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Impact of engineered dual-scale porosity for
application-tailored battery electrodes
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Anton B. Resing, 2@ Yuanzhi Li®2® and Jérg G. Werner

The standard battery electrode contains disorganized and heterogeneous electrolyte-filled porosity,
resulting in tortuous ion-transport pathways. When energy-dense batteries are quickly charged or
discharged, insufficient ion-diffusion rates in the lithiating electrode result in capacity and energy loss
due to underutilized active material and increased overpotential. To realize the full adoption of electric
vehicles and enable electric vertical take-off and landing aircrafts, fast lithiation at high energy density is
a principal challenge that must be overcome without introducing excessive porosity. Engineered
multiscale porosity in the form of low-tortuosity and well-connected porous pathways both in the
principle through-plane and the secondary in-plane ion-transport directions are a chemistry-agnostic
approach to boost attainable capacity and energy at high lithiation rates. Here, we report such
architected electrodes with tunable dual-scale porosity, existing as oriented micron-sized through-plane
channels with unity tortuosity and well-connected sub-micron-sized in-plane pathways for efficient ion
transport. When rationally coupled together, these transport channels enable 78% capacity retention at 4

2

C lithiation rates in electrodes with areal capacities over 4 mAh cm™<, relevant total porosities between
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Introduction

Lithium-ion batteries (LIBs) continue to be the predominant
energy-storage choice across the spectrum of consumer
devices.! Advances in manufacturing and materials both on the
electrode and inactive component level have enabled LIBs to
continually increase in energy and power density over the past
three decades. More recently, this has contributed to the
ongoing mass-market adoption of electric vehicles (EVs) and
realization of electric vertical take-off and landing aircrafts
(eVTOLs).>® Meanwhile, the general micro-architecture of both
the anode and cathode has remained the same: a homogenous
and random arrangement of solid particles, polymer binder and
the pore volume between them.®® From a geometric perspec-
tive, however, tailored engineering of the multiscale battery
electrode structure, especially the alignment, spacing, and
fraction of pores, can enable further jumps in power and energy
density.®** Importantly, such architectural advances can be
deployed in tandem with any electrolyte or active material
pairing, rendering them material and chemistry agnostic.
High-power or fast-lithiating electrodes require efficient ion
transport from their separator to current collector sides
(through-plane) to avoid premature lithium-ion depletion and
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0.3-0.6, and volumetric capacities up to 272 mAh cm™>.

3

corresponding under-utilization of the active material, as well
as detrimental lithium metal plating.” Thus, conventional
slurry-cast electrodes must be thin, typically below 100 um, as
ion transport meets high through-plane resistance due to
tortuous pathways in the randomly arranged pore volume. To
decrease their tortuosity and enable thick and fast-lithiating
electrodes, the introduction of vertically aligned pore chan-
nels is the rational geometric choice.>*> Such channels increase
the effective through-plane diffusivity by providing an ion-
transport highway with a tortuosity of one, independent of
electrode thickness. Additionally, for lithium ions to efficiently
reach their final destination within the active-material particles
located between such channels, secondary inter-particle
porosity providing sufficient diffusivity is required.”
Electrodes with vertically aligned low-tortuosity channels
require specialized fabrication techniques; demonstrated
examples include freeze casting, 3D printing, laser ablation,
magnetic templating, and phase inversion."”*® Through appli-
cation of these methods, it has been demonstrated that an
electrode with aligned channels exhibits improvement in
capacity retention at high C-rates over electrodes without this
engineered pore space. Many of these techniques, however,
result in electrodes with high porosities between 0.6-0.8."**
While such high porosities generally lead to high rate capabil-
ities, these electrodes are unrealistic for deployment in practical
LIBs due to their low volumetric active material loading,
resulting in cell-level volumetric capacities similar to those of
thin-electrode batteries. Additionally, the excess porosity must
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be filled with electrolyte, adding to the dead weight of the LIB
and decreasing its cell-level gravimetric energy.

Previous work in our group introduced hybrid inorganic
phase inversion (HIPI), a method inspired by the decades-old
manufacture of phase-inversion membranes for water-
filtration that is still used today at commercial production
levels. HIPI is a material-agnostic technique to structure inor-
ganic particles into low-tortuosity architectures. The execution
is practically simple and similar to conventional blade casting
but with four main differences: first, the HIPI suspension has
a higher polymer fraction (>10 wt%). The polymer is the struc-
ture directing component that separates into polymer-lean and
polymer-rich phases during phase inversion that result in the
pore channels and material dense walls, respectively.'”**
Second, the cast suspension is immersed for a set time (¢ys) in
a coagulation bath containing a nonsolvent for the polymer,
often water or alcohol, which also exhibits high miscibility with
the solvent of the suspension. This is the structure-defining step
that provides control over the total porosity (¢) and channel
density (C4, channels per mm?): for example, the nucleation
density of the polymer-lean phase (C4) can be controlled by
tailoring the Hansen solubility parameters of the nonsolvent
relative to the polymer.* Third, a solvent-swollen gel substrate
is used instead of a metal foil. We demonstrated that this is
critical to ensure that the vertical low-tortuosity channels
formed during phase inversion are open and accessible from
one side of the electrode (Fig. 1 and S1).** Lastly, the architected
composite film is pyrolyzed to carbonize the polymer compo-
nent resulting in a mechanically rigid and electronically
conductive electrode. The power of the HIPI process is in the
wide range of processing parameters that can be used to control
and quench the nonequilibrium and anisotropic structure,
resulting in a high degree of tunability across the performance-
defining architectural features such as ¢, and Cq.

Our group's previous work reported on the successful HIPI-
based fabrication of low-tortuosity lithium titanate (LTO),
lithium iron phosphate (LFP), and yttria-stabilized zirconia/
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nickel oxide composite electrodes.* We demonstrated that
HIPI-derived LTO and LFP electrodes are electrochemically and
mechanically stable in both half- and full-cell configurations.
Notably, a full cell of HIPI-derived LTO anode and LFP cathode
retained 80% of its capacity after 1000 cycles." The use of
related phase-inversion methods was recently expanded to
sodium vanadium phosphate and lithium nickel manganese
cobalt oxide cathodes, as well as silicon and carbon anodes,
demonstrating its material agnostic nature.***

So far, research on phase-inversion-based low-tortuosity
electrodes has focused only on controlling Cq and the geom-
etry of the channel pores. However, limited consideration has
been given to ¢, or the balance between the porosities contrib-
uted by the channels and the inter-particle pores in the
material-dense walls, or the morphology of this secondary
porosity. This is a critical omission, since the inter-particle pore
space controls in-plane transport from the low-tortuosity
through-plane channels into the energy-storing walls. Thus,
poor connectivity and high tortuosity of this secondary pore
space also contribute to a low effective diffusivity of lithium
ions. We propose that the interplay between both scales of
porosity as well as their morphology determine the balance of
rate capability and energy density in architected electrodes. We
believe that a lack of adequate fabrication methods with suffi-
cient control over both pore volumes has so far prevented the
experimental assessment of their respective and coupled
impact on the lithiation rates of such engineered electrodes
with dual-scale porosity.

