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SUMMARY

Increasing the electrode thickness, thereby reducing the proportion
of inactive cell components, is one way to achieve higher-energy-
density lithium-ion batteries. This, however, results in higher elec-
tronic and ionic overpotentials and/or mechanical failure induced
by binder migration. Here, we report ethanol-induced phase inver-
sion as an effective method for making high-mass-loading nickel-
rich, layered oxide (LiNi0.8Mn0.1Co0.1O2 [NMC811]) electrodes. The
ethanol-induced phase inversion electrodes significantly out-
perform their conventionally processed counterparts with similar
loading (35 mg/cm2) and porosity (30%) in Li/NMC half-cells (131.7
mAh/g vs. 56.7mAh/g) at 1C (7mA/cm2) discharge. The binder struc-
ture induced by the nonsolvent improves the pore connectivity and
results in lower tortuosity factors. The rapid solvent removal reduces
the binder migration during drying, enabling ultrahigh active mass
loadings up to 60 mg/cm2 (12 mAh/cm2). Further, the compatibility
of the phase inversion processwith current roll-to-roll coating setups
makes this a processing technique with high industrial feasibility.

INTRODUCTION

Increasing the energy density of lithium-ion batteries is a widely researched area

today thanks to the ever-increasing demand for higher driving ranges in electric

cars1 and a push for increased adoption of batteries in heavy-duty vehicles such as

commercial aircraft.2,3 A significant part of this research is dedicated to the develop-

ment of high-energy-density electrodes.4 From amaterials perspective, while a tran-

sition to Li metal or Si anodes (from graphite) would significantly boost the pack-level

energy densities, Ni-rich layered oxides such as LiNi0.8Mn0.1Co0.1O2 (hereafter

referred to as NMC811) remain the active material of choice on the cathode side

owing to a combination of factors such as high specific capacity, high intercalation

voltage vs. Li (3.6–4.3 V), and good electronic/ionic conductivity. A way to further

enhance the cell and pack energy density in terms of electrode architecture, partic-

ularly for the cathodes, is increasing the electrode thickness, thereby increasing the

active mass loading and reducing the proportion of inactive components (current

collectors, casing, etc.).5

Increasing the thickness of battery electrodes, however, comes with its own set of

technical challenges that can impact the power density and the cycle life of these

electrodes. An increase in electrode thickness would increase the path length for

the electronic transport through the percolation network (consisting mainly of car-

bon additives) and the ionic transport through the electrolyte-filled porous
Cell Reports Physical Science 5, 101972, June 19, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
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network.5 While the former issue can be addressed using 1D and 2D long-range

conductive additives,6,7 ion concentration polarization is generally considered the

bigger challenge for thick electrodes, especially when moderate to high charge/

discharge rates are desired.5,8,9

Ion transport through a porous network is influenced by its porosity and tortuosity

factor, which, in turn, affect the MacMullin number; i.e., the ratio of bulk ionic con-

ductivity to effective ionic conductivity of the electrolyte in the porous network.10

In thick slurry cast electrodes, binder migration toward the separator side, induced

by a relatively stronger association of the binder (typically polyvinylidene fluoride

[PVDF]) with the solvent (typically NMP) than with the active material, is also re-

ported.11,12 Binder migration in electrodes would typically result in an unfavorable

carbon-binder domain (CBD) and porosity distribution across the depth of the elec-

trode, resulting in higher tortuosity factors.13 While calendering is an essential step

in battery electrode processing, necessary to improve electrical andmechanical con-

tacts, this often negatively affects the electrode tortuosity,14 particularly in the case

of thick electrodes with a nonhomogeneous CBD distribution. Further, the binder

migration can also negatively affect the overall mechanical strength of the electrode

and its adhesion to the current collector. With the successive electrode volume

changes induced over extended cycling periods, both these factors can aggravate

contact loss and capacity fade.15

Many efforts in the recent past have already focused on developing electrodes with

lower tortuosities. The various approaches tried in this regard include freeze cast-

ing,16,17 magnetic alignment,18–20 laser etching,21 mold templating,22, and reactive

templating,23 among others. However, many of these techniques also result in high

electrode porosity and face challenges in terms of scalability. High electrode poros-

ities can be undesirable in the context of volumetric energy density, and it is there-

fore necessary to develop techniques that can induce lower tortuosities at standard

electrode porosities (25%–30%).24 It is also important to consider the costs involved

and the compatibility of the electrode casting technique with the current industrial

roll-to-roll processing for battery electrodes.25

Nonsolvent-induced phase inversion/separation (also known as NIPS/immersion

precipitation), a well-known technique in the membrane processing industry,26–28

is another such technique that has been used to make high-performance battery

electrodes. When the polymer-based (either pure or inorganic/polymer mix) coating

makes contact with a binder nonsolvent, liquid-liquid demixing in the metastable re-

gion results in a polymer-rich phase (polymer backbone) and a polymer-lean phase

(pores).27,29 Different nonsolvents under different process conditions (temperature,

dilution, presence of additives, etc.) result in different demixing rates, which conse-

