 
high-loading electrodes, achieving a balance between ion transport and 
electrode reaction. Full cells utilizing a 1.5 M conventional electrolyte 
exhibit superior cycling stability, mataining a capacity retention rate of 
92.3 % after 500 cycles, even in condtions of extremely low porosity (<
35 %).

2. Results and discussion

2.1. Prepare electrolytes with different concentrations

Four electrolytes with different concentrations were prepared, 
including 1 M, 1.5 M, 2 M, and 2.5 M LiPF₆ in a mixture of ethylene 
carbonate (EC) and ethyl methyl carbonate (EMC) at a ratio of 3:7 (m/ 
m), incorporating 1 ωt% vinylene carbonate (VC), which were defined as 
E1, E1.5, E2, and E2.5. Due to the disadvantages of high-concentration 
electrolytes (close to a saturated state), such as limited ionic conduc
tivity, elevated cost, and high weight, their application in high-loading 
electrodes and high-energy density batteries is seldom considered. 
Despite a 1 M concentration of electrolyte exhibiting the highest ionic 

conductivity, whether it is the optimal choice for high-loading elec
trodes remains uncertain. Within the concentration range of 1 M to high 
concentration (saturated state), the decrease in lithium-ion transfer rate 
in the electrolyte may not necessarily be solely attributed to the rate- 
determining step affecting electrochemical performance, as the Li-ion 
supply capability is enhanced.

The concentration-dependent Raman spectra in the range from 700 
to 1000 cm⁻¹ exhibit the EC ring breathing modes with and without Li⁺ 
coordination, as well as the O− CH₃/O− C₂H₅ stretching modes of EMC 
with and without Li⁺ coordination (Fig. 1a). In the presence of a 1 M 
LiPF₆ in an EC/EMC solution, a distinct peak at approximately 
888 cm⁻¹ is observed for the EC ring breathing mode[16], along with a 
broad band centered at approximately 926 cm⁻¹ corresponding to the 
O− CH₃/O− C₂H₅ stretching mode of EMC. With the increasing concen
tration of LiPF₆, there is a gradual decrease in intensity for the EC ring 
breathing band (approximately 888 cm⁻¹), which is progressively 
replaced by another sharp peak at higher wavenumbers (around 
900 cm⁻¹). Similarly, the band intensity of O− CH₃/O− C₂H₅ stretching in 
EMC (approximately 926 cm⁻¹) is gradually reduced with the increasing 
of LiPF₆ concentration, which is accompanied by the appearance and 
growth of another broad band at approximately 937 cm⁻¹ . These two 
new bands centered at approximately 900 and 937 cm⁻¹ can be assigned 
to Li⁺-coordinated EC and EMC. Furthermore, the appearance and 
growth of Li⁺-coordinated EC and EMC bands with increasing LiPF₆ 
concentration are accompanied by an increasing intensity of a new band 
centered at approximately 736 cm⁻¹ , which can be attributed to the 
P − F symmetric stretching vibration of PF₆⁻.[17] At LiPF₆ concentra
tions over 1.5 M, a peak shoulder emerges on the high wavenumber side, 
indicating the formation of complexes between Li⁺ ions and PF₆⁻ anions 
or contact ion pairs (CIP). As the concentration of LiPF₆ increases, the 
interionic distance in solution decreases, facilitating ion-pair formation 
and aggregation (Fig. 1b). Moreover, it is evident that an elevation in 
electrolyte salt concentration results in heightened viscosity and a 
simultaneous decrease in ionic conductivity (Figs. 1c and 1d), aligning 
with previous findings.[18,19]