Here, we present an extensive study on the electrochemical
properties of 18 HIPI-derived LTO electrodes with distinct
engineered dual-scale porosity of tailored micron-scale chan-
nels and sub-micron inter-particle porosity, respectively. We
introduce the two diffusion stages inherent to phase inversion
as a controlling handle over both scales of porosity. Based on
our understanding of the process-structure relationships of
HIPI, we are able to fabricate low-tortuosity electrodes with
engineered dual-scale pore architecture of tunable volume

Fig. 1 Scanning electron microscope (SEM) images of HIPI-architected electrodes after cycling with low-tortuosity through-plane channels,
whose channel densities (C4) can be tailored between high (100s of channels per mm?), medium (~100 mm~2), low (10s mm~2), and no channels.
Top view SEM images (a, ¢, e and g) showing the open and accessible channels and cross-sectional SEM images (b, d, f and h) showing the low-

tortuosity nature of the through-plane channels.
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fraction (e;) between 0.3 and 0.6 that have application-relevant
areal capacities and tap densities ranging over 4.3-6.1 mAh
cm~? and 0.8-1.6 g cm ™, respectively. This range overlaps with
the porosities found in state-of-the-art high-energy commercial
electrodes with single-scale porosity (¢, = 0.2-0.4), allowing for
meaningful translation of our findings.** LTO is used for its
structural stability, electrochemical durability, and application
in high-power batteries.*#***® Further, LTO's high lithiation
potential of 1.55 V vs. Li/Li" allows us to study the impact of
dual-scale porosity on overpotential and capacity loss due to
ionic resistance and ion-depletion, respectively, without the risk
of lithium plating and related cell degradation. However, we
claim that the fabrication technique itself and the conclusions
drawn are broadly applicable to other active materials in high-
rate electrodes. Thus, our HIPI-derived LTO electrodes with
engineered dual-scale porosity serve as a powerful tool to
elucidate architecture-performance relationships which can
guide the design of tailor-made electrodes that meet
application-specific energy and power demands, two perfor-
mance metrics that are intrinsically coupled through the elec-
trode and pore-space architecture.

Tailored channel density (C4) across porosity ranges

The HIPI process results in binderless LTO-carbon composite
electrodes (80 wt% LTO, 20 wt% carbon) with aligned through-
plane channels of tunable density (C4, channels per mm?) as
shown by the scanning electron microscope (SEM) images in
Fig. 1. The separator-facing surfaces exhibit openings (Fig. 1a, c,
e and g) to the channels that traverse through the cross-section
of the electrode (Fig. 1b, d, f and h) for ion accessibility and
transport to the active material particles between the channels
(also see Fig. S1). The HIPI processing parameters enable
a range of C4 spanning three orders of magnitude: for example,
525 mm~ (Fig. 1a and b), 160 mm? (Fig. 1c and d), 30 mm~>
(Fig. 1e and f), and 0 (Fig. 1g and h). This control of C4 across
such a broad range enables systematic studies on the compo-
sition-structure-performance relationships of low-tortuosity
and dual-porosity architected electrodes. A summary of the
HIPI processing parameters and resulting properties of all 18
electrodes discussed here are given in Tables S1 and S2,
respectively.

First, the performance dependency on total porosity (¢;) and
Cq is probed by testing six distinct HIPI-architected electrodes
which are paired based on similar ¢ but distinct Cq4: two elec-
trodes at low ¢, of 0.32 and 0.38 with a C4 of 0 and 200 mm 2,
thicknesses of 197 and 217 um, and LTO loadings of 31.2 and
31.3 mg cm 2, respectively (Fig. 2a and b); two electrodes at
medium ¢, of 0.43 and 0.45 with a C4 of 30 and 160 mm 2
thicknesses of 204 and 203 um, and LTO loadings of 25.5 and
26.9 mg cm 2, respectively (Fig. 2¢ and d); and two electrodes at
high ¢ of 0.54 and 0.59 with a C4 of 205 and 525 mm 2,
thicknesses of 227 and 286 um, and LTO loadings of 24.4 and
27.1 mg cm 2, respectively (Fig. 2e and f). The relative capacity
(capacity retention relative to the 0.1 C capacity) of these six
electrodes is tested at constant-current lithiation rates up to 4 C,
as lithiation is the rate-dominant process. Slower delithiation

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

(0.5 C) is employed to mitigate uneven lithium deposition on
the counter electrode of the half cells. Important for quantita-
tive comparison independent of cycle number, all electrodes
regain 100% of their original 0.1 C capacity after fast lithiation-
rate tests (Fig. 2a, ¢ and e), and the channels remain open and
accessible with no observable degradation to the architecture
(Fig. 1).

Overall, the electrodes with higher C4 show better capacity
retention at increased C-rates for each of the three ranges of ¢,
an indication of their improved ion-transport and accessibility
of active material. The C-rate at which the performance
enhancement due to higher C4 occurs is correlated with the ¢, of
the electrode: for example, at 0.5C, the electrodes with medium
and high ¢ show no differences in capacity retention with
increasing Cq (Fig. 2c and e). Conversely, the electrodes with low
&< 0.4 exhibit a 60% difference in capacity retention from 0.1 to
0.5 C between a Cq of 0 and 200 mm > (Fig. 2a). At the other end
of the porosity spectrum, the electrodes with ¢, between 0.5 and
0.6 show only a 5% improvement in capacity retention even at 2
C despite Cq4 differing by a factor of 2.5 (Fig. 2e), while at
medium and low ¢, the relative capacity at 2 C is 130% and
270% higher, respectively, with an increase in Cq4 (Fig. 2a and c).
The performance benefit of increasing C4 from 205 to 525
mm > for the highly porous electrodes (0.5< ¢ < 0.6) becomes
substantial only at a fast lithiation rate of 4 C (Fig. 2e). At this
rate, the 525 channels per mm? allow a capacity retention of
78%, coming close to meeting the United States Department of
Energy's (USDOE) goal of 80% capacity retention during a 15
minutes fast charge of an EV, compared to only 50% for 200
channels per mm?” at a similar overall porosity.>” These results
lead to two conclusions: (1) high porosity allows for better
capacity retention at fast lithiation rates, as is commonly
observed, and, most importantly, (2) distributing more porosity
into through-plane channels of unity tortuosity at the same total
porosity is additionally beneficial for high-rate operation.

While the range of an EV is directly tied to the charged
capacity, heat-generation and power consumption during
charging is tied to the energy efficiency of anode lithiation.
Resistance in the battery will increase the required lithiation
voltage (overpotential) and energy, which generates heat that
requires mitigation and costs the consumer time and money.
Voltage deviation from nominal values can be captured by the
mean voltage of operation (u,) during a galvanostatic lithiation
test. Ohmic resistance and ion kinetics, including charge-
transfer and ion-diffusion resistance, contribute to the over-
potential and are the cause of u, below the operating voltage of
a LTO electrode at 1.55 V vs. Li/Li".?* A lower u, for the LTO half
cell during lithiation translates to an increased lithiation
charging voltage in a full cell.

We find that across all ranges of ¢, an increase of Cq results
in more energy-efficient lithiation, reflected by u, values closer
to 1.55 V (Fig. 2b, d and f). For example, electrodes with similar
& of 0.59 and 0.54, but different C4 of 525 mm > and 205 mm 2,
exhibit almost identical 2 C lithiation capacity retention
(Fig. 2e), but the high-C4 electrode exhibits a w, of 1.16 V, while
the low-Cq4 electrode decreases to a u, of 1.04 V (Fig. 2f). These
overpotentials contribute to relative lithiation energy losses of
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Fig. 2 Galvanostatic lithiation rate performance of architected electrodes across three ranges of total porosity (), 0.32—-0.38 (a and b), 0.43—
0.45 (c and d), and 0.54-0.59 (e and f). Each plot in the top row (a, c and e) shows the relative capacity at varied C-rates of an electrode with
higher channel density (C4. channels per mm?) compared to that of an electrode with lower C4, demonstrating the critical role that Cq plays in
maintaining high-rate performance. The bottom row (b, d and f) shows representative galvanostatic lithiation profiles of the associated top-row
plotsat 0.1 C, 1 C, and 2 C, demonstrating the increased overpotential induced by ion diffusion resistance in low Cq4 electrodes across all porosity
ranges. Delithiation of all electrodes at 0.5 C. The legends in a, ¢c and e correspond to the electrodes plotted in b, d and f, respectively, and

reference the electrode identifier from Tables S1 and S2.