quently affect the pore connectivity and the pore size distribution.29,30 In addition to

being used for making battery separators, fuel cell electrodes, and flow battery elec-

trodes,30,31 phase inversion has already been used to produce high-performance

sulfur/carbon,32,33 Li4Ti5O12,
34 LiFePO4,

34,35 and silicon36 electrodes for Li-ion bat-

teries, typically using water as the binder nonsolvent. However, to our knowledge,

the technique has not yet been applied to state-of-the-art but water-sensitive Ni-

rich layered oxide materials (Ni-rich NMC, NCA, LNO, etc.), where a move toward

higher mass-loading architectures is of significant interest to enable cell-level-spe-

cific energy of 500 Wh/kg and higher.4

In this work, we report high-mass-loading, high-rate-performance, Ni-rich NMC811

electrodes prepared using a novel ethanol-induced phase inversion method. The
2 Cell Reports Physical Science 5, 101972, June 19, 2024
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origin of the improved rate performance for the phase inversion-based electrodes

with high active mass loadings (35 mg/cm2 and higher) is elucidated using a combi-

nation of techniques (porosimetry, focused ion beam scanning electron microscopy

[FIB-SEM], pseudo-2D (P2D) modeling, symmetric cell electrochemical impedance

spectroscopy (EIS), and solid-state NMR). The altered CBD structure for the phase

inversion electrodes is shown to significantly reduce the tortuosity factor. Further,

stable long-term cycling of the phase inversion electrodes is also observed for these

high loadings, demonstrating the potential of phase inversion as a scalable, effective

technique to obtain high-mass-loading, Ni-rich, layered oxide electrodes.
RESULTS

Optimization of the phase inversion process for Ni-rich layered oxides

Through the solvent/antisolvent screening for electrode slurries with PVDF as the

binder, NMP and DMSO solvents were considered. DMSO is considered a green

alternative to the conventionally used NMP37,38 and is also typically miscible with

the nonsolvent of PVDF/NMP. Miscibility of solvent and nonsolvent is necessary to

ingress the nonsolvent in the cathode slurry. As opposed to previously investigated

battery active materials (such as LFP), where water has often been used as the binder

nonsolvent for making phase inversion-based electrodes,34,35 options for suitable

nonsolvents can be more limited for Ni-rich layered oxide materials such as

NMC811. NMC811 is alkaline in nature, as it exchanges lithium ions with protons

in a protic nonsolvent medium such as water. This Li+ leaching, leading to the forma-

tion of LiOH and Li2CO3, and the resulting alkaline environment (pH > 12) subse-

quently results in corrosion of both the aluminum current collector and the native

alumina layer on its surface.39,40 Also, water phase inversion showed delamination

of the electrode from the aluminum current collector after about 15 s, making the

manufacturing process more error prone.

The solubility parameters calculated based on the Hansen solubility index41,42 (Note

S1; Table S1) indicate that alcohols are suitable nonsolvents for PVDF. The alcohol

hydroxyl group generally has a higher pKa (15.9)43 compared to the NMC alkalinity

measured in an aqueous environment,39 where relatively more acidic nonsolvents

would form lithium salts upon contact. Among alcohols, ethanol was selected owing

to its relatively higher abundance, safety, and non-solubility with PVDF. The low

enthalpy of evaporation of ethanol, its low viscosity, and ease of separation with

NMP and DMSO solvents by extractive distillation44 or membrane filtration45

make it a suitable nonsolvent. Also, no delamination from the Al current collector

was observed after extended periods of nonsolvent contact.

Further, the choice of dilution decides the viscosity of the slurry and the proximity of

the active material particles in the solution during precipitation. The viscosity of

DMSO shows a higher dilution dependence and a high temperature dependence

(Note S2; Figure S1). NMP slurries show only a slight viscosity difference upon dilu-

tion, and only for low dilutions (1:10 PVDF:NMP) is a significant temperature depen-

dence observed. With a 1:10 m:m PVDF:solvent ratio, the electrode height and pore

distribution were uneven. Such high viscosities may also not be applicable using

conventional slot dye coating processing. A sufficiently low dilution of 1:12 or,

ideally, 1:14 m:m PVDF:NMP showed the best distribution in pores (Figure S1). Di-

lutions up to 1:20 m:m were tried, and too-high dilutions led to a non-binding pre-

cipitation. NMP is chosen as the solvent for the rest of this work, as the slurry viscosity

shows a smaller temperature and dilution dependence, which improves the repeat-

ability of the experiments.
Cell Reports Physical Science 5, 101972, June 19, 2024 3



Figure 1. Cross-section FIB-SEM of NMC811 electrodes

(A) Conventional uncalendered.

(B) Conventional calendered.

(C) EPI uncalendered.

(D) EPI calendered.

