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SUMMARY

Large, thick, and highly pressed electrodes are desirable for high-
energy lithium-ion batteries (LIBs), as they help to reduce the mass
ratio and cost of the inert materials. However, this energy-density-
oriented electrode technology sets new challenges for electrolyte
filling and electrode wetting, which profoundly limits the production
efficiency and battery performance. In this perspective, we pioneer
and document well the proposal of accelerating electrode wetting
via electrocapillary. First, the fundamental principles of electrode
wetting, as well as characterization approaches including conven-
tional surface analysis, electrochemical methodologies, and in situ
spectroscopic imaging techniques, are outlined. Then, the funda-
mentals of electrocapillarity and the key elements (electrodes, elec-
trolytes, and voltages) involved in electrocapillarity are carefully re-
viewed. In addition, the feasibility of employing electrocapillarity to
boost electrode wetting is discussed according to the Lippmann
equation. Moreover, the effect of electrocapillarity on promoting
battery filling is successfully verified using commercial 3.1 Ah
LiFePO, (LFP)/graphite (Gr) pouch cells. Ultrasonic imaging indi-
cates that the sample subjected to the electrocapillary effect is
completely wetted within 2 h, whereas the control sample remains
incompletely wetted even after 5 h. This work is meaningful for effi-
cient battery manufacturing by providing a novel strategy to accel-
erate battery filling.

INTRODUCTION

Due to the high energy conversion efficiency and high energy density, lithium-ion
batteries (LIBs) are widely used as portable, mobile, and stationary energy storage
devices, and their applications have radically revolutionized human society.’
Currently, the battery industry is committed to further improving the energy density
of LIBs to meet the ever-increasing demands through either new electrode materials
or optimized battery design/manufacturing technology.” The US Department of En-
ergy (DOE) set an energy density target of 350 Wh kg~ for the next-generation LIBs
for electric vehicles (EVs) by 2030.° Apart from employing chemical materials with
high-specific capacity, the optimized design of the physical structure also plays an
important role in upgrading the practical energy density of LIBs.” Large size, thick,
and highly pressed electrodes are desirable for LIBs that have high energy density
(>300 Wh Kg™") because they help to reduce the mass share of inert materials
and cost. For example, as early as 2014, Wood Il et al. had suggested that by
doubling the thickness of electrodes could increase the energy density of a
LiNixMn,Co;_,_,O, (NMC)/graphite (Gr) battery by 17% while reducing the cost
by 31%.° Recently, new concepts in cell-to-pack (CTP) have been introduced to
improve the energy density of individual batteries and packs, such as the blade

CONTEXT & SCALE

Increasing the proportion of
active materials through thick,
large, and high-pressure-density
electrodes is an important way to
increase the energy density of
lithium-ion batteries beyond
innovations in battery chemistry,
but this poses substantial
challenges for electrolyte
infiltration through porous
electrodes. Under such a
background, promotion
strategies to enhance battery
wetting are analyzed based on the
wettability theory of porous
electrodes and the Washburn
equation. As an emerging
method, electrowetting is
creatively proposed, analyzed,
and employed to promote
electrode wetting during battery
infiltration. Potential regulation to
enhance electric interactions
between the electrode and
electrolyte is confirmed to be
effective in producing fast and
uniform electrode wetting.
Moreover, the advantages and
feasibility for electrowetting
management through voltage
regulation support the high-
quality battery products.
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battery from Build Your Dreams (BYD) company Ltd. The lithium iron phosphate
(LiFePOy (LFP))-based blade battery improves the energy density of pack from 110
to 175 Wh kg~" with the help of highly pressed thicker electrodes.® Strikingly, Li
et al. reported a millimeter-thick LiCoO, cathode with a thickness of up to
800 um.” Nevertheless, the energy-density oriented electrode technology has pre-
sented new challenges for electrolyte filling and electrode wetting (Figure 1), which
profoundly limits the production efficiency and battery performance.®