26% and 36%, respectively, at a lithiation rate of 2 C. Thus, the
inclusion of more channels at similar total porosity provides
more energy-efficient charging, likely limiting heat generation.
This beneficial energy effect of high-C4 electrodes is in addition
to the higher relative capacity at the faster 4 C lithiation rate.
Analogous beneficial energy trends with increased Cq are
observed for all ranges of ¢, (Fig. 2b and d). Thus, the fact that
100's of channels per mm?” can be introduced to electrodes
without substantially changing ¢, demonstrates that engineered
primary porosity presents an opportunity to increase relative
capacity and energy efficiency at high C rates without compro-
mising on the usable energy density of the electrode.

Control over and impact of secondary (inter-particle) porosity

Reducing ¢, from above 0.6 for state-of-the-art phase-inversion
battery electrodes to 0.3-0.6 in this report required an under-
standing of the previously unreported two temporal diffusion
stages during phase inversion that define the dual-scale micron
and sub-micron ion transport pathways, respectively. While this
represents a complicated diffusion problem, HIPI is practically
simple: the nonsolvent immersion step initiates the through-
plane growth of the polymer-lean phase, which results in the
aligned pore channels within around 30 seconds (Fig. 3a)."*?®
This is the first temporal stage where the through-plane diffu-
sional exchange between the solvent in the suspension film and
nonsolvent in the surrounding bath dominates. After the
aligned liquid-filled channels are formed, the second diffusion

40352 | J Mater. Chem. A, 2025, 13, 40349-40362

stage begins that is typically underappreciated or not consid-
ered at all: in-plane solvent/nonsolvent exchange between the
liquid-filled channels and the walls rich in polymer and active
material. This impactful exchange mechanism controls struc-
ture formation of the sub-micron pores within the walls
including their connectivity and tortuosity. Phase inversion is
often allowed to continue for hours, or the nonsolvent immer-
sion time (tys) is not even reported, a critical omission for
a diffusion-controlled process.>***" When nonsolvent
exchange continues to an equilibrium state, the resulting
morphology in the material-rich wall is a sponge-like structure
with a large fraction of pore volume (SI Fig. S4). Time,
temperature, and nonsolvent type are rational knobs to control
the diffusion and extent of solvent/nonsolvent exchange during
this second change. For example, by removing the vitrifying film
from the nonsolvent bath after channel formation but before
the solvent/nonsolvent exchange with the wall has reached its
final equilibrium, the polymer is quenched in a gel state with
a substantial fraction of remaining solvent. The drying of this
solvent-rich gel results in an increased packing density of the
active material particles and structure-directing polymer, which
in turn results in a dense carbon/particle composite electrode
after carbonization (SI Fig. S4 and S5). Thus, early quenching in
the HIPI process is an analog to calendaring of a conventional
electrode, where ¢, is controlled with ¢ys analogous to pressure
in calendaring. The electrodes achieved in this report with 0.3 <
& < 0.6 are the result of quenching the phase inversion after 5-
180 minutes and controlling the solvent/nonsolvent exchange

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Schematic illustration of channel-like pore formation through the opposing diffusion of solvent and nonsolvent in phase inversion.
When quenched after a short immersion time (tys < 360 s), the result is a higher fraction of solvent (orange) remaining in the material-dense wall,
leading to substantial densification during drying and lower accessibility to the active material. Alternatively, diffusion can be allowed to proceed
for longer times (tys > 900 s), which results in highly porous walls after drying and carbonization. (b) Three-dimensional bar plot demonstrating
how energy density increases when independently replacing wall and channel porosity with active material. These calculations are based on the
best performing electrode E5 at 4 C as the baseline, which has a ¢ = 0.59 that was divided into a wall porosity of 0.36 and a channel porosity of
0.23 (left corner). (c) The diffusion limited C-rate (DLC) of a single wall (top) and the full electrode (bottom) is plotted against values of tortuosity
factor for various wall and electrode total porosities. (d) Bar plot of the experimental 0.1 C lithiation capacity achieved by electrodes with various
nonsolvent types, immersion times (tys in minutes) and channel density (Cq in channels per mm?). (e) Electrochemical impedance spectroscopy
(EIS) presented as a Nyquist plot showing electrodes whose 0.1 C capacity is plotted in the first (E7), fourth (E4) and sixth (E10) column in (d)
showing the trend of decreasing resistance with longer tys and replacement of isopropanol (IPA) with water in the nonsolvent bath. The full and
areal Nyquist plots are shown in Sl Fig. S2. (f) The relative capacity at varied C rates of two electrodes with similar architecture and different
nonsolvent immersion time (tys in minutes), illustrating the impact that vitrification-induced tortuosity in the secondary porosity has on high-C-
rate performance. (g) EIS Nyquist plots of the two electrodes in (f) demonstrating the differing resistance between electrodes with similar C4 and
& but different tys of 70 and 15 minutes. (h) EIS Nyquist plots of two low-porosity electrodes with Cq of 0 and 200 mm™2, respectively,
demonstrating the sensitivity of EIS to the local microstructure around the LTO particles but not Cy4 nor showing a correlation to high-rate
lithiation capacity (compare to Fig. 2a). Area normalized EIS Nyquist plots for (g and h) can be found in Fig. S3. The legends in plots (d—h)
reference the electrode identifier from Tables S1 and S2.

rate through its dependency on temperature and their identities  fractions of roughly 0.23 in the channels and 0.36 in the walls
(details in SI Table S1). (Fig. 1a, b and 2c). In a thought experiment, by lowering the wall

Both Cy4 and the particle packing within the walls directly porosity of this electrode to 0.16 and directly replacing this
determine ¢, and thereby the theoretical volumetric energy porosity with active material, the theoretical volumetric energy
density of the electrode (Fig. 3b). For example, electrode E5 with  density of the electrode is increased by 55% (Fig. 3b). Further,
the best performance at 4 C has a ¢, of 0.59 which is divided into  decreasing the fraction of channel porosity to 0.13 would result

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 40349-40362 | 40353
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in an electrode with a ¢ of 0.29 and a 92% energy density
increase from the baseline electrode with a ¢, of 0.59. However,
in an electrode without engineered porosity, the coupling of
porosity to energy and power means that removal of porosity
decreases the C rate that an electrode can be lithiated at. This
dynamic property can be described by the Diffusion-Limited C
Rate (DLC), defined by Heubner et al. as the C-rate at which the
ion concentration in the electrolyte phase is reduced to zero
near the current collector of the lithiating electrode (anode for
charging or cathode for discharging).>* To illustrate this effect,
we plot the DLC across a range of reported tortuosity factor
values from one to eight that capture the coupled contributions
of the primary (channels) and secondary (walls) pores and the
variability that may occur due to the distinct structure of the
HIPI electrodes (Fig. 3c and SI eqn (S1)).*>*” Importantly, the
DLC for a 20 pm thick wall with a ¢, of 0.36 when taken as
a stand-alone thin electrode is two orders of magnitude larger
than that of a 286 um thick electrode with a ¢, of 0.59 without
aligned channel pores. These stark differences in DLC suggest
that through-plane ion diffusion dominates the lithiation rate
limitations, though its coupling to the in-plane diffusion
through the secondary pore volume in the walls cannot be
omitted, as we show below.