While the conventional electrodes show a high degree of intra-CBD microporosity before and after calendering (A and B), uncalendered EPI electrodes

show a channeled structure with macropores (C). These macropores are retained to some extent with calendering, while the CBD microstructure

densifies (D). The length of the scale bars indicates 10 mm.
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Changes to the electrode structure upon phase inversion and the effect of

calendering

The phase inversion processing of NMC811 electrodes resulted in changes to both

the CBD microstructure and the CBD distribution across the depth of the electrode

in comparison to the conventional electrodes. Cross-section FIB-SEM images show

channel structures throughout the uncalendered ethanol phase inversion (EPI)-

based electrodes (Figure 1C), and no significant binder migration is observed (Fig-

ure S2C). Further, EPI also causes macropores (pores in the micron range)

throughout the cathode material (Figure 1C). Such macropores are not observed

in the conventional electrodes. In conventional electrodes, a thick CBD layer is

observed on the electrode surface (Figure S2A), and the CBD interconnects the par-

ticles with a porous microstructure (Figure 1A). For the EPI electrodes, the rapid pre-

cipitation of PVDF upon nonsolvent contact prevents binder migration by causing a

rapid polymer-rich phase precipitation, creating a more evenly distributed CB struc-

ture throughout the electrode and negligible binder migration.

The immersion time (or solvent/nonsolvent exchange time) optimization also plays a

crucial role in the effectiveness of the phase inversion process in generating the
4 Cell Reports Physical Science 5, 101972, June 19, 2024
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intended binder microstructure, as exchange times less than the binder precipitation

time could result in partial/complete reversal of the binder structure generation,

making the phase inversion processing ineffective.46 Here, setting the immersion

time to 5 min resulted in a good overall balance in terms of phase inversion/precip-

itation completeness, electrode adhesion, and overall processing time, resulting in

the binder microstructures shown in Figure 1A (cross-section) and Figure S2C (top

view). With lower exchange times (1 min), while the binder migration is still reduced

in comparison to the conventional electrode (Figure S2A), the CBD still had a porous

microstructure similar to the conventional electrodes (Figure S2B), suggesting an

incomplete binder precipitation during phase inversion.

For the EPI electrodes, calendering yields an evenly distributed electrode structure,

and the macropores between the active material and the CBD phase are partly re-

tained after calendering (Figures 1D and S3). The CBD microstructure becomes

denser after calendering for the EPI electrodes, while the conventional electrodes

retain a porous CBD microstructure (Figures 1B and S3).

Further, a significant change to the pore size distribution in the electrodes because

of phase inversion is observed by mercury intrusion porosimetry (MIP). MIP shows

the preferred liquid pathway in the porous structure as a function of applied pres-

sure. Cathode structures before and after calendering (see more details on the

target porosity estimation in Note S3) were subjected to MIP to map the changes

to the pore size distribution in the CBD phase upon calendering. A cutoff of

10 mm was chosen, as pores larger than this diameter were never observed with mi-

croscopy, and mercury intrusion commences first between the cathode sheets. MIP

shows a shift in the macropore (pore sizes > 1 mm) size from 1.8 mm for calendered

conventional electrodes toward 2.6 mm for calendered EPI electrodes (indicated

with lines in Figure 2A). The CBD phase with micropores (pore sizes of 0.1–0.8 mm)

is also smaller in the EPI electrodes. This agrees well with the FIB-SEM. The EPI

pore size distribution thus shows a lowered CBD porosity and increased macro-

pores, which is beneficial for achieving lower tortuosities in thicker electrodes

without affecting the net porosity.

EPI in NMC811 electrodes also results in a change in the degree of crystallinity of

PVDF, and this is clearly observed with the 19F MAS NMR measurements

(Figures 2C and 2D). For both samples, three environments are observed at �91.2

ppm, 97 ppm, and �114.3 ppm, and these have been previously attributed to the

amorphous CH2-CF2 component in PVDF, the crystalline CH2-CF2 component,

and the defect environment (CH2-CH2 and CF2-CF2 units instead of alternating

CH2-CF2), respectively.
47 Clearly, a greater extent of the crystalline environment is

observed for the electrode that underwent EPI. These results agree well with the

FIB-SEM and porosimetry observations that indicate fewer intra-CBD micropores

and a denser CBD structure.

The changes to the CBDmicrostructure and distribution upon EPI were also found to

affect the mechanical properties of the EPI NMC811 electrode. In general, for elec-

trodes with 35 mg/cm2 active mass loading and 30% apparent porosity, the EPI elec-

trodes displayed better flexibility (higher strain tolerance until fracture); i.e., 1.8% in

the case of EPI as compared to 0.5% for the conventional electrode (Figure 2B). This

could be relevant for roll-to-roll processing of these electrodes and for the applica-

tion of these electrodes in non-planar cell architectures in which higher electrode

flexibility is desired. Further, EPI electrodes at these loadings showed a more uni-

form adhesion to the Al current collector along the length of the electrode (uniform
Cell Reports Physical Science 5, 101972, June 19, 2024 5



Figure 2. Characterization of NMC811 electrodes

(A) Pore size distribution obtained by MIP of conventional and EPI electrodes before and after calendering.

(B) Tensile stress-strain curves for 35 mg/cm2, 30% porosity, freestanding conventional and EPI electrodes.