Generally, LIBs consist of porous electrodes and membrane separators sandwiched
together, and the thickness and compactness of the electrode are much higher than
that of the separator.” The pores in the electrode, which have a porosity of approx-
imately 20%—-40%, need to be wetted and filled with liquid electrolyte to allow free
Li* transfer.'® Nevertheless, electrolyte accessibility and wettability in the highly
pressed electrodes are emerging challenges.'' On the one hand, the increased elec-
trode area, thickness, and calendar density dramatically increase the diffusion dis-
tance and resistance during electrolyte wetting. On the other hand, the high stack-
ing density of the electrodes not only increases the time required for battery filling
and reduces battery productivity but also brings new challenges for quality control of
LIBs."? Furthermore, the incompletely wetted electrodes can lead to high local cur-
rent densities around the electrochemically active particles,’? inhibit the formation
of a uniform solid electrolyte interphase (SEN," and accelerate parasitic reactions
and lithium precipitation,’® thus resulting in limited capacity, low Coulombic effi-
ciency,'® and rapid decay.'” Many efforts have been made to accelerate battery
filling and wetting by means of vacuum assistance, warm resting, addition of wetting
agents,'® and designing electrode architectures.” In addition, some imaging tech-
niques—including transmission neutron,'? X-ray imaging,?® ultrasonic imaging,”’
locked thermography experiments,”’ and numerical simulations”>—have also
been applied to study the infiltration of electrolytes in porous electrodes. However,
the actual outcomes of these approaches are insufficient and limited in case of highly
pressed thick electrodes. Therefore, it is very imperative and significant to deeply
understand the infiltration behavior and provide a sound technology to accelerate
infiltration in high-energy batteries.

A recent work revealed a remarkably close correlation between the process of elec-
trolyte wetting and the evolution of open circuit voltage (OCV) of a battery.” It in-
spires the possibility of accelerating the infiltration by applying an external voltage,
that is, electrocapillary. Electrocapillary, or electrowetting effect, is a phenomenon
where the wetting of the liquid electrolyte on the electrode surface is modulated
by the applied electrical potential, in which the interactions between ions (anions
and cations) in the electrolyte and the electrode surface are changed due to the
additional potential.”> Based on this phenomenon, digital microfluidics,”® optical
switchable lenses,?’ and electronic displays?® have been rapidly developed and
commercialized in recent years. Considering the fact that a battery configuration
also involves electrodes, liquid electrolyte (lithium salts dissolved in organic sol-
vents), and OCV, which exactly matches the application scenario of electrowetting,
it is reasonable to deduce that electrowetting has the potential to be used to accel-
erate the electrolyte wetting in high-energy LIBs.

In this perspective, we emphasize the feasibility of electrocapillary to accelerate the
electrode wetting inside high-energy batteries. First, the fundamentals and charac-
terization approaches, as well as current promoting strategies for the electrode wet-
ting of LIBs, are outlined. Second, the mechanisms of electrocapillary are briefly
overviewed, and its potential for being applied in high-energy batteries is
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Figure 1. Electrode wetting is emerging as a key challenge in the production of high-energy LIBs
Large, thick, and highly pressed electrodes are desirable for high-energy lithium-ion batteries
(LIBs), as they help to reduce the mass ratio and cost of the inert materials. However, this energy-
density-oriented electrode technology sets new challenges for electrolyte filling and electrode
wetting, which profoundly limits the production efficiency and battery performance. SEM image of
the 1 mm-thick LiCoO; cathode. Adapted with permission.” Copyright 2023, Science.

prospected. Finally, the effectiveness of electrowetting in the battery-wetting pro-
cess is further experimentally verified by applying external voltages on commercial
3.1 Ah LFP/Gr pouch cells.

FUNDAMENTALS OF ELECTRODE WETTING

In practical LIBs, especially those with high energy density, electrodes are character-
ized with high compression density, nonuniform pore size, high tortuosity, high
thickness, and random pore distribution. Besides, the active material, binder, and
carbonous conductors vary greatly in surface energy. All of these features present
substantial challenges for electrode wetting and detection methods. Therefore, it
is critical to conduct studies on the wetting mechanisms in LIBs.

General mechanism of electrode wetting

The filling is a wetting issue between the liquid electrolyte and porous electrode and
is essentially determined by the interactions between these two components (Fig-
ure 2). The wettability of solid surfaces is an old and frequently revisited topic that
impacts most fields of science and technology throughout development pro-
cesses.”’ In the case of a given solid and liquid, the droplet on a solid surface shows
concrete characteristics due to the specific interactions between the solid and liquid,
and the angle formed between the tangential line of the liquid-solid contact edge
and the solid plane is defined as the contact angle.?” As a classical theory on the wet-
ting relationship between solids and liquids, the contact angle 6 is a macroscopic
and direct natural parameter that characterizes the wettability of solid surfaces by
liquids.”” Although the actual wetting behavior of droplets on solid surfaces is dy-
namic and is influenced by the roughness and local chemistry of the solid surface,
it is common to only consider the apparent equilibrium contact angle. In an ideal
wetting situation, in which the solid surface is chemically homogeneous, atomically
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Figure 2. An overview of electrode wetting and related fundamental principles