We find that tys and nonsolvent type do not just have
a profound impact on the fraction of secondary pore volume, as
described above, but also the accessibility to the active material
and the electrode resistance (Fig. 3d and e). For example, a txg of
only six minutes in a weak nonsolvent mixture of isopropanol
(IPA) and water (1:1 vol%) results in negligible low-rate gravi-
metric capacity of 3 mAh g~ " and 11 mAh g for electrodes with
a Cq of 15 and 160 mm ™2, respectively (Fig. 3d). This inacces-
sibility of LTO capacity is similar to the 17 mAh g™ capacity
measured for an electrode that is directly dried without
undergoing phase inversion. In contrast, a longer tys of 15
minutes and above results in accessibility and full low-rate
capacity (Fig. 3d). Electrochemical impedance spectroscopy
(EIS) characterization further confirms the high resistance of
electrodes from ultrashort tyg in weak nonsolvents, while the
slightly longer ¢ys decreases the resistance by an order of
magnitude (Fig. 3e and S2).

The transition in active material accessibility and electrode
resistance due to differing ¢ys must originate from a difference
in the morphology of the walls after drying and carbonization
that are caused by compositional changes over the first few
minutes during phase inversion. We postulate that when
a solvent-rich polymer-containing suspension from short tyg is
dried, the result is a dense polymer phase between the LTO
particles. After thermal treatment, this polymer phase turns
into a dense carbon phase with disconnected porosity that
blocks ion transport (SI Fig. S4 and S5). Conversely, a tys of 15
minutes and beyond yields an inter-particle carbon morphology
with connected pores that allows for full accessibility of the
active material particles (SI Fig. S5). The minimum ¢ys to ach-
ieve full accessibility is further related to the type of nonsolvent
and solvent used. For example, when the same suspension is
immersed for only 5 minutes in pure water, a stronger non-
solvent for PAN, the resulting electrode exhibits partial
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accessibility to the active material (80 mAh g ') and lower
resistance compared to the weaker water: IPA nonsolvent at
similar tyg (Fig. 3d and e). These results demonstrate that tyg
and nonsolvent type have a profound and previously underap-
preciated effect that dictates the secondary ion-transport path-
ways and local resistance of phase-inversion electrodes with
dual-scale porosity.

Interestingly, while a 15 minutes tys is sufficient to provide
full active material accessibility at low lithiation rates, the
accessibility or tortuosity of the sub-micron secondary pore
space still evolves at longer phase-inversion times as evidenced
by an increase in high-rate lithiation capacities for longer tys.
For example, two electrodes with similar C4 of 455 and 525 and
&, of 0.64 and 0.59 but from different #ys of 15 and 70 minutes,
respectively, exhibit similar relative capacities at rates up to 2 C,
but behave distinctly different at 4 C (Fig. 3f). A tys of 70
minutes yields an electrode with lower resistance that retains
arelative capacity of 78% at 4 C, while the electrode with a tys of
15 minutes exhibits high resistance with a relative capacity of
only 31% at the same 4 C rate even though it is more porous
(Fig. 3f and g). Thus, in these electrodes with similarly high Cg,
the root cause of the relative capacity difference at high rates
must be the in-plane resistance to ion movement. This
demonstrates that coupled engineering of the primary
(through-plane channels) and secondary (inter-particle
porosity) are both essential to lower electrode resistance and
push the boundary of achievable lithiation rates in energy-
dense electrodes.

The EIS-based resistance is sensitive to the local micro-
structural differences in the walls and appears to be correlated
to the lithiation performance due to the dominant local mass-
transport limitations in the secondary porosity in the elec-
trodes described above with high C4 (Fig. 3d-g). However, we
note that EIS-based resistance is not always an accurate
predictor of high-rate performance (capacity retention) and
seems to lack some sensitivity to the impact of the through-
plane channels. For example, in the low porosity range of & <
0.4, the electrode with a C4 of 200 mm ™2 outperforms an elec-
trode with a C4 of 0 mm™? in terms of capacity retentions and
energy efficiency at rates above 0.1 C (Fig. 2a and b). Yet, EIS
measurements show a larger resistance for the electrode with
channels, likely due to its short ¢y of only 15 minutes (Fig. 3h).
Similar seemingly contradictory lithiation performance and
EIS-based resistances are also observed for electrodes in the
medium porosity range (0.43-0.45) (Fig. 2¢, d and S7). Thus, we
postulate that EIS-based resistance only captures local
phenomena within the walls of HIPI-derived electrodes, but not
necessarily the electrode-level ion depletion that evolves over
minutes during high-rate lithiation. This depletion effect,
however, is a key contributor to cell polarization and incomplete
lithiation at high current densities. Thus, we believe that the
characterization of electrode-level ion depletion requires
different or complementary measurements, such as their
voltage relaxation behavior after lithiation shown below.

This journal is © The Royal Society of Chemistry 2025
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Voltage relaxation behavior and lithiation rate performance

Local in-plane lithiation gradients in the secondary pore space
are difficult to detect even with advanced characterization
techniques. Energy dispersive X-ray diffraction and thermal-
wave sensing can capture lithium depletion in the electrolyte
phase by detecting the resulting through-plane state-of-
lithiation (SOL) gradient, showing the highest SOLs near the
separator and the lowest near the current collector.***
However, characterizing and quantifying coupled transport
phenomena both through- and in-plane in the electrolyte-filled
porous regions is important to further the design of high-
capacity ultra-fast lithiating electrodes.

Direct quantification of effective diffusivity or the related
geometric parameter of tortuosity on the inter-particle scale is
difficult. A common yet sometimes misinterpreted method to
characterize effective diffusivity in the electrolyte phase is the
galvanostatic intermittent titration technique (GITT). This
method was initially developed to study solid-state ion transport
in dense pellets or disks with little electrolyte percolation to
elucidate how diffusion in the solid phase changes with SOL.*>**
The use of GITT to calculate effective ionic diffusivity of the
electrolyte phase does not provide physically relevant values. In
thick or high-mass loading electrodes with slow transport
kinetics, the addition of aligned transport channels or thinning
of the electrode is expected to result in increased effective
diffusivity. Since this changes the electrode overpotentials and
local electrolyte concentrations near solid active particles, such
architectural alterations can change the value of effective
diffusivity calculated with GITT.**** Thus, the qualitative trends
found by using this technique meet the expectations of an
increased effective diffusivity for a thinner electrode or one with
aligned transport channels. However, quantitative use of this
technique to calculate electrolyte diffusivities is decoupled from
physical reality. An alternative method for free-standing elec-
trodes with isotropic porosity is DC-polarization, which treats
the electrode as a membrane. By applying current pulses with
subsequent relaxation periods, the resistance to ions moving
through the membrane can be quantified.*"** However, this
technique only captures the through-plane resistance and does
not provide information on the coupled in-plane diffusion from
the channels into the wall, which is especially critical for
anisotropic aligned electrodes with hierarchical dual-scale
porosity presented in this study.