(C) 19F NMR spectra at 32-kHz spinning speed for NMC811 electrodes (4 wt % PVDF) with the conventional drying method (top) and the EPI method

(bottom), showing the differences in the amorphous/crystalline CH2-CF2 fractions for the two methods.

ll
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peeling force) than the conventional electrode (Note S4; Figure S5) at these load-

ings. These favorable properties for the EPI electrodes enable robust crack-free

electrodes at ultrahigh mass loadings of up to 60 mg/cm2 (280 mm at 30% porosity),

while conventional electrodes with a similar loading showed several cracks on the

surface (Figure S4).

Differences in electrochemical rate performance

The observed changes to the CBDmicrostructure in the EPI electrodes are expected

to influence the tortuosity of the pore network and the surface coverage (by CBD) of

the NMC particles and, thereby, the Li+ charge transfer resistance. The tortuosity

factor of NMC electrodes has been observed previously to be a major bottleneck,

particularly at high discharge (lithiation) rates,14 while any differences in Li+ charge

transfer area would influence both the charge and the discharge rates. In this regard,

the NMC811 electrodes were tested for their rate performance under both varying

charge and discharge conditions at active mass loadings of 35 mg/cm2 (7 mAh/cm2)

and apparent porosities of �30%.
6 Cell Reports Physical Science 5, 101972, June 19, 2024
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For the varying discharge rate tests, the electrodes were tested up to 1C, with C/10

being the constant charge rate (Figure 3A). For discharge rates up to C/3, not much

difference is observed for the discharge capacities. However, higher discharge ca-

pacities are observed for the EPI electrode starting from C/2. At 1C, a clear differ-

ence in the discharge capacities is observed for the EPI electrodes (131.7 mAh/g

vs. 56.7 mAh/g for EPI and Conv. respectively, at cycle 14). From the discharge

voltage traces for the two electrodes at 1C (Figure 3B), it can be observed that

the ohmic drop during the initial stage of discharge is nearly the same after charging

at C/10. During discharge, however, the slope of the discharge curve is lower for the

EPI electrode, indicating a lower ionic resistance across the porous electrode

network for the EPI electrodes.

In the case of varying charge rate tests (with a C/10 constant discharge rate) shown in

Figure 3C, while the discharge capacities remain similar for C/10, higher discharge

capacities are observed at C/5 and higher charge rates for the EPI electrodes. At

C/2, the EPI electrode shows a discharge capacity of 142 mAh/g as opposed to

88 mAh/g for the conventional electrode. A comparison of the charge/discharge

curves of the two electrodes at C/2 charging is shown in Figure 3D. Again, while

the ohmic polarization observed for the EPI electrodes is similar to that of the con-

ventional electrodes, a lower slope is observed for the charging curve, correspond-

ing to a higher charge capacity, which could be attributed to higher effective ion

migration along the porous electrode network, influenced by the tortuosity factor

and/or the porosity, which, in this case, lowers the MacMullin number.

EIS performed on the 35 mg/cm2 half-cells at 3.7 V after the formation cycles also

sheds light on the differences in the impedance contributions for the two electrodes

(Figure 3E; see Note S5 for equivalent circuit shown in Figure S6 and fit values in

Table S4). The curved features occurring between 500 and 2 kHz, 2 kHz and

50 Hz, and 50 Hz and 1 Hz have been attributed to the total electronic resistance

(Relec) of the electrodes (including the contact resistance between the NMC811 elec-

trode film and Al current collector), the Li SEI film resistance (RSEI), and the charge

transfer resistance at the cathode-electrolyte interface (RCT), respectively (based

on time constants typically reported for these components48).

Both electrodes are observed to have similar Relec values perpendicular to the plane,

with the value for the EPI cell being slightly lower (12.0 U cm2) compared to the con-

ventional cell (13.1 U cm2). The Relec obtained with EIS is in line with through-plane

DC Relec for the electrodes measured in an ion-blocking setup (18.2 U cm2 and

18.4 U cm2 for EPI and conventional electrodes respectively; further details can be

found in Note S6 and Table S5). Further, the RCT value for the EPI electrode is

observed to be lower (5.50 U cm2) compared to the conventional cell (7.79 U

cm2). RCT can depend on several factors, such as the active material, the state of

charge, and the available surface area for charge transfer. In this case, the lower

RCT in the case of the EPI electrode could be explained by the enhanced surface

area for Li+ exchange, caused by a lower CBD coverage of the active material surface

and/or the improved electrolyte uptake in its pore network resulting in a better

active surface utilization.

Further, Figure 3F provides an overview of the discharge capacities at different

charging currents for NMC811 electrodes at different active mass loadings (17.5–

60 mg/cm2). It can be observed that, while the rate performance of both the conven-

tional and the EPI electrodes is similar for 17.5 mg/cm2 (3.5 mAh/cm2), a clear

improvement in discharge capacity is observed for the electrodes at 35 mg/cm2
Cell Reports Physical Science 5, 101972, June 19, 2024 7



Figure 3. Electrochemical rate performance comparison

(A) Rate performances of 35 mg/cm2 NMC811 electrodes in Li half-cells at varying discharge rates and a constant C/10 charge rate.