As a classical theory on the wetting relationship between solids and liquids, the contact angle fis a
macroscopic and direct natural parameter that characterizes the wettability of solid surfaces by
liquids.”” However, the actual surface of porous electrodes varies greatly from an ideal solid
surface. The physical microscope structure or chemical topological differences in active material
particles influence the contact angle of electrolytes,” whereas the interaction between solid
surface and liquid molecules can lead to different wettability in porous electrodes. In addition,
external perturbations exert integrated effects on the electrolyte-wetting process, although
changing in the contact angle.

flat, and not changing during contact, Neumann-Young's equation shown below ex-
presses the relationship between the contact angle and interfacial tension®:

Ysv = Vst 7Y cosd (Equation 1)

where ygy, v5 and v,y are the solid-vapor, solid-liquid, and liquid-vapor interfacial
tensions, respectively.

However, the actual surface of porous electrodes varies greatly from an ideal solid
surface. The physical microscope structure or chemical topological differences in
active material particles influence the contact angle of electrolytes,* whereas the
interaction between solid surface and liquid molecules can lead to different
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wettability in porous electrodes (Figure 2). In addition, external perturbations exert
integrated effects on the electrolyte-wetting process, although with changes in the
contact angle. Based on these different factors, the contact angle of an electrode
material and improvement strategies for electrolyte wetting have been studied in
depth.

To describe the effect of physical defects on electrode particle wettability, Wenzel's
model can be utilized for the actual macroscopic contact angle 6" below™:

cos 0" = ucos 6 (Equation 2)

The parameter u represents the roughness, which is defined by the ratio of the real
rough surface area and the projected surface area. Considering that the roughness u
is usually higher than 1 and with an upper limit lower than 2, the specific hydrophilic
or hydrophobic nature is higher than that predicted by Wenzel’s model. In addition,
the topological structure of chemical variations from multiple components on the
electrode solid surface can affect the contact angle based on the Cassie-Baxter
model, as shown in the equation below®>:

cos 0" = fy cos by +f, cos O+ f cosb;+... (i = 1,2,3--) (Equation 3)

where f; and 6; are the fraction and contact angle of a specific component within the
complex composition of electrode materials.

Although the physical topography and chemical component distribution of elec-
trode material surfaces have an influence on electrolyte wetting, the intermolecular
interactions between solid surface atoms and various electrolyte components, such
as solvent molecules, anions, and cations, are intrinsic factors influencing solid-liquid
interface wettability.”® Among the numerous component combinations of the active
material surface and electrolytes, the interactions include van der Waals forces,
hydrogen bonds, Lewis acid-base interactions, and even chemical bonds.*’ In addi-
tion, external perturbations can change the wettability of electrolytes by modifying
the interactions of electrolytes and electrodes.*® The combined effects of the
external field and molecular features of porous electrodes and electrolytes present
significant possibilities for improving the electrode-wetting process. First, mechan-
ical disturbance methods, such as increasing the injection pressure and creating a
vacuum environment, can significantly improve the infiltration process of porous
electrodes. In addition, moderately increasing the temperature helps to enhance
the electrolyte-wetting process of different cells. Furthermore, based on electroca-
pillary theory, the electric field has a regulating effect on liquid wetting on the solid
surface by tuning the surface charge state of the electrode particles.®

Characterization of electrode wetting

To gain insight into electrolyte-wetting characteristics, a variety of characterizations
have been performed on the wetting behavior of porous electrodes inside LIBs.
Briefly, they can be classified as conventional characterizations, electrochemical
methods, in situ spectroscopic imaging techniques, and numerical simulations
(Figure 3).