Here, we evaluate a qualitative technique that captures the
open-circuit relaxation dynamics across various SOLs. We
demonstrate that the measured relaxation behavior is sensitive
to SOL and electrode architecture and, importantly, it can be
directly correlated to the relative capacity at C-rates where
transport of ions is the rate-limiting step. For example, a 10
minutes lithiation pulse at 1 C is applied to an electrode with
a Cq of 200 mm™> and & of 0.38 (E1 in Tables S1 and S2) to
develop a through- and in-plane ion-concentration gradient in
the liquid electrolyte, followed by chronopotentiometry of the
open-circuit (OC) voltage during relaxation. Over six pulses and
subsequent relaxation periods, the overpotential during 1 C
lithiation increases (Fig. 4a) and the electrode relaxation slows

This journal is © The Royal Society of Chemistry 2025
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(Fig. 4b and c). The transient relaxation behavior from the end-
of-pulse voltage to the equilibrium OC voltage is a combination
of ohmic, charge-transfer, and ion relaxation. The voltage
responds to ohmic and charge-transfer related resistances
quickly, while the relaxation due to ion movement in the liquid
and solid phases dominates later relaxation times.***” Ion
movement during the relaxation period following fast lithiation
can manifest in three ways; diffusion in the solid or electrolyte
phase to relax the formed concentration gradients, or diffusion
from active material phases with lower electrochemical poten-
tials to those with higher electrochemical potential.*”~** For
example, when local overpotentials are high, as found at higher
SOL, lithiation of the carbon phase between the LTO particles is
possible. Due to differences in electrochemical potential
between the LTO phases and the lithiated carbon phase, ions
intercalated in the carbon must move to non-lithiated LTO
during OC relaxation. This movement is against the relaxing
electrolyte concentration gradient and increases the relaxation
time by an order of magnitude (SI Fig. S6). For this electrode
with a C4 of 200 mm ™2 and ¢, of 0.38, the time to relax to 1.5 V
grows from 11 to 106 s for SOLs from 17-67% (Fig. 4c) and
reaches 810 s at 83% SOL (SI Fig. S6). This jump is likely due to
the presence of a lithiated carbon phase at high SOL which
redistributes its ions to non-lithiated LTO phases, slowing the
relaxation time. The sixth 1 C pulse reaches the 0.5 V cutoff
voltage prior to the end of the 10 minutes pulse and relaxes to
near 0.9 V (Fig. 4b), likely a coupled effect of carbon lithiation
and fully or slightly over-lithiated LTO particles.>

Electrodes with engineered porosity show relaxation times
that deviate at increased SOLs depending on the arrangement of
porosity within the electrode (Fig. 4d). An electrode with a C4 of
525 mm > and a ¢, of 0.59 shows quick but slowing relaxation
times to 1.5 Vof 1 s and 15 s at 17% and 67% SOL, respectively
(Fig. 4e). A second electrode with a low C4 of 160 mm™> and
a moderate ¢, of 0.45 has slower relaxation times of 19 s and 60 s
at 17% and 67% SOL, respectively. In comparison, the electrode
with a Cq of 200 mm ™2 and &, of 0.38 exhibits a similar relaxa-
tion time of 11 s at 17% SOL, but at 67% SOL the relaxation time
has increased to 106 s. The relaxation behavior of these three
electrodes with varying C4 and ¢, shows a direct correlation to
their capacity retention: relaxation times of at 15 s, 60 s, and
106 s at 67% SOL correlate to 2 C relative capacities of 90%,
80%, and 45%, respectively.

To evaluate the effect of C4 on relaxation behavior inde-
pendent of ¢, electrode E3 with a C4 of 160 mm > and a &, of
0.45 is compared with electrode E4 that exhibits a Cq of 30
mm 2 and a ¢, of 0.43. Electrode E4 is found to have a relaxation
time of 120 s at 67% SOL, twice that of electrode E3 (Fig. S8).
The fast-relaxing electrode E3 also retains higher relative
capacity at rates above 0.5 C (Fig. 2c). We postulate that the
dependency of relaxation time on arrangement of porosity is
due to SOL gradients both through-plane and in-plane devel-
oped during the 1-C pulses. Thus, the pathlength to the non-
lithiated LTO gets longer with each subsequent pulse, and the
resulting electrolyte concentration gradients get steeper,
leading to a longer relaxation time. Additionally, the electrode
architecture has a distinct impact on local overpotentials and

J. Mater. Chem. A, 2025, 13, 40349-40362 | 40355


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta06312d

Open Access Article. Published on 28 October 2025. Downloaded on 6/21/2026 2:22:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry A Paper
a. b. C
1.6 1.
1% - 5 55
¥ r-
1.3 K 1.4 1.521
; N callfe — P
o L e e e E S S 212 =140
[ = () (9]
() jo)) [=)]
S o] ©
0.9 =10 =446
o S e
0.7 0.8 1.43
0.5 | | | | | . L
0 100 200 _ 300 400 500 600 085500 1000 1500 2000 2500 3000 3500 L4y 100 200 300 200 500
Time (s) Time (s) Time (s)
SOL After 1C Pulse SOL of Relaxation
—17% 33% 50% —— 67% 83% 100% —17% 33% 50% —— 67% 83% 100%
d. e f.
1.55 108 %%
®e $88c00 0 * vy
100+ g9t
1.50 0 208 %9000,
o 80 ©
&= g © .
2145 i g0.6
g = 60 o
E o g’ M vy
=1.40 - ® 504
L x 40 ]
i i if SOL of Relaxation % ]
—F —_—17% — 17% 17% o
1.35 142 . —— 67% == 67% == 67% = 20 0.2
140050 00 15 200 250 jsoe
1.30 Time (s) 0.0
: 500 1000 1500 2000 2500 3000 3500 17% 33%  50% 67% ' 0.1 05 1.0 2.0 40 01
Time (s) State of Lithiation (%) C-Rate (h™1)

mmm Cy: 525, &: 0.59, E5

=== Cy: 160, &: 0.45, E3

mmm C4: 200, & 0.38, E1

Fig. 4 (a—c) Galvanostatic pulse and voltage relaxation behavior of an electrode with a channel density (Cq) of 200 channels per mm? and a total
porosity (e;) of 0.38. (a) Six galvanostatic 1 C pulses showing the decreasing voltage of lithiation and, (b) the corresponding relaxation profiles after
each 1 C pulse showing that after 3600 s of relaxation, the first five pulses all relax to a plateau between 1.52—1.54 V vs. Li/Li*. (c) Zoom-in of the
voltage vs. time relaxation profiles of the first five relaxations between 17% and 83% state-of-lithiation (SOL) illustrating how relaxation slows as
SOL increases. (d) Relaxation profiles of three electrodes with different Cq and ¢ at 17% and 67% SOL, illustrating how relaxation is dependent on
the architecture of the electrode. (e) Bar plot of relaxation times to 1.5 V vs. Li/Li* for three different electrodes across four SOLs. (f) Relative
capacity at varied C-rates of the three electrodes with different relaxation profiles, demonstrating how relaxation time correlates to their high-
rate performance. The legends in plots (d—f) reference the electrode identifier from Tables S1 and S2.

the possible lithiation of the carbon phase. This results in
distinctly slower relaxation periods following pulses where the
cell voltage dropped into the regime where carbon lithiation is
electrochemically possible (SI Fig. S6). In summary, the relaxa-
tion behavior of electrodes with different arrangements of
engineered porosity gives a good qualitative indicator for
performance and demonstrates how pore engineering can
impact local overpotentials that can lead to lithiating of out-of-
equilibrium phases.