(B) The voltage traces of (A), cycle 13, for both electrodes.

(C) Rate performance of 35 mg/cm2 NMC811 electrodes in Li half-cells at varying charge rates and a constant C/10 discharge rate.

(D) The voltage traces of (C), cycle 11, for both electrodes.

(E) EIS Nyquist plots at 3.7 V for the conventional and EPI based Li/LP57/NMC811 cells.

(F) Overview of the specific (discharge) capacities for NMC811 electrodes obtained at varying charge rates and mass loadings.

Error bars in (A) and (C) indicate the standard deviation from the mean of a duplicate experiment.
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(7 mAh/cm2), particularly at higher charge rates. EPI electrodes with ultra-high mass

loadings of 60 mg/cm2 (12 mAh/cm2) also show a remarkable discharge capacity of

9.62 mAh/cm2 (160.3 mAh/g) capacity at charge current densities of�2.1 mAh/cm2,

whereas the conventional electrodes cast at these loadings did not show enough

mechanical integrity to be tested in coin cells.

Differences in the tortuosity factor

The symmetric cell method EIS (eSCM) measurements for the two electrodes also

reveal differences in the ionic resistance contributions from the porous network

and the CBD and, therefore, the electrode tortuosity factor. Figures 4A and 4B

show the Nyquist plots obtained for the conventional and EPI electrodes.

Both plots show three features; i.e., two curved features in the high-mid-frequency

region and a sloping line in the mid-low-frequency region. Similar feature(s) have

been observed previously for porous Li-ion electrodes, and their physicochemical

interpretation has been subject to much debate. Some possible reasons for such a

feature include electrical contact resistance,49,50 uneven CBD distribution through

the depth of the electrode resulting in a depth-wise difference in the ionic resis-

tance,13,51 and the intrinsic porosity/electrolyte uptake of the CBD.52

In this case, the high-frequency feature (up to 6,250 Hz) is attributed to the electronic

(contact) resistance of the electrode. The second (mid-frequency) curved feature

(6,250–125Hz) is attributed to the impedances coming from theCBD. Themagnitude

of this feature is observed to be higher for the EPI electrode than for the conventional

one. A possible origin of this feature here could be the non-homogenous distribution

of the CBD phase along the depth of the electrode, which is known to occur for thick

electrodes with drying. While a migrated binder layer was indeed observed for the

conventional electrodes with FIB-SEM, a nonuniform distribution of the CBD was

not observable for the EPI electrodes atmass loadings of 7–7.5mAh/cm2 (Figure 1A).

When it comes to the CBD structure, however, FIB-SEM (Figure 1C) reveals a more

dense CBD structure in terms of microporosity for the EPI electrodes. This observa-

tion is also supported by the MIP results (Figure 2A), which show a lower pore size

distribution in the 10- to 200-nm range (typically corresponding to intra-CBD pores)

and also the 19F ssNMR results (Figures 2C and 2D) that show a more crystalline

PVDF structure produced by the EPI process. This results in a lower surface area

offered by the CBD phase for the EPI electrodes, explaining the higher real axis value

for the second curved feature.

Finally, the sloping line featureoccurringatmediumto low frequenciesdenotes the resis-

tance to ion migration through the long-range (macro)porous network along the elec-

trode, and here, the value of ionic resistance appears to be lower for the EPI electrode.

The tortuosity factors are estimated by approximating the sum of the real axis (x axis)

lengths of the sloping line and themid-frequency curve to be Rion/3, where Rion is the

total ionic resistance of the two electrodes in the symmetric cell.13,49 This value is

then used to calculate the tortuosity factors (further details can be found in Note

S7 and Table S6). The EPI electrode displays a lower tortuosity factor of 2.58

compared to a value of 3.79 for the conventional electrode.

The rate performance and the difference in obtainable tortuosity factors for EPI can

be further compared to conventional processing through porous electrode

modeling.53–60 The physical constants of the model were found by fitting the
Cell Reports Physical Science 5, 101972, June 19, 2024 9



Figure 4. Tortuosity factor measurements

(A) EIS Nyquist plots for the NMC811 symmetric coin cells with 25 mM TBAClO4 in EC:DEC electrolyte. The drop-down values indicate the real axis

length considered for the Rion calculations.

(B) Magnification of the high-to-mid frequency region for the NMC811 symmetric cells.

(C) Comparison between the experimental and the simulated voltage curves.

(D) Electrolyte concentration along the cathode at 25% DOD.

(E) Particle concentrations, expressed in terms of capacity delivered during discharge, along the cathode at 25% DOD for conventional and EPI

electrodes.

(F) Mse landscape for varying diffusivities (D) and tortuosity factor (t) for conventional and EPI electrodes.
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unknown parameters, such as effective diffusivity, exchange current density, Li metal

RCT, and tortuosity factor, to match the experimental voltage curves. The result is

shown in Figures 4C–4F.
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The effect of the most sensitive parameters (effective diffusivity D and tortuosity fac-

tor t) on the mean square error (mse) between the simulated and the experimental

voltage curve (Figure 4F) clarifies the importance of the tortuosity factor in the cor-

rect fitting of the experimental results, revealing the best fit for the conventional and

the phase inversion to have tortuosity factors of 4.05 and 1.92, respectively.