Conventional characterizations

Characterizations of the surface morphology and chemical properties by scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and energy
dispersive spectrometry (EDS) have helped to elucidate the mechanisms of interac-
tion between active materials and electrolytes.**" Moreover, contact angle tests
provide supporting evidence for the study of wetting procedures.”***** Recently,
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Figure 3. Previous approaches for the characterization and detection of electrode wetting

The detecting methods for electrode wetting can be classified as conventional characterizations,
electrochemical methods, in situ spectroscopic imaging techniques, and numerical simulations.
Electrolyte contact angles and monitoring of battery OCV. Adapted with permission.”* Copyright
2022, Elsevier. Ultrasonic image technique. Adapted with permission.”' Copyright 2020, Elsevier.
Visualization of the wetting (red) process on an LBM model. Adapted with permission.”” Copyright
2021, Elsevier.

an innovative technique based on in-plane liquid infiltration into a thin porous sub-
strate was proposed by Davoodabadi et al. in which direct visualization of the infil-
tration front is used for analysis and no mass-to-height conversion is needed.**
Because the electrolyte was absorbed horizontally into the electrode through capil-
lary forces, the gravitational influence could be neglected. The authors conducted a
series of well-controlled electrolyte infiltration tests on various electrode films using
the proposed techniques. A high level of consistency was obtained between the
experimental data and the developed analytical model, which demonstrated the
robustness and accuracy of the proposed technique.

Electrochemical methods

Electrochemical methods are widely used for battery evaluation due to their advan-
tages of non-destructive, easy operation, and high efficiency. Electrochemical
impedance spectroscopy (EIS) is a powerful and non-destructive method for deter-
mining the state of LIBs.? In 2018, Giinter et al. took EIS as a proven technique to
quantify the degree of wetting in the cell production process.”> The results showed
that the impedance of the cell depends strongly on the degree of battery wetting
and thus can be used to determine the state of complete wetting, which enables
faster processing. Our recent work presented an approach to investigate electrode
wetting by monitoring the OCV of the LiNig ¢Cog 2Mng ,O, (NCM622)/graphite (Gr)
pouch cell based on a high-precision digital recorder.” It was revealed that the OCV
dropped sharply to —0.8 V at the beginning of filling (within 300 ms) and then recov-
ered characteristically to 0.1 V as the wetting process proceeded, which entailed
valuable information about the filling mechanisms. The OCV drops to approximately
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—0.8 V because the electrolyte filled the current collectors (Al and Cu foils) first. The
final value of ~0.1V was the potential difference between the NCM622 cathode and
the Granode after fully wetted. The present work provided an effective electrochem-
ically tool to assess the quality of electrolyte filling.

In situ spectroscopic imaging techniques

Visualization of the electrolyte filling process based on in situ spectroscopic imaging
techniques is an important way to facilitate the understanding of its behavior. In
2016, Knoche et al. pioneered to show that the spreading of the liquid electrolyte
inside the battery during the filling and wetting processes was observable by
neutron radiography.'” The distribution of electrolyte liquid over the cell cross-
sectional area could be visualized over time. Neutron radiography was also useful
for detecting gas entrainment between layers and providing insight into the filling
phenomenon. Because ultrasonic transmission is highly sensitive to gas, porosity,
and mechanical properties of the materials, it is an alternative spectroscopy tech-
nique suitable for detecting battery infiltration. Recently, Deng et al. scanned the
battery using a focused ultrasound beam and demonstrated that ultrasound trans-
mission imaging allowed effective measurement of the electrolyte-wetting quality.?’
The ultrasonic transmission images of fresh and aged cells exhibited very differing
ultrasonic transmittance, which could be caused by electrolyte drying due to battery
swelling. Gassing, electrolyte drying, and unwetting were observed in aged cells,
which helps explain their capacity loss after long-term testing. The proposed ultra-
sonic imaging technique was quick and inexpensive and was applicable to both
large pouches and prismatic cells. Inspired by the use of contrast agents in medicine
to enhance X-ray computed tomography (CT) imaging, Chen et al. developed an in
situ contrast-enhanced four-dimensional (4D) X-ray CT technique to monitor battery
wetting by adding contrast agents to the electrolyte, thereby improving the quality
of CT imaging.*® The contrast-enhanced X-ray CT could effectively enrich the under-
standing of electrolyte distribution by accurately detecting the electrolyte-wetting
state inside the battery stacks and provide practical guidance for improving the uni-
formity of electrolyte wetting by injection improvements.