Tailored secondary (inter-particle) porosity

As we demonstrated above, electrode performance and relaxa-
tion phenomena are tied to both through-plane ion transport,
controlled by Cq, as well as in-plane transport dictated by ¢, and
the connectivity of the sub-micron secondary pore space in the
electrode walls that is influenced by #xs and nonsolvent type.
Electrodes with similar C4 but different ¢, show variance in
performance, with higher ¢, generally showing better perfor-
mance at high C rates (SI Fig. S9), as expected. However,
tortuosity and ¢, can be decoupled, and secondary porosity with
inefficient connectivity and high tortuosity is detrimental to
electrode performance (Fig. 3d-g). These results motivate
further engineering of the secondary sub-micron pores within

40356 | J Mater. Chem. A, 2025, 13, 40349-40362

the material-dense walls of the HIPI electrodes. To promote low-
tortuosity and connected porous networks for fast access to the
active material without excessively increasing ¢, we present two
novel approaches based on secondary polymer phase separation
of sacrificial porogens during phase inversion: the first
approach uses polyvinylpyrrolidone (PVP) along with PAN in the
HIPI suspension to form a phase-separating polymer blend
between the LTO particles, while the second approach uses
a PAN-)-PMMA (PMMA: poly(methyl methacrylate)) block
copolymer (BCP) as a replacement for the PAN homopolymer to
form a microphase-separated inter-particle polymer phase
(Fig. 5a). In the case of the PVP/PAN blend, the PVP participates
in the phase inversion process, undergoing phase separation
from the PAN in the wall followed by PVP dissolution and
degradation during thermal treatment. The PVP removal results
in connected ion-transport channels within the carbon phase
between the LTO particles (SI Fig. S5). In the second case, the
PAN-)-PMMA BCP goes through microphase separation
concurrently with phase inversion. Subsequently, the PAN block
is carbonized and the PMMA block is decomposed during the
thermal treatment step, leaving behind well-connected nano-
scale porosity for faster ion transport (Fig. 5a). We hypothesize
that this new mechanism of controlling and introducing

This journal is © The Royal Society of Chemistry 2025
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(a) Shows a schematic illustrating the absence of connected sub-micron pores for short nonsolvent immersion times when pure PAN is

used, and the connected sub-micron pores that result from the use of an additional porogen such as a PAN/PVP blend or PAN-b-PMMA block
copolymer (BCP). (b—g) Shows performance of the electrodes using the PAN/PBP blend with different channel density (b and c) and different PVP

fraction (d and e), as well as using the BCP (f and g). All electrodes from

ultrashort nonsolvent immersion times tys. Each plot in the top row (b,

d and f) shows the relative capacity of selected electrodes at varied C-rates (h™%). Each plot in the bottom row (c,e and g) shows galvanostatic
lithiation profiles of representative cycles. The legends in b, d and f also correspond to plots in ¢, e and g, respectively. The legends reference the

electrode identifier from Tables S1 and S2.

connected secondary porosity to the wall is independent of #ys
and, therefore, might allow for short immersion times to ach-
ieve low total porosities and high theoretical energy density
while ensuring good LTO accessibility.

A PAN/PVP blend with just 10 wt% of a 40 kDa PVP results in
electrode E13 with full specific capacity at 0.1 C, even when
using an ultrashort tys of only 6 minutes that results in a low ¢,
of 0.41 (Fig. 5b and c). In comparison, electrode E8 obtained
from the same nonsolvent type and tys but without PVP has
a similar ¢, of 0.37 and exhibits a specific capacity of only 11
mAh ¢! at 0.1 C (Fig. 3d) due to the poor accessibility to its
active material. Thus, the addition of just 10 wt% PVP gives full
access to the LTO particles, while adding minimal & and
maintaining the 8:2 weight ratio of active material to conduc-
tive carbon, representing efficient engineering of the secondary
inter-particle porosity in the walls. This structuring approach of
the secondary pore space allows for the architectural bound-
aries of the HIPI-derived LTO-carbon electrodes to be pushed to
lower ¢, For example, in the pure PAN system, the process
conditions to achieve the upper bound of C4 = 525 mm 2,
resulted in an & = 0.59, while in the PAN-PVP system an ultra-

This journal is © The Royal Society of Chemistry 2025

high C4 = 635 mm 2 was enabled at a lower &, to 0.47 (E12 in
Tables S1 and S2).

In the PAN/PVP system, similar to the pure PAN system, Cq
can also be tailored with only small changes to ¢, For example,
electrodes E12 and E13 are fabricated with C4 of 635 and 390
mm * at a ¢, of 0.47 and 0.41, respectively. Electrode E13 with
the lower C4 shows inferior relative capacity at lithiation rates
from 0.5 to 6 C, emphasizing the importance of C4q also in
electrodes with architected sub-micron porosity (Fig. 5b and c).
At 2 C, electrode E12 has a relative capacity of 87%, out-
performing the less than 50% relative capacity achieved by
electrode E13 with lower Cq4. Additionally, the overpotential in
the high-C4 electrode E12 at 2 C is similar to that of the low-Cy
electrode E13 at 1 C, with u, = 1.13 V and 1.16 V, respectively,
representing a relative lithiation energy efficiency decrease of
30%. Between these two electrodes, the increase of C4 allows for
twice the lithiation speed without any compromise in relative
capacity or energy efficiency at relatively small additional overall
porosity.

The PAN/PVP blend composition plays a role in the resulting
& and tortuosity of the sub-micron pores within the walls of the
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electrode. To further probe this, two electrodes with 9: 1 and 3 :
1 PAN: PVP ratios are fabricated at constant PAN:LTO ratio.
The blend with a high fraction of PVP results in an electrode
with a C4 of 345 mm 2 and a high &, of 0.66, while the electrode
with the lower PVP fraction results in an electrode with a Cq4 of
680 mm > and a ¢, of 0.52. The relative capacity of these two
electrodes is very similar at all C-rates up to 6 C (Fig. 5d). Thus,
we postulate that the electrode with a Cq of 345 mm > and
a thickness of 315 pm resulting in an areal capacity near 4.6
mAh cm > exhibits insufficient through-plane transport despite
a high & of 0.66. In this electrode, the in-plane ion transport
outpaces the through-plane supply due to a surplus of
secondary wall porosity. Conversely, in the electrode with a Cq of
680 mm >, the ¢, of 0.52 is too low to take full advantage of the
fast through-plane supply of ions. Additionally, while the two
architecturally distinct electrodes show similar relative capac-
ities, there is a distinct difference in u, as the C-rate increases
(Fig. 5e). At 4 C, the electrode with a lower C4 and higher ¢,
results in a u, that is 100 mV lower (larger overpotential),
illustrating the polarization resistance that results from slow
through-plane ion transport at insufficient Cyq. In this example,
the electrode with a C4 of 345 mm™> and ¢, of 0.66 and the
electrode with a C4 of 680 mm 2 and ¢, of 0.52 have excess
porosity located in the secondary (wall) and primary (channel)
pore volumes, respectively. The addition of this excess porosity
lowered the energy density while yielding no improvement in
power density. These results demonstrate the need for fully
elucidated architecture-performance relationships in elec-
trodes engineered with dual-scale porosity and that it is
necessary to be deliberate when engineering primary (channels)
and secondary (wall) porosity to limit wasted pore space.

Our second pore-engineering approach deploys a PAN-b-
PMMA BCP to obtain an efficient low-tortuosity secondary pore
space within the electrode walls. The resulting HIPI electrodes
have a composition of 85 wt% active material and 15 wt%
carbon. The BCP works just as effectively as the PAN/PVP blend
to promote active material accessibility when short immersion
times are used. In this first-reported use of a PAN-b-PMMA BCP
as the structure directing polymer for phase-inverted electrodes,
a range of C4 between 2 and 90 mm > was achieved. We
hypothesize that the limited range of Cq is caused by modified
system solubility parameters resulting from the addition of the
PMMA block, increasing suspension viscosity and decreasing
the thermodynamic driving force for nucleation of the polymer-
lean phase during phase inversion. In these electrodes, the
trend of a coupled relationship between Cq4 and relative capacity
in electrodes with similar ¢, is maintained, as the BCP derived
electrode with a C4 = 90 mm ™2 outperforms the electrode with
a Cq = 2 mm 2, both in terms of relative capacity and u, across
C-rates from 1 C to 6 C (Fig. 5f and g).

Summary of relevant structure-performance correlations

Through polymer engineering, we modify the secondary (wall)
porosity with sacrificial polymers, while maintaining the highly
tailorable channel structure from phase inversion. The addi-
tional sub-micron transport pathways provide fast diffusion
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from the primary (channel) into the secondary (wall) pore
volume. To compare application-relevant performance metrics
across the vast hierarchical structures presented here, seven
HIPI electrodes of distinctly different dual-scale pore design are
chosen. Electrodes with high volumetric capacity at low C rates
are chosen to compare with those that retain their gravimetric
capacity at high C-rates. All electrodes exhibit full active mate-
rial accessibility at 0.1 C.