2.2. Electrochemical performance

Electrode calendaring is a crucial pre-processing step for thick elec
trode application as it not only enhances the volumetric energy density 
of electrode materials but also mitigates the impact of electronic con
ductivity on the rate/cycling performance of high-loading electrodes by 
reducing the electronic transport distance. Consequently, minimizing 
the unoccupied space within the electrode is desirable. However, 
excessive calendaring can impede Li⁺ diffusion and diminish the ca
pacity of the electrode material. The cycle performance of Graphite 
(4.28 mAh cm⁻²)‖NMC83 (3.82 mAh cm⁻²) full cells and the rate per
formances of Li‖NMC83 half cells were evaluated at room temperature 
in different electrolytes (E1, E1.5, E2, and E2.5) and porosities (55 %, 
45 %, 35 %, and 25 %). Fig. S1 demonstrates that as the electrolyte 
concentration increases, the rate performance declines for varying po
rosities (55 %, 35 %, and 25 %). For porosities of 55 % and 35 %, the 
capacity disparity between E1 and E1.5 is less than 10 mAh g⁻¹ at cur
rent densities of 0.5 C and 1 C (where 1 C = 210 mA g⁻¹). However, the 
rate performance significantly deteriorates for E2 and E2.5 due to an 
increase in viscocity and a decrease in conductivity, which hinders the 
rapid migration of Li⁺ in the electrolyte, exacerbating concentration 
polarization.

The cycle stabilities of Graphite‖NMC83 full cells present different 
phenomena compared to the rate performance. As shown in Fig. 2a-d, 
the cycle performance of the E1.5 electrode is significantly better than 
that of E1, E2, and E2.5. Specifically, for different porosities (55 %, 
45 %, 35 %, and 25 %), E1.5 presents capacity retentions of 92.3 %, 
94.1 %, 98.2 %, and 96.8 % for 200 cycles, respectively (Fig. 2e). In 
Fig. 2e, it is observed that the capacity retention rates in E2 and E2.5 
after 200 cycles are higher than 100 %. This can be attributed to the 
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excessive salt concentration and low porosity; the electrolyte infiltration 
is insufficient, which affects the capacity presentation. However, as the 
cycle progresses, the electrolyte gradually infiltrates inside the elec
trode, resulting in a higher capacity retention rate after 200 cycles.[20]
Nevertheless, the discharge capacities are lower compared to the cells 
tested in E1 and E1.5. As shown in Fig. S2a-d, the charge/discharge 

curves of individual electrodes using different electrolytes were evalu
ated in Graphite‖NMC83 full cells. E1.5 enables the NMC cathodes to 
exhibit much higher accessible charge and discharge capacities, as well 
as lower polarizations compared to E1, E2, and E2.5. A further com
parison of the 500-cycle performance of E1.5 under different electrode 
porosities is presented in Fig. 2f. After 500 cycles, a capacity retention 

Fig. 1. Characterizations of different concentration electrolytes. Raman spectra (a) and solvation structure (b) in different electrolytes (E1, E1.5, E2, and E2.5). 
Viscosity (c) and ionic conductivity (d) of different electrolytes (E1, E1.5, E2, and E2.5).
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rate of 92.7 % was observed at a porosity of 35 %, and stable cycling was 
also achievable with an ultra-low porosity level of 25 %.

2.3. Analysis of Li-ion transfer kinetics and characterization of interfacial 
evolution

Zhang et al. acquired the impedance spectra of the anode and cath
ode in standard electrolytes via dynamic electrochemical impedance 
spectroscopy (DEIS). They analyzed the ohmic resistance (Rs) of the bulk 
electrolyte, the contact resistance (Rcon) among electrode particles, and 
the charge transfer resistance (RCT). The impedance on the cathode side 
surpassed that on the anode side, signifying that the cathode side dic
tates the rate. Consequently, this research concentrates on the cathode 
side.[21] To evaluate the kinetic evolution of the Li⁺ interfacial transfer 
process in the NMC83 cathode, concentration-dependent electro
chemical impedance spectroscopy (EIS) was employed in Li‖NMC83 half 
cells.[22] The presence of a semicircular overlap in Nyquist plots often 
obscures accurate differentiation between the resistance evolution of 

individual processes due to their similar relaxation time constant (τ).
[23–25] To address this issue, the distribution of relaxation time (DRT) 
technique was utilized to decouple the intertwined electrochemical 
processes of interphase Li⁺ transport, charge transfer, and Li⁺ diffusion. 
DRT transforms frequency-domain Nyquist plots into 
time-domain-based spectra without pre-modeling the electrochemical 
system.[26,27] This enables the accurate identification of specific 
electrochemical processes with similar time constants through the for
mation of peaks at specific relaxation times.