Numerical simulations

The visualization of electrode wetting facilitates a deep understanding of infiltration
mechanism, whereas it is a challenging task from an experimental perspective. Nu-
merical simulation provides a feasible strategy to alleviate the above issues. Shodiev
et al. reported a three-dimensional (3D) resolution lattice Boltzmann method (LBM)
model, which was able to simulate the electrolyte filling of porous electrodes.*” The
structure model of batteries was obtained from both experiments (micro-X-ray to-
mography) and computations (coarse-grained molecular dynamics and discrete
element method). The model enabled advanced insights into the influence of elec-
trode microstructure on electrolyte infiltration and wetting rates and highlighted the
importance of porosity, pore size distribution, and pore interconnectivity on filling
dynamics. In addition, the model allowed the visualization of the wetting process.
Hagemeister et al. developed simulation models based on a computational fluid dy-
namics (CFD) program to investigate the effects of process parameters, such as pres-
sure and temperature, on the battery dosing and wetting.”” The results demon-
strated that a low evacuation pressure and a high dosing pressure are beneficial
to the dosing process. Studies on the temperature indicated that a low electrolyte
temperature and a high gas temperature could slightly increase the amount of elec-
trolyte usage. Recently, Malki et al. proposed a machine learning workflow to study
electrode filling.*® The approach described by the authors proposed a generic work-
flow for data analysis and surrogate modeling of electrolyte infiltration parameters
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by optimizing design choices. This workflow could also be applied to almost any ma-
terials design problem, especially for batteries.

Conventional strategies to promote wetting

Because the pore size of porous electrodes ranges from microns to submicrons, the
main driving force for electrolyte wetting of the porous electrodes comes from capil-
lary forces, and the dynamics of wetting are mainly depicted through the Washburn

equation,*’

2
% = 8‘;7;/ (27“’7:050 - Ap) (Equation 4)
where [is the distance of liquid electrolyte penetration at time t, r is the radius of the
pore inside the electrode, and @ is the contact angle of the electrolyte and electrode
particle. nand v,y are the viscosity of the electrolyte and liquid-to-vapor surface ten-
sion, respectively. Ap represents the pressure difference in electrolyte penetration
induced by vacuum, pressurization, and gravity. 7 is utilized as the equivalent radius
of the effect caused by the true flow of the electrolyte through the porous elec-
trodes. According to the equation, the existing strategies to promote battery wet-
ting can be classified into two parts: modifying battery components and optimizing
operation conditions (Figure 4).

Modifying battery components

Adjusting the porous electrode features is an effective way to accelerate electrolyte
immersion from a structural aspect. Davoodabadi et al. studied the influence of
calendaring level and wetting temperature on the electrodes produced via organic
solvent-based or water-based processes.”® The results indicated that, although
increasing the calendaring could enhance the bulk energy density, it usually reduced
the wetting rate of electrolyte. The authors demonstrated that switching the
manufacturing of anodes from conventional to aqueous processing would slow
down the wetting process of electrolytes, whereas switching the cathode
manufacturing from organic to aqueous processing would greatly affect the pore
structure of cathodes, leading to irregularly shaped wetting zones. In 2014, Pfleging
et al. employed laser structuring technique to create capillary microstructures in the
tape-cast electrodes, which greatly accelerated the wetting of electrolyte.”® The
laser-ablated cathode and anode surfaces exhibited regularly ordered concave
channels. Compared with the unstructured electrodes, the laser-structured elec-
trodes exhibited significant advantages in terms of capillary climbing ability and
wettability, thus shortening the infiltration time of LIBs greatly. Recently, Dunlap
et al.”* and Habedank et al.>® further refined the electrode structures via laser
ablation in order to enhance their wettability. The pore size distribution is another
parameter that influences electrolyte immersion. Recently, Jeon et al. enhanced
the wettability of the electrodes by controlling the volume ratio of particles with
different sizes.”® The results revealed that the particle-size ratio and porosity have
a strong impact on the wettability of electrodes. The distribution of electrolyte
and the associated distribution of pore size not only affected the wetting behavior
but also comprised a key factor in determining the wetting rate. Shodiev et al. per-
formed permeation simulations based on the LBM to analyze the electrolyte satura-
tion as a function of time.* The authors proposed the use of structures with layers
that have different pore network properties as a potential method for tuning the
wettability of the electrode layers in batteries.