Gravimetric and volumetric capacity (Fig. 6a and b). As is
commonly observed, electrodes with lower ¢, dropped in gravi-
metric capacity quicker with increasing C-rate (Fig. 6a). For
example, electrode E2 with a ¢, of 0.32 and a Cq4 of 0 has the
highest volumetric capacity and energy at the slowest lithiation
rates (Fig. 6b and c). A reasonable application for such an
electrode may be grid scale storage, where cost matters most
and slow lithiation may be sufficient, making engineered
channels unnecessary and likely not cost effective. However, to
meet USDOE goals for EVs, a battery must achieve a relative
lithiation capacity of 80% during fast charge. With this defini-
tion, five electrodes are viable for a 60 minutes charge (1 C), four
are viable for a 30 minutes fast charge (2 C), while just one is
viable for a 15 minutes ultra-fast charge (4 C) (Fig. 6a). Of the
five electrodes capable of a 1 C fast charge, three of them have
high volumetric capacities as well, making them the best choice
for applications where volumetric density is a constraint and 1 C
charging is demanded, such as personal electronics (Fig. 6b).
The single electrode that is capable of a 15 minutes fast charge
from 0% to 78% SOL is engineered with the PAN homopolymer
and has a C4 of 525 mm ™2, ¢ of 0.59, and a long tys of 70
minutes. Thus, promoting both through-plane and in-plane ion
transport is critical for a 4 C fast charge. As such, for the PAN/
PVP blend electrode with a C4 of 675 mm ™2 and &, of 0.52 to
meet the USDOE fast charging goal, we postulate that the
rearrangement of primary (channels) porosity into secondary
(wall) porosity would be necessary to boost the 4 C relative
capacity from 72% to the 80% USDOE goal without increasing &,
or decreasing the energy density. Conversely, for the PAN-b-
PMMA BCP electrode with C4 of 90 mm™2 and ¢, of 0.59, we
postulate that rearrangement of secondary (wall) to primary
(channel) porosity is necessary to boost the relative capacity at 4
C from 63% to 80%. Alternatively, thinning of the electrode by
reducing overall porosity and without reducing areal capacity
also aids through-plane ion diffusion (E18 in Fig. 6b).

Volumetric Energy and Power (Fig. 6¢c and d). The over-
potential added by the ion-transport component of the cell
resistance only decreases energy efficiency and increases cost
during fast charging of an EV, but not range, as long as the
anode remains within a stable electrochemical potential
window. However, for applications such as eVTOLs, energy
output during fast lithiation of the cathode (discharge of the
battery) is a critical metric. This defines the ability of eVTOLSs to
take off and land safely, when the highest lithiation rates are
demanded on the cathode side. The best performing electrode
in terms of volumetric energy and capacity across rates > 0.5 C
was E18 fabricated with the PAN-»-PMMA BCP (Fig. 6b and c).
Interestingly, this electrode had a low C4 of 15 mm™ >, that,
when coupled with efficiently arranged low-tortuosity sub-

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Overview of application-relevant performance metrics for selected HIPI-architected electrodes. (a) gravimetric lithiation capacity, (b)
volumetric lithiation capacity, (c) volumetric lithiation energy, (d) Ragone plot of volumetric energy and power density. All four plots compare
seven electrodes, four selected on the basis of good volumetric low C-rate performance and the other three selected based on their high
gravimetric C-rate capacity. Legend indicates the channels per mm? (Cg), total porosity (e), the polymer type used to fabricate the plotted

electrodes, and the electrode identifier from Tables S1 and S2.

micron porosity and 5 wt% less conductive scaffolding, resulted
in an active-material-dense electrode with low overpotentials at
increased C-rates. This electrode had the best coupled volu-
metric lithiation energy and power density, retaining 153 mWh
em? at 1046 mW cm? (using the transient voltage relative to
Li/Li*). The next best coupled performance of 135 mWh cm > at
790 mW cm ™ was realized by an electrode with a Cq of 675
mm ™ and ¢, of 0.52 fabricated with a PVP/PAN blend (Fig. 6d).

Conclusions

The demand for electrodes with high retention of capacity and
energy at high power or current densities is widespread. To
meet future demands of fast lithiation, we must improve upon
conventional cathodes used in eVTOLs and anodes for fast-
charging needs in EVs, for example. This requires both
a fundamental understanding of the impact of various scales of
porosities in thick energy-dense electrodes as well as
manufacturing methods with control over these multi-scale
structures. For example, currently deployed lithium-ion
batteries with carbon-based anodes require over one hour to
recharge from 0 to 100%, while “fast charging” is typically
limited to SOL increases of only 50-60% (e.g., from 20-80%
SOL).**** Importantly, these numbers apply to electrodes with

This journal is © The Royal Society of Chemistry 2025

thicknesses well below 100 pm, though thicker electrodes are
required for high energy density on the cell level by reducing the
fraction of necessary but inactive components such as current
collectors and the separator. Thus, to improve electrode-level
mass transport over 100+ pm without sacrificing lithiation
rate for energy density, it is necessary to move from random to
aligned porosity in battery electrodes, with geometric optimi-
zation of dual-scale engineered porosity as a rational choice.
HIPI can achieve this by exploiting the two temporal diffu-
sion regimes during phase inversion that couple the channel
formation and electrode densification, respectively, into one
step. Specifically, we introduce here that by controlling the
second diffusion regime (minutes) and through the addition of
sacrificial polymer porogens on top of the previously demon-
strated tunable channel density (seconds), electrodes with
tailored dual-scale engineered porosity are achievable. We
demonstrate that by modifying HIPI electrodes with sub-micron
pores for efficient transport, dense volumetric packing of active
material and high volumetric performance at appreciable C
rates is enabled. This proves that sub-micron transport path-
ways play an important role in the coupled volumetric lithiation
energy and power densities in architected electrodes. Through
dual-scale control over engineered porosity, we highlight the

importance  of  elucidating  architecture-composition-
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performance relationships to enable the deployment of only the
necessary primary and secondary porosity for a given
application.

Some of our HIPI-derived electrodes with through-plane and
in-plane ion-transport highways approach the ¢, of conventional
slurry cast electrodes, which are roll-to-roll processed and
require a calendaring step to achieve a high volumetric active-
material density. In principle, HIPI is well suited for facile
integration into a manufacturing line for electrode fabrication
at scale, as phase inversion already exists as a commercial roll-
to-roll process. However, the high temperature carbonization
step, used here to add conductivity to the electrodes, may limit
manufacturing at scale. Thus, future work should focus on
integrating conductive carbon additives into the slurry
suspension for HIPI and similarly study their relationships
between dual-scale porosity, rate performance, and energy
density. More broadly, the rate-limitation of high-capacity
electrodes from any active material is most often governed by
electrolyte-level ion transport, which is dictated by the archi-
tectural features of primary and secondary porosity in thick
dual-scale engineered electrodes. Thus, the geometric archi-
tecture—performance relationships obtained in this report
should be in principle transferrable to other active materials as
well.

Methods

Suspension preparation

Polymer solutions are composed of dimethyl sulfoxide (DMSO,
Sigma-Aldrich), dimethylformamide (DMF, Sigma-Aldrich), de-
ionized water (Millipore Milli-Q, 18.2 MQ cm) and either
a homopolymer poly(acrylonitrile) (PAN, Sigma-Aldrich, M,, =
150 000), a polymer blend of PAN and polyvinylpyrrolidone
(PVP, Sigma-Aldrich, M,, = 1 300 000 or M,, = 40 000), or a block
copolymer (BCP) of PAN and (poly(methyl methacrylate))
(PMMA). These mixtures were stirred at 80 °C and 200 rpm until
dissolved.