Fig. 3a-d present DRT profiles converted from Nyquist plots (Fig. S3) 
of Li‖NMC83 half cells tested in different electrolytes at the 1st and 10th 
cycles. The peak in the relaxation time range of 10− 6 to 10− 5 s corre
sponds to the process of Li+ transfer across the cathode electrolyte 
interphase (CEI) (τ1), while the peak in the range of 10− 5 to 10− 1 s 
represents the charge transfer process (τ2). The peaks in the range of 
10− 1 to 102 s represent the Li+ diffusion impedance (τ3/τ4).[26,28]
Specifically, during the first cycle, an intriguing phenomenon has been 
observed: the corresponding DRT curves of the four electrolytes exhibit 

Fig. 2. Electrochemical performances of Graphite‖NMC83 coin cells tested in different electrolytes. (a-d) Cycling performances of Graphite‖NMC83 full cells for 200 
cycles using different electrolytes at different cathode porosities, including 55 % (a), 45 % (b), 35 % (c), and 25 % (d) with error bars displayed in insets. The 
corresponding testing temperature and current density are 25 ◦C and 0.5 C. (e) The Capacity retention ratios were obtained from the data presented in (a-d). (f) The 
Cycling performances of Graphite‖NMC83 full cells for 500 cycles with different electrode porosities (55 %, 45 %, 35 %, and 25 %) in E1.5 electrolyte.
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Fig. 3. Analysis of Li+ transport kinetics of different electrolytes. (a-d) DRT profiles of Li‖NMC83 cells at the 1st and 10th cycles in different electrolytes, including 
E1 (a), E1.5 (b), E2 (c), and E2.5 (d). (e) RCEI, RCT, and RD of Li‖NMC83 cells at the 10th cycle in different electrolytes (E1, E1.5, E2, and E2.5) were calculated by the 
integration of the corresponding peak area in the DRT profiles. (f) GITT curves and calculated Li+ diffusion coefficients (DLi+) of Li‖NMC83 cells at the 10th cycle.
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good symmetry. After 10 cycles, the symmetry of the DRT curves cor
responding to E1, E2, and E2.5 deteriorated significantly. However, for 
E1.5, the DRT curves comprising τ1, τ2, τ3, and τ4 demonstrate excel
lent symmetry during the first 10 cycles (Fig. 3a-d). The DRT symmetry 
both before and after the cycling suggests that there is no significant 
depletion of lithium ions or solvent molecules in the electrolyte 
following charge and discharge processes. This phenomenon can be 
attributed to the stability of the CEI film, which alleviates the 
lithium-ion consumption during cycling.

Moreover, the values of resistance of CEI (RCEI), charge transfer 
(RCT), and Li+ diffusion impedance (RD) were determined by integrating 
the corresponding peak areas; notably, the RD includes the diffusion 
impedance of Li+ in the active substance and electrolyte.[29] As illus
trated in Fig. 3e, it is evident that the RCEI exhibits a positive correlation 
with the electrolyte concentration. For RCT, the value of E1.5 is the 
lowest, indicating superior solvation and desolvation abilities. 
Regarding RD, there was little difference between E1 and E1.5, while E2 
and E2.5 had significantly deteriorated lithium-ion diffusion impedance. 
The GITT analysis (Fig. 3f) further evaluated the Li+ diffusion coefficient 
(DLi

+) across various electrolytes, revealing a consistent trend. We hy
pothesized that an appropriate increase in electrolyte concentration to 
1.5 M facilitates the formation of an effective Li+ percolation network 
within the electrode, which can alleviate the imbalance between ions 
and electrode reactions in high-loading electrodes, eliminate concen
tration polarization, and thereby compensate for the diminished diffu
sion capacity of lithium ions due to increased electrolyte viscosity.