In addition, ceramic-coated membrane separators, which were fabricated by de-
ploying a ceramic-coated layer (CCL) on the separators, have also been used to
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Figure 4. Current strategies to promote electrode wetting

The strategies to promote wetting can be classified into two parts: modifying battery components
and optimizing operation conditions. SEM image of the laser-structured electrodes. Adapted with
permission.”® Copyright 2014, Royal Society of Chemistry. lllustration of electrolyte wetting in a cell
assembled with ceramic-coated separators. Adapted with permission.”’ Copyright 2022, American
Chemical Society. Schematic illustration of a capillary model that elucidated the relationship
between wetting and processing parameters. Adapted with permission.”” Copyright 2022, Elsevier.

improve wettability.”* Recently, Jeon et al. presented a mechanistic investigation on
the effect of CCL on the electrode wettability and recommended the optimal posi-
tion of CCL in LIBs.”" The results showed that, as the liquid electrolyte passed
through the CCL, the small pores in the CCL drove the velocity vector farther, result-
ing in an increased capillary pressure that pushed the liquid toward the electrode,
thereby increasing the wetting rate. Wetting agents would be available when the
electrolyte was unable to wet the battery rapidly and adequately. Wang et al.
described that the addition of cyclohexane (2%~5%) to the control electrolyte re-
sulted in a higher reversible capacity and Coulomb efficiency in the first cycle of
the graphite/Li cell and suggested that this improvement might be due to the
improved wettability of electrolyte to the separators and electrodes, thus improving

the utilization of the electrode material.'®

Optimizing operation conditions

Altering external field conditions, for example, by pressure control, can effectively
enhance electrolyte-wetting speed.”’ Besides, appropriate increases in tempera-
ture during the battery filling process can reduce electrolyte viscosity 7 and improve
the wetting ability of the electrolyte. Furthermore, applying vacuum and pressuriza-
tion to control the external driving force Ap can accelerate the electrolyte flow
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speed. Recently, Glnter et al. investigated the effects of pressure and temperature
in the dosing and wetting process and presented a simple capillary-based model
that elucidated the relationship between wetting and the processing parameters.>?
The model was based on a closed meandering capillary tube, where the rise of the
liquid inside the tube was derived analytically and solved numerically. To be indus-
trially relevant, all experiments were performed on cells with capacities above 20 Ah.
The results demonstrated a remarkable improvement of the wetting rate at elevated

temperatures, low dosing pressures, and intermediate wetting pressures.

Although these methods can improve the wettability of porous electrodes in LIBs,
there are many issues to be considered for immersion improvement in high-spe-
cific-energy batteries. Modifying battery components improves the wettability of
batteries while simultaneously presenting new challenges in battery manufacturing
and performance. External effects, such as temperature control and air pressure
management, not only enhance electrolyte flow and wetting speed in the porous
structures inside electrodes but also allow for convenient operation and universal-
ity in various designed battery forms. Therefore, it is of urgency and importance to
seek new theories and approaches to accelerating battery wetting. Considering
the effect of electric interactions between electrodes and ions in the electrolytes
and the structure of commercial cells, regulating the electric field by adjusting
the voltage has great potential to enhance the battery infiltration process. Based
on this, we explore the mechanism of electrocapillary and the feasibility of utilizing
this method for promoting the wettability of electrolytes in porous electrodes
of LIBs.

ACCELERATING ELECTRODE WETTING VIA ELECTROCAPILLARY

The definition of electrocapillarity recommended by the International Union of Pure
and Applied Chemistry (IUPAC) is “the dependence of interfacial tension on the
interphase electrical state.” The electrocapillary phenomenon involves three key el-
ements, including electrodes, electrolyte, and external voltage, which are fully
consistent with the characteristics of battery chemistry, thus affording it the potential
to be used to accelerate battery wetting.

Basics of electrocapillary phenomenon

A schematic for electrocapillary is shown in Figure 5A—when an external voltage is
applied between the electrolyte and electrode, an induced electric field appears at
the dielectric layer and disturbs the electrostatic interactions of the adsorption spe-
cies in the dielectric layer.?® Thus, the wettability of the electrolyte on the electrode
could be modified due to the improved adsorption of ions by the effect of electric
interaction, and the contact angle decreased.® As shown in Figure 5B, the concen-
tration of the electrolyte and the applied voltage have a significant influence on the
interaction between the electrolytes, which can be represented by the interfacial sur-
face tension yg, . First, the equilibrium constant of ions (pK or pH) determined by the
electrolyte system and concentration has an impact on the charges absorbed by
electrodes. When the surface charges in the shearing plane are zero, the pK or pH
of the electrolyte can be defined as the point of zero charge (PZC).>? At this point,
vs, reaches a maximum in a certain range due to weakened electric interactions.
In addition, although the electrolyte system and concentration are fixed, the applied
voltage can change v, and reach the maximum value by changing the electrode sur-
face to the zero-excess electronic (free charge) state. This voltage is called the po-
tential of zero charge and marked as ®pzc.
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Figure 5. Fundamentals of the electrocapillary phenomenon and its validation for boosting
electrode wetting

(A) Illustration of electrocapillary phenomenon that involves electrodes, electrolyte, and applied
voltage.