Despite the intrinsic assumption underlying the P2Dmodel,61,62 which considers every

particle in an ideal electrolyte bath, the relation between the fitted tortuosity factor is in

line with the results of the EIS (Figure 4A), showing the effect of the phase inversion on

the performance. Moreover, an optimal fit (Figure 4C) is achieved by decreasing the

effective diffusivity and the exchange current densities of the conventional electrode

compared to the EPI electrode, obtaining values of 2.28 10�9 cm2/s and 3.19 10�9

cm2/s for the effective diffusivities and 2.48 A/m2 and 3.5 A/m2 for the exchange cur-

rent densities, respectively (Note S8). This result, coming from the unbounded param-

eter estimation, aligns well with the (cathode) RCT calculated from the EIS.

Finally, the validated model shows the effect of the microstructural changes on the

Li+ concentration in the electrolyte along the cathode (Figure 4D), also capturing the

consequences in terms of Li concentration in the particles (Figure 4E). This result un-

derlines the advantages of phase inversion in reducing CBD inhomogeneities and

the tortuosity factor in thick electrodes.
Long-term cycling performance

A comparison of the long-term electrochemical performances of the conventional

and EPI NMC811 electrodes at high active mass loadings of 7 mAh/cm2 (35 mg/

cm2) is shown in Figure 5. In this case, Li foil (250 mm) was again selected as the anode

due to the unavailability of other suitable candidates that can deliver these high ca-

pacities without undergoing performance limitations of their own. The electrolyte

was changed to a high-entropy salt electrolyte (i.e., 1 M LiPF6 + 0.1 M LiDFOB +

0.1 M LiTFSI + 0.1 M LiFSI + 0.1 M LiNO3 in EC:DMC (1:1 wt %) + 5 wt % FEC (here-

after referred to as 1.4 M HE electrolyte) reported previously by Wang et al.,63 as

high-entropy multi-salt electrolytes have been shown to enable uniform Li plating/

stripping at high current density and capacity.63,64

Here, a clear improvement in the discharge capacity at 1C is observed for the EPI

NMC811 electrode for over 100 cycles (Figure 5A). A gradual capacity fade is observed

for both electrodes over the high cycling rates, and such a capacity fade is typically

observed due to the increase of polarization at the Li interface due to the buildup of

dead Lithium and/or gradual salt consumption at these high plating/stripping rates.65

This phenomenon contributes to the increase of ohmic polarization during charge,

going from cycle 4 to 104 for both electrodes (Figures 5B and 5C). However, the orig-

inal capacities are observed to be nearly retained for both electrodes at low rates (0.1

C) after the 100 cycles. Remarkably, the EPI electrodes show a capacity retention of

98.65% (197.3 mAh/g) even after cycling with significantly higher discharge capacities

compared to the conventional electrodes for over 100 cycles.
DISCUSSION

EPI processing on casted NMC811 slurries causes rapid precipitation of the CBD. As

the nonsolvent enters, the low miscibility of the binder with the solvent/nonsolvent

phase results in the formation of a polymer-rich phase in the solution and subse-

quent precipitation of the binder. The solvent/nonsolvent phase penetrates

throughout the electrode, solidifying the constituents of the final electrode.
Cell Reports Physical Science 5, 101972, June 19, 2024 11



Figure 5. Long-term cycling comparison

(A) Discharge capacities and Coulombic efficiencies in Li/NMC811 half-cells with 35 mg/cm2 (7 mAh/cm2) active mass loading and 1.4 M HE electrolyte

cycled at 20�C.
(B) Voltage traces for the conventional Li/NMC811 cells at 10, 52, and 104 cycles.

(C) Voltage traces for the EPI Li/NMC811 cells at 4, 52, and 104 cycles (C/4 C, 1C D).
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As a result, phase inversion processing shows a substantial change in the CBD phase

(Figure 6B), as shown with FIB-SEM, MIP, and solid-state NMR. The rapid precipita-

tion of the binder with EPI results in electrodes with a higher degree of (connected)

macropores but a lower degree of micropores, even after calendering (Figure 6B).

The reduction in the degree of microporosity for the EPI electrodes was also further

confirmed by 19F NMR, which shows a higher degree of PVDF crystallinity, increasing

the overall volumetric density of the PVDF binder. The FIB-SEM also reveals a reduc-

tion in the degree of binder migration for the EPI NMC811 electrodes.

The EPI electrodes show an improved flexibility, essential for roll-to-roll processing

of thick electrode architectures. The structure maintains its integrity during calen-

dering and results in electrodes with improved rate performance at both high charge

and discharge rates.