To systematically investigate the interfacial evolution of cells with 
different electrolytes, X-ray photoelectron spectroscopy (XPS) and 
transmission electron microscopy (TEM) were performed. Pronounced 
peaks corresponding to abundant LiF were observed at 685.1 eV in the F 
1 s spectra for E1.5, whereas these peaks were less prominent in E1, E2, 
and E2.5 (Fig. 4a). The inorganic-rich CEI, particularly the LiF-rich CEI, 
exhibits a weaker bond to transition metal oxide cathodes, which allows 
it to experience less strain or stress during the volume change of the 
cathode, thereby preserving its protective function.[30–32] To gain a 
more comprehensive understanding of the morphologies of the CEI 
layers, TEM images of the NMC surfaces at different electrode positions 
were collected (Fig. 4b and c). The results indicated that the CEI film on 
the electrode surface exhibited superior uniformity compared to that 
observed inside the electrode, particularly for E1, E2, and E2.5. For E1.5, 
a thin, dense, and uniform CEI film was observed on both the surface and 
internal positions of the NMC electrode, with a thickness of 1.3 nm and 
1.1 nm, respectively. However, the CEI films generated by the other 
three electrolytes displayed inconsistent thicknesses. The formation of 
the thin and dense CEI film with E1.5 facilitates the establishment of an 
effective lithium-ion percolation network within the electrodes, which is 
conducive to mitigating the inherent concentration polarization asso
ciated with thick electrodes. Furthermore, these observations are 
consistent with the DRT interface dynamics analysis.

2.4. Degree of concentration polarization under different electrolytes

To further elucidate the impact of the Li+-transport path on elec
trodes with different electrolytes, the structural changes of the elec
trodes before and after cycling were measured by X-ray computed 
tomography (XCT) (Fig. 5a). This technique allows for direct visualiza
tion of the 3D structure of the electrode.[5,33–36] The dark grey areas 
represent regions occupied by NMC particles, carbon black, and binder, 
while the orange areas represent the pore regions. To quantify the 
percolation paths, a pore network model (PNM) was constructed based 
on the XCT results, and the actual geometric characteristics of different 
pore equivalent diameters (EqD) were measured. As shown in Fig. 5b, 
based on the principle of the maximal sphere algorithm [37], the pores 
were approximated as spheres and the pore channels as throats (Fig. S4) 
to construct the PNM; the intensity bar (from purple to red) represents 
the transport distance (from short to long) within the connection 

network. In terms of sparsity, E1.5 and E2.5 establish a denser perco
lation network than E1, indicating more throats connected to the pores, 
hence enhancing the connectivity structure and facilitating the forma
tion of more efficient percolation channels.[38] In terms of transmission 
distance, E1 and E1.5 have a lower red proportion compared to E2.5, 
indicating shorter percolation pathways. Given the scarcity of PNM and 
the transmission distance, E1.5 is optimal, whereas E1 and E2.5 are 
comparatively inferior. Concurrently, the corresponding average throat 
length and pore form factor were subsequently extracted (Fig. S5a-b). It 
was observed that E1.5 exhibited the shortest average throat length and 
the largest pore form factor, followed by E1, with E2.5 being the least 
favorable. A shorter average throat length implies a shorter fluid passage 
path through the throat, thereby reducing the experienced frictional and 
viscous resistance. A larger pore shape factor indicates a more circular 
pore shape, suggesting a smoother percolation path and lower 
tortuosity.

Furthermore, the pores within the electrodes were classified into 
macropores (EqD ≥ 40 μm), mesopores (20 μm < EqD ≤ 40 μm), mi
cropores (10 μm < EqD ≤ 20 μm), and nanopores (EqD ≤ 10 μm), and 
their respective proportions were analyzed (Fig. 5c and Fig. S6). The 
analysis revealed that E1 exhibited a relatively high proportion of 
macropores, whereas E1.5 demonstrated a more concentrated distribu
tion of mesopores, both configurations conducive to the formation of 
favorable lithium-ion percolation channels. In contrast, E2.5, due to the 
uneven CEI film, displayed a higher proportion of micropores and a 
reduced proportion of macropores and mesopores, resulting in tortuous 
lithium-ion percolation channels that hindered the transport of lithium 
ions. Consequently, both E1 and E1.5 are capable of forming rapid 
lithium-ion percolation networks, while the percolation network of E2.5 
is relatively tortuous. The rapid lithium-ion percolation network facili
tates the fast and efficient transport of lithium ions, alleviating the 
inherent concentration polarization of high-loading electrodes, reducing 
the imbalance between ion transport and electrode reactions, and 
achieving a reasonable de-lithiation/lithiation of active materials in 
thick electrodes, thereby enhancing the cycle life and capacity of the 
battery. [8,39–41]