(B) Influence of electrolyte concentration and external voltage on electrowetting.

(C) Double-layer structure and potential of the interface between the electrode and electrolyte.
(D) Numerical simulation of the enhancement in the electrode immersion rate by applying an
external voltage.

According to Stern’s model, the interfacial layer (Figure 5C) can be divided into the
inner Helmholtz plane (IHP), outer Helmholtz plane (OHP), and diffusion Iayer.‘so'éw
The IHP consists of the specific adsorption of ions or solvent molecules on the sur-
face of electrodes, whereas the OHP contains solvated ions, and desolvation pro-
cesses occur here. Farther from the surface, the diffusion layer marks the transition
from the OHP to the bulk electrolyte and has a changing concentration of solvent
molecules and solvated ions. At the OHP, a shearing plane contains components
with specific affinity to the electrode surface, and other ions or solvent molecules
can move freely outside of it. In this plane, the absorbed ions and electrode charges
result in a potential difference, and the potential at the plane is the so-called zeta
potential in colloid theory. Because of the enrichment of charges at the double layer
and the electric interactions with ions in the electrolyte, the trend in liquid contrac-
tion here is suppressed, and then the interactions between the electrode and elec-
trolyte are decreased, which reduces the contact angle and raises the height of liquid
electrolyte inside the porous electrodes (Figure 5D).
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Electrocapillary is a phenomenon included in the theory of electrowetting. In 1969,
Dahms introduced the electrowetting-on-dielectric (EWOD) configuration by using
an insulating layer to separate the aqueous phase from the electrode, which
effectively prevented the occurrence of electrolysis and laid the foundation for its
commercial applications.®? Subsequently, electrowetting has been used in diverse
applications, such as lab-on-a-chip, point-of-care, biomedical, chemical, optical, ro-
botics, and electrical machines. Nowadays, electrowetting has been successfully
commercialized for applications in digital microfluidics and optical devices (tunable
lenses and electronic displays).

Electrocapillary for accelerated electrode wetting
For commercial LIBs, the electrodes consist of porous structures consisting of active
material particles, and the electrolyte consists of lithium salts (such as 1 M LiPFy) dis-
solved in organic solvents (such as carbonate ester). To quantitatively study the con-
ditions for the realization of the electrowetting effect in porous electrodes of LIBs,
the quantified theoretical equation for electrocapillary and actual parameters should
be confirmed. The relationship for initial contact angle § and the contact angle after
applied voltage 6" can be described by the Lippmann equation®®:

cos 0 = cos 6’+L @@ —@PZC)Z (Equation 5)

2y d

where d is the Debye length and ¢ and ¢ are the relative permittivity and vacuum
permittivity, respectively. v,y is the surface tension of the electrolyte, @ is the
applied voltage between the electrode and electrolyte, and ®pz¢ is the potential
of zero charge. The surface tension vy, of the common electrolyte is about 36.5
nN m~", the dielectric constant (relative and vacuum permittivity) eggis approxi-
mately 19 x 8.854 x 10> Fm~', and the Debye length d of the porous electrode
double layer is approximately 0.3 ~ 1 nm.®*~°® For the commonly used active mate-
rial particles, the potential of zero charge ®pzc is approximately at the millivolt

level.t’

Combined with the Lippmann equation, the results show that the order of
magnitude applied voltage for realizing electrowetting in commercial LIBs is suitable

for operation with a magnitude of 0.1~1 V.

As presented in Figure 6A, the wetting curves of porous electrodes with different
applied voltages are investigated using numerical simulations in conjunction with
the Washburn equation (see experimental section in supplemental information).
Compared with no external voltage, the applied voltage decreases the normalized
electrolyte-wetting time significantly under the normalized immersion distance, and
the higher voltage shows better results. The characteristic wetting time decreases
from 4.48 to 3.95, 2.92, or 2.04 when the external voltage is set to 0.1, 0.2, or 0.3
V, respectively. On the basis of the above theoretical analysis, it is feasible to boost
electrode wetting by means of electrocapillary.