Separately, lithium titanate (Li,TisO,,, LTO, MTI Corp.) with
areported D10, D50 and D90 particle size of 0.2-0.6 pm, 0.9-1.8
pm and =10 pm, respectively, was mixed with DMSO and
dispersed with 10 minutes of sonication and vortex stirring,
repeated three times. The LTO dispersion was then added to
PAN, PAN-p)-PMMA and PAN/PVP solutions to form the HIPI
precursor suspension, detailed ratios of the suspensions can be
found in SI Table S1.

Block copolymer synthesis

PAN-h-PMMA block copolymer was synthesized via reversible
addition-fragmentation chain-transfer (RAFT) polymerization.
Detailed procedure has been described elsewhere.*>** Briefly,
purified methyl methacrylate (MMA, Sigma-Aldrich, 99%,
contains =30 ppm MEHQ as inhibitor), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPADB, Sigma-
Aldrich) and 2,2'-azobis(2-methylpropionitrile) (AIBN, Sigma-
Aldrich, 98%) were dissolved in benzene in a Schelenk flask.
The mixture was freeze-pump-thawed three times using a high-
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vacuum Schlenk line before being placed in a 60 °C oil bath for
24 h. The resulting PMMA macro-chain transfer agent (macro-
CTA) was precipitated in ice-water-cooled methanol and dried
under vacuum for 12 h. The purified PMMA macro-CTA was
mixed with acrylonitrile (AN, Sigma-Aldrich, =99%, contains
35-45 ppm monomethyl ether hydroquinone as inhibitor),
AIBN and DMSO. The mixture was freeze-pump-thawed three
times and immersed in a 65 °C oil bath for 24 h. Subsequently,
two cycles of precipitation into cold methanol, filtration, and
redissolving were conducted to yield PAN-b-PMMA, which has
a composition of 37 wt% PMMA and 63 wt% PAN as calculated
from Proton-Nuclear Magnetic Resonance (‘"H-NMR) spectros-
copy (SI Fig. 510).

Preparation of solvent swollen casting support

The organogel support was prepared by mixing 2,2'-(ethylene-
dioxy)diethanethiol (Sigma-Aldrich), pentaerythritol tetrakis(3-
mercaptopropionate) (Sigma-Aldrich), tri(ethylene glycol) di-
vinyl ether (Sigma-Aldrich) at a stoichiometric ratio of thiol to
vinyl end groups. 2-Hydroxy-2-methylpropiophenone (Sigma-
Aldrich) was added at 1.4 wt% as a photoinitator and 55 wt%
NMP was added to swell the organogel. 800 ul of the solution
was then pipetted on a glass microscope slide (25 x 75 mm?) to
coat it, followed by exposure to a UV lamp (OmniCure LX500) at
a wavelength of 365 nm for 3 minutes to form the organogel.

Electrode casting process

The HIPI precursor suspension was spread with a doctor blade
(BYK-Gardener) on an NMP-swollen organogel immediately
following UV treatment at a prescribed height. Following
spreading, the cast suspension was submerged in a nonsolvent
bath, detailed composition and immersion times can be found
in SI Table S1 and S2. The free-standing phase-inverted LTO-
polymer hybrid is detached from the organogel support and
removed from the nonsolvent bath after a defined time (¢ys)-

Electrode preparation

The composite films composed of polymer and LTO particles
were cut into a chosen geometry and dried at 80 °C under
vacuum for 12 h. To prevent deformation during thermal
treatment, the composite films were sandwiched between two
graphite sheets (McMaster). This assembly was placed in a tube
furnace (Thermo Fischer Scientific Lindberg Blue M) and
treated at 250 °C under air for 2 h to cyclize the PAN, then
heated to 750 °C under Ar to carbonize the PAN and remove the
PMMA and any residual PVP. Battery electrodes were then
transferred into an argon-filled glove box (O, < 0.5 ppm, H,O <
0.5 ppm) prior to coin cell assembly.

Electrochemical measurements

2032-Coin cells (MTI LIR2032, 316 stainless steel) were assem-
bled in a half-cell configuration with a free-standing HIPI-
architected LTO/carbon working electrode paired with
a lithium metal counter/reference electrode (MTI, thickness =
0.6 mm, diameter = 16 mm), similar to the architecture of

This journal is © The Royal Society of Chemistry 2025
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previous reported coin cells.> While rarely mentioned in liter-
ature, when testing the performance of high areal capacity
electrodes while using the standard lithium metal counter/
reference electrode, it is important to minimize impacts of the
lithium metal electrode on ion diffusion by keeping the metal
layer dense with minimal dead lithium at the lithium-separator
interface. To promote stability of the lithium metal, we use an
electrolyte composed of 1 M lithium bis-
trifluoromethanesulfonimide (LiTFSI, Sigma-Aldrich) and
0.08 M lithium nitrate (LiNOj;, Thermo Fischer Scientific), di-
ssolved in a 1:1 vol% mixture of 1,3-dioxolane (DOL, Sigma-
Aldrich) and 1,2-dimethoxyethane (DME, Sigma-Aldrich)
which has been shown to improve the performance and
morphology of the lithium metal electrode. During assembly
the electrodes and a trilayer polypropylene/polyethylene/
polypropylene separator (Celgard 2320) were wet with an
excess of electrolyte and together with the lithium metal crim-
ped to 1000 psi in a hydraulic crimper (MSE Supplies). The LTO:
lithium half-cells were then tested in galvanostatic mode
between 0.5-2.5 V vs. Li/Li" at ambient temperatures between
20-22 °C, on BST8-WA (MTI), BST8-A6V0 (MTI) or CT-4008T-
5V10 mA (Neware). First LTO: Li half-cells are cycled at 0.05 C
and 0.1 C for break-in, next electrochemical impedance spec-
troscopy (EIS) measurements were conducted on a Gamry
reference 600+ potentiostat with a signal amplitude of 50 mV
around the open circuit potential over a frequency range of
0.1 Hz to 1 MHz. Then relaxation phenomena was probed by
applying seven 1 C lithiation pulses, with each pulse followed by
a two-hour open-circuit relaxation period. With relaxation time
defined as the time it took for the open-circuit-voltage to reach
1.5 V after the pulse ended. To further minimize the formation
of lithium metal morphologies detrimental to diffusion, we
plate (LTO delithiation) at a maximum galvanostatic rate of 0.5
C, and strip (LTO lithiation) across a range of C-rates up to 6 C
to test the performance of HIPI electrodes, which are rate
limited due to diffusion upon lithiation. The C-rate is deter-
mined by the mass of LTO in the electrode and a theoretical
gravimetric capacity of 175 mAh g '. Lithiation energy is
determined by integrating the discharge (lithiation) curves
(capacity vs. voltage), which includes energy costs both due to
premature lithium depletion and overpotential.

Electrode characterization

Scanning electron microscopy (SEM) was performed post-
mortem on the electrodes. After electrochemical testing, coin
cells were disassembled and electrodes were washed with fresh
DME. SEM imaging of the post-mortem electrodes was done on
a Phenom ProX Desktop scanning electron microscope (Thermo
Fischer Scientific) at accelerating voltages of 10 kV. To gather
measurements of channel density (Cq), SEM images of the
channel openings are segmented in Image] by a threshold
brightness to distinguish between channel pores and the active
material dense matrix. Due to the geometry of the channels the
areal ratio at the surface can be used to describe the overall
volumetric ratio between channels pores.

This journal is © The Royal Society of Chemistry 2025
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