Generally, an appropriate electrolyte concentration and a uniform 
CEI film are essential to address the challenges encountered in high- 
loading electrodes, particularly under conditions of low porosity. For 
instance, the 1.5 M electrolyte applied in this work provides an adequate 
supply of lithium ions [42–44], facilitating the formation of a dense and 
uniform CEI layer. Through the synergistic effect of multiple factors, the 
inherent concentration gradient phenomenon in thick electrodes is 
alleviated, achieving a balance between ion transport and electrode 
reaction. However, the conventional 1 M electrolyte fails to provide 
sufficient lithium ions, thus being unable to meet the continuous 
lithium-ion transport demands of high-loading batteries. In the case of 
concentrated (≥ 2 M) electrolytes, the formation of an uneven CEI film 
after long-term cycling and the severe deterioration of the CEI film in
side the electrode lead to the creation of tortuous percolation pathways 
and potentially the blockage of these pathways, exacerbating the con
centration gradient issue. Neither low nor high concentration electro
lytes can alleviate the inherent concentration polarization problem of 
high-loading electrodes, which can lead to excessive or incomplete re
actions among local particles, ultimately resulting in battery failure.[15]

3. Conclusion

In summary, this study provides 3D visualizations that offer deep 
insights into the mechanisms of liquid-phase ion transport within elec
trolytes of varying concentrations and explores the optimal electrolyte 
concentration formulation in high-loading electrodes. The full cells with 
an electrolyte concentration of 1.5 M in the conventional electrolyte 
exhibit exceptional cycle performance, achieving a capacity retention 
rate of 92.3 % even after 500 cycles under extremely low porosities (<
35 %), which is superior to that of the full cells with other electrolyte 

W. Chen et al.                                                                                                                                                                                                                                   Nano Energy 139 (2025) 110950 

6 



Fig. 4. Interphasial evolution of NMC83 cathodes of different electrolytes. (a) XPS spectra of the CEI on NMC83 cathodes at the 200th cycle in different electrolytes 
(E1, E1.5, E2, and E2.5) displayed in columns alongside the corresponding depth profiling results. (b and c) TEM images of NMC83 cathode surfaces (b) and interiors 
(c) in different electrolytes (E1, E1.5, E2, and E2.5) at the 200th cycle.
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Fig. 5. 3D characterization of the NMC cathode based on the XCT data. (a) 3D NMC83 electrode structure collected before (primary) and 200 cycles in different 
electrolytes (E1, E1.5, and E2.5) (dark grey: NMC83 particle, carbon black, and binder; orange: pore). The corner is cut to show the internal morphology. (b) The Pore 
Network Model is based on the XCT results, and the intensity bar represents the transport distance in the connectivity network. (c) Pore equivalent diameter 
screening based on the XCT results. (d) Percolation model mechanism.
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concentrations (1 M, 2 M, and 2.5 M). Through the application of PNM, 
high-resolution techniques, and EqD analysis, the ability to alleviate 
concentration polarization was compared under different electrolyte 
concentrations, demonstrating that adequate supply of lithium ions and 
uniform CEI layers are crucial for mitigating concentration polarization 
and achieving the optimal electrochemical performance of high-loading 
electrodes. Furthermore, it should be noted that these findings are 
applicable to other battery materials such as LiFePO4, LiCoO2, and sili
con. This study is anticipated to have practical implications in the field 
of industry, with the goal of mitigating technical challenges associated 
with high-loading electrodes.
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