The eSCM (EIS) using a non-intercalating electrolyte showed a significant decrease

in tortuosity factor for the EPI electrodes. The lower tortuosity results in a higher

charge capacity at high charge rates, but the capacity gain is more evident during

high discharge. During fast discharge, Li+ concentration depletion due to insuffi-

cient influx in a tortuous pore network causes uneven charge distribution across

the depth of the electrode and a rapid (concentration) overpotential buildup. In

this regard, a lower tortuosity of the pore network is beneficial for maintaining suffi-

cient ion flux deeper in the cathode. The effect of tortuosity is shown using the P2D

model, and the computed tortuosity factors nearly match the experimental values

for both conventional and phase inversion electrodes.

The EPI electrodes consistently maintain a higher discharge capacity over 100+ cy-

cles during long-term cycling tests of high mass loading (35 mg/cm2). While both EPI

and conventional electrodes show the same gradual capacity fade mechanism at
12 Cell Reports Physical Science 5, 101972, June 19, 2024



Figure 6. Differences between conventional and EPI processes

(A) Schematic of the current roll-to-roll process based on conventional drying.

(B) Schematic of the proposed roll-to-roll process based on phase inversion.

(C) Electrode microstructures obtained before and after calendering for the conventional and EPI processes.
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high discharge rates (1C, 7 mA/cm2) originating from the increase in impedance

from the Li metal anode, the EPI electrode shows an excellent capacity retention

of 98.65%.

Estimates of the cell-level volumetric and weight density of batteries fitted with

double-sided EPI electrodes shown in this work are 1,210 Wh/L and 503 Wh/kg,

respectively, without casing. Here, the calculation assumes a zero-excess lithium

configuration and Celgard separators filled with conventional liquid electrolyte

(Note S9; Table S8). For lithium excess architectures, using twice the lithium inven-

tory needed for the rated capacity, the energy density will slightly lower to 1,054

Wh/L and 487 Wh/kg. These values highlight the benefit of high mass loadings

enabled by EPI, as the inactive components in a cell lower from 43% to 37% of the

total cell when going from 4 to 7 mAh/cm2.

To implement phase inversion processing in current industrial practice, the conven-

tional roll-to-roll electrode manufacturing setup would need an additional nonsolvent

processing step. As typical solvents are replaced withmore volatile and/or benign non-

solvents, introducing phase inversion would lower the energy investment of subse-

quent drying and ease solvent recovery. In this work and previous studies,30–36 it is

shown that phase inversion processing is compatible with a wide range of materials

and compositions. Finally, the available literature on membrane processing using

phase inversion steps allows a steep learning curve in a roll-to-roll setup.

In summary, we developed a new EPI-based strategy for making ultrahigh-loading,

high-performance electrodes out of Ni-rich layered oxide materials. We show high

active mass loading (35 mg/cm2) EPI NMC811 electrodes that outperform conven-

tional NMC811 electrodes during fast charge (50% improvement at 0.5C) and
Cell Reports Physical Science 5, 101972, June 19, 2024 13
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discharge (120% improvement at 1C) at similar porosities (�30%). Unlike conven-

tional electrodes, EPI electrodes can be made ultrathick (60 mg/cm2, 12 mAh/

cm2) without delamination or cracking issues. The EPI electrodes show a higher

gravimetric capacity and similar capacity retention as the conventional electrodes

on extensive cycling, which indicates that the processing does not adversely affect

the cathode active material. The improved rate performance originates from the

lower tortuosity of the electrode. With the addition of a phase inversion processing

step in conventional battery manufacturing processes, it is possible to increase the

rate performance of battery electrodes at high mass loadings, and this presents a

viable path toward future batteries with both high energy and power densities.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information and resources should be directed to and will be pro-

vided by the lead contact, Fokko Mulder (f.m.mulder@tudelft.nl).

Materials availability

This study did not generate new materials.

Data and code availability

The code developed for this work is based on the open-source MPET model,

of which a branch specific to this work is available at https://doi.org/10.5281/

zenodo.10932567. The datasets that support the findings of this study are available

from the lead contact upon reasonable request.

Electrode manufacturing

NMC811 electrodes were made with a 92:4:3:1 mass ratio of active material (AM):

binder:carbon black:graphite using a dry and wet mixing step. First, NMC811 (Umi-

core) AM was mixed with the conductive additive carbon black C45 (Imerys) in a

mortar, followed by the addition and mixing of KS4 graphite (Imerys) and Solef

5130 (Solvay) PVDF, respectively. NMP (Sigma-Aldrich) was added to this mixture

at a 1:14 PVDF:NMP mass ratio, and subsequently, the suspension was mixed using

a high-shear top stirrer (IKA Microstar 7.5) for 1 h at 1,000 rpm to create a homoge-

neous slurry. The obtained slurry was cast on aluminum foil using a doctor blade. To

obtain freestanding electrodes for the purpose of tensile strength andMIP measure-

ments, the slurry was cast on clean glass plates. Immediately after casting, the sheet

was either immersed in a bath of ethanol (96%, VWR) for 60–300 s (EPI) or not sub-

jected to an immersion treatment (conventional). The electrode sheets were dried in

two steps. NMP/nonsolvent was evaporated in an oven at 70�C for an hour, and sub-

sequently, the electrode sheets were dried in a vacuum oven at 60�C for 24 h. Finally,

the electrodes were calendered to 30% apparent porosity using a calender press

(MTI). Details regarding the porosity estimation are provided in Tables S2 and S3).