To further verify the effect of electrocapillary in promoting battery immersion, in
situ ultrasonic imaging detection (Figure S1A in supplemental information) was
used to monitor the immersion status of 3.1 Ah LiFePO,4 (LFP)/graphite (Gr) pouch
cells with applied voltage (see experimental section in supplemental information;
Table S1). The LFP/Gr pouch cells were evaluated with and without an external
voltage of 0.1V, which are marked as V-Cell and control cell, respectively. The ul-
trasonic imaging results for the V-Cell and control cell are obtained after being
wetted 1, 2, and 5 h (Figure 6B). As the immersion time increased, the wetted
area (shown as green) spread and the nonwetted area (shown as blue) contracted,
but the ultrasonic imaging results of both the V-Cell and control cell varied
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Figure 6. Simulations and experimental validations for electrocapillary promoting electrode
wetting

(A) Numerical simulation of the enhancement in the electrode immersion rate by an external
voltage.

(B) Comparison of ultrasonicimaging results of injected control cell (no external voltage) and V-Cell
(with 0.1 V external voltage).

(C) Different lithium precipitation behaviors on the Gr anodes for the control cell and V-cell after the
formation process.

(D) Schematic of the electrowetting mechanism on the active electrode particle surface.

dramatically. Within 2 h of filling, the V-Cell was almost completely wetted,
whereas the control cell still exhibited many unwetted zones. After 5 h of filling,
the V-Cell was totally wetted, but the control cell still remained with a number
of unwetted sections. At this time point, both of these cells were converted to
the formation process. After the first charging at 0.1 C, the V-Cell and control
cell were disassembled, and the anode slices were compared, as shown in Fig-
ure 6C. The anode of the V-Cell exhibited significant lithium plating around the
edge, whereas the anode of the control cell was clean and showed uniform gold
color of charged graphite. The comparison shows that regulation of the external
voltage can effectively promote the wetting process, whereas the well-wetted
cell can effectively suppress lithium precipitation caused by incomplete wetting.
The following factors may contribute to the phenomenon of Li platting. First, there
may not be enough available space to accommodate the Li* from the correspond-
ing area of LFP cathode if parts of the graphite anode are not fully wetted, which
will result in localized Li platting. Second, the residual gases inside the electrode
may block the uniform insertion of Li*. Third, electrodes that are not sufficiently
wetted have higher internal resistance, which tends to lead to higher overpoten-
tials, and thus are more likely to cause Li platting.

To confirm the interacting form with the external voltage, a linear scanning voltam-

metry test was performed at 0.05, 0.1, and 1 mV s™', which corresponded to
charging rates of 0.13, 0.25, and 2.5 C, respectively (Figure S1B). When the
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voltage was under approximately 1V, the current was low, and the electric inter-
action dominated. However, SEI formation took place above 1V with the reaction
current.’® These results indicate that the improved wetting originated from the
enhanced electric interaction due to the external voltage. Based on the above re-
sults and discussion, the electrocapillary mechanism during the electrolyte immer-
sion process inside the porous electrodes is shown in Figure 6D. As the electrolyte
is immersed during battery infiltration, the wetting front of the liquid penetrates
into the porous electrode and makes contact with the active material particles.
The applied external voltage can sufficiently promote the electrolyte immersion
process, demonstrated as proven by theoretical analysis and experimental verifica-
tion. The charged electrode particles showed increased electric interactions with
electrolytes, leading to a lower contact angle and better wetting of electrodes.
As a consequence, the wetting speed and wetting uniformity are strongly pro-
moted, which reveal the great impact of electrocapillarity on battery filling
process.

CONCLUSION AND PERSPECTIVE

Electrolyte filling is a quality-critical and cost-intensive process in battery produc-
tion, especially for high-energy batteries employing thick and highly compressed
electrodes. In this perspective, first, the fundamental principles and characteriza-
tion approaches involved in electrode wetting, which include conventional
surface analysis methods, electrochemical methodologies, and in situ spectro-
scopic imaging techniques, are outlined. Second, the basics of the electrocapillary
phenomena and the key elements (electrodes, electrolytes, and voltages) involved
in the phenomena are carefully overviewed. In addition, the combination of the
Lippmann equation with numerical simulations postulates that it is feasible to
employ electrocapillary to boost the electrode wetting. Then we pioneer to
demonstrate the electrocapillarity effect on electrolyte wetting and preliminarily
verify its applicability in speeding the battery filling process. Targeting the elec-
trode wetting challenges faced by high-energy LIBs, this work offers a strategy
to enhance electrode wettability based on electrocapillary theory, which will enrich
the design philosophy and promote the production efficiency of next-generation
batteries.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2023.11.012.
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