Electrode characterization

Electrode porosity and pore size distribution of freestanding NMC811 electrodes

were tested using MIP (Autopore 9500, Micromeritics). Approximately 1 g of free-

standing electrode sample was loaded in strips of 33 1 cm in a 15-mL penetrometer

with the surface perpendicular to the entry side of the mercury. A stem volume of

0.39 mL was utilized between 40% and 88% during pressurization between

3.7 kPa and 210 MPa. Rheometry was performed on the slurries using a 40-mm Pelt-

ier plate with a 0� cone angle and 500 mm gap width on a Discovery HR10 rheometer

(TA Instruments). The shear rate varied between 0.01 and 10/s.
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SEM pictures were taken using a JEOL JSM-IT700HR FE-SEM setup either in scat-

tering electron imaging (Acc. voltage, 1–5 kV) or backscattered electron imaging

(Acc. voltage, 5 kV) mode. FIB-SEM images were taken using a Helios G4 CX. Ion

milling times were referenced to 0.8 times the silicon etching duration for a specific

depth. The ion beam was set to 30 kV with 65-nA beam strength.

Solid-state magic angle spinning (MAS) NMR measurements were carried out on a

Bruker Avance 500 spectrometer. NMC811 electrodes coated on Al foil were

scraped off and packed into 1.9-mm rotors. 19F NMR (Larmor frequency, 475 MHz)

was carried out at 32 kHz spinning speeds. A background subtraction (zgbs) protocol

was used with a recycle delay of 2 s. All spectra were processed and fitted usingMes-

trenova 14 software.

The tensile strength measurements were performed on a ZwickRoell 10-kN universal

testingmachine. For thesemeasurements, freestanding electrodes were calendered

between two Ni foils to a porosity of 30% and cut according to ASTMD412 type F,66

with the target test area being about 6 3 50 mm. The tensile force test was per-

formed at a speed of 1 mm/min.

Electrochemical characterization

Coin cells (CR2032) were assembled to study the rate performance of the NMC811

electrodes in a half-cell configuration. NMC811 electrodes were punched as 12.7-

mm discs and assembled versus a 250-mm lithium disc (Tobmachine) in an argon-

filled glove box. One Celgard 2400 and one Whatman separator (grade Gf/C)

each were used, with 110 mL of 1 M LiPF6 in 3:7 EC:EMC (vol %) electrolyte (LP57,

ELyte) per cell. After 24 h of rest, the cells underwent two formation cycles at C/10

on a Maccor 3400 galvanostat. Rate performance tests were then carried out on

the Maccor 3400 at 20�C.

The long-term cycling performance of the NMC811 electrodes was also tested simi-

larly in a half-cell configuration (vs. Li), except that the electrolyte used was changed

to 1 M LiPF6 + 0.1 M LiDFOB + 0.1 M LiTFSI + 0.1 M LiFSI + 0.1 M LiNO3 in EC:DMC

(1:1 wt %) + 5 wt % FEC (1.4 M HE) for the sake of improved long-term stability with

the Li metal anode at high plating and stripping currents. The 1.4 M HE electrolyte

was prepared as described elsewhere.63 The long-term cycling was carried out at

20�C. Following the formation cycles at C/10, the protocol used was as follows: first

2 cycles at C/10 charge-discharge, followed by 50 cycles at C/4 charge and 1C

discharge, and the protocol was repeated every 52 cycles.

EIS was performed on a potentiostat (Metrohm Autolab) after the formation cycles.

First, a voltage hold (until I < 0.01C) at 3.7 V was carried out. A frequency range from

500 kHz to 100 mHz was used. The analysis and fitting of the spectra was carried out

using Zview (Scribner). Tortuosity factors were measured for these electrodes based

on the symmetric cell method often applied to Li-ion battery electrodes.49,67 A non-

intercalating electrolyte, 25 mM TBAClO4 in EC:DEC (1:1 vol %), was used, along

with fully intercalated NMC811 electrodes of interest, to achieve the desired block-

ing conditions for ion flow. Both electrodes had mass loadings around 7.5 mAh/cm2

and were calendered to an apparent porosity of 30%.

P2D modeling

Simulations were carried out using the open-source softwareMPET,68 which uses a stan-

dard P2D model.60,69 The parameters (Table S7) were obtained as follows. The electro-

lyte parameters for the Stefan-Maxwell model70 were obtained from the work of Nyman
Cell Reports Physical Science 5, 101972, June 19, 2024 15



ll
OPEN ACCESS Article
etal.71Thedependenceontheconcentrationof the reaction resistivityand thesolid-state

diffusivity were taken from the fitting of McClelland et al.72 Electrical conductivity, thick-

ness, porosity, andparticle sizedistributionwere taken frommeasured values. The rest of

the parameters, such as the tortuosity factor, were estimated by minimization of the

weighted mse. The details of the model can be found in Note S8.

SUPPLEMENTAL INFORMATION

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

2024.101972.
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