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2Department of Materials Science and Engineering, Massachusetts Institute of Technology (MIT), Cambridge,
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The prevailing electrode fabrication method for lithium-ion battery electrodes includes calendering at high pressures to densify
the electrode and promote adhesion to the metal current collector. However, this process increases the tortuosity of the pore
network in the primary transport direction and imposes severe tradeoffs between electrode thickness and rate capability. With the
aim of understanding the impact of pore tortuosity on electrode kinetics, and enabling cell designs with thicker electrodes and
improved cost and energy density, we use here freeze-casting, a shaping technique able to produce low-tortuosity structures using
ice crystals as a pore-forming agent, to fabricate LiNi0.8Co0.15Al0.05O2 (NCA) cathodes with controlled, aligned porosity. Electrode
tortuosity is characterized using two complementary methods, X-ray tomography combined with thermal diffusion simulations, and
electrochemical transport measurements. The results allow comparison across a wide range of microstructures, and highlight the
large impact of a relatively small numerical change in tortuosity on electrode kinetics. Under galvanostatic discharge, optimized
microstructures show a three- to fourfold increase in area-specific capacity compared to typical Li-ion composite electrodes. Hybrid
pulse power characterization (HPPC) demonstrates improved power capability, while dynamic stress tests (DST) shows that an
area-specific area capacity corresponding to 91% of the NCA galvanostatic C/10 capacity could be reached.
© The Author(s) 2018. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.1321802jes]
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With the ever-increasing demand for mobile applications and the
growing concern for the replacement of fossil fuels, alternative en-
ergy storage has become an increasingly pressing but still unsolved
problem.1–3 Because of their unequalled combination of high energy
and power density, lightweight design and excellent lifespan, lithium-
ion batteries are to date the technology of choice for portable electro-
chemical storage, powering applications such as electronic devices,
power tools and hybrid/full electric vehicles. The prevailing elec-
trode fabrication method for lithium-ion battery electrodes includes
high pressure calendering of electrode formulations that include active
lithium materials, organic binder and conductive additives, in order
to densify the electrode and promote adhesion to the metal current
collector. However, this process also increases the tortuosity of the
pore network in the primary transport direction. In practice, to meet
operational C-rates desired, and production throughput objectives, the
thicknesses of commercial electrodes are restricted to less than ∼100
μm. Beyond this value, ion transport becomes a limiting factor and
the accessible specific capacity starts to drop dramatically.4 With the
aim of increasing cell energy density and decreasing cost by build-
ing thicker electrodes, several strategies to reduce pore tortuosity by
aligning the porosity in the direction normal to the current collector
have been proposed. Bae et al.5 demonstrated through modeling and
experiments that a dual-scale porosity, partitioned between a fine-
scale porous matrix and low tortuosity channels of larger scale, can
greatly improve electrode kinetics while being amenable to powder-
based processing. Using co-extrusion as a fabrication method, they
demonstrated LiCoO2 electrodes with three-fold higher area-specific
capacity than optimized conventional electrodes tested at the same gal-
vanostatic C-rate. Wood and Ebner6 described a magnetic alignment
approach, later also reported by Billaud et al.7 in which graphite flakes
functionalized with Fe3O4 nanoparticles were aligned in a magnetic
field. Compared to a reference electrode with an isotropic porosity,
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the oriented electrodes showed a three-fold improvement of their spe-
cific capacity when cycled at 1C in a lithium half-cell configuration.
Sander et al.8 used a different magnetic field alignment approach in
which sacrificial pore-forming phases rather than the active mate-
rial was aligned. Using magnetically decorated microrods or liquid
emulsion droplets of a ferrofluid phase, they produced anisotropic,
low-tortuosity microstructures in LiCoO2 which demonstrated more
than twice the area capacity of a reference sintered electrode with the
same porosity, in model electric vehicle drive cycles.

In this work, freeze-casting was used to produce porous
LiNi0.8Co0.15Al0.05O2 (NCA) cathodes with an interconnected, highly
aligned microstructure. The pore structure was systematically varied
in order to investigate quantitatively the relationship between pore tor-
tuosity and electrode kinetics. Freeze-casting is a recently-developed
shaping technique able to produce low-tortuosity structures by using
ice crystals as a pore-forming agent. The technique is based on the
unidirectional freezing of a typically water-based particle suspension.
As the suspension undergoes directional freezing, acicular ice crys-
tals grow, repelling and entrapping the suspended particles between
the growing ice crystals, generating an anisotropic structure. Multi-
ple processing strategies, including modifying the freezing vehicle9

or using processing additives,10,11 can be used to further manipulate
the ice crystal morphology while keeping precise control over the net
porosity. After removing the ice by sublimation, samples may be used
as-is or further consolidated by sintering. This versatile technique has
been successfully applied to a wide range of applications, including
gas separation devices,12 scaffolds for tissue engineering,13–16 solid
oxide fuel cells electrodes,17,18 composite materials,19,20 and others.9

In lithium-ion cells, transport kinetics at either the positive or neg-
ative electrode may be performance-limiting, depending on specific
electrode characteristics and the mode of use. For example, during
charging, the limitation is most often at the graphite negative elec-
trode, where insufficiently fast lithium uptake leads to overpotentials
sufficient to plate lithium metal. During discharge, either electrode
may in principle be rate-limiting. For the present study, we focus on
the positive electrode, recognizing that tortuosity improvements may
benefit either electrode. NCA was selected here as the cathode-active
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Figure 1. Scheme of a freeze-casting stage as used in the present work.
Adapted from “Biomaterials by freeze casting”, by Wegst et al., 2010, Phil.
Trans. R. Soc. A, 368, p. 2099–2121. Adapted with permission.

material for its overall lower cost, superior specific capacity and spe-
cific energy compared to other compounds such as LiCoO2 (LCO),
LiFePO4 (LFP) or LiNi1-x-yMnxCoyO2 (NMC). As we show, thick,
sintered single-phase NCA electrodes can be prepared that are free of
the binder and carbon conductive additives used in conventional elec-
trodes. Freeze-cast and sintered NCA electrodes with a wide range of
pore topologies have been created, and their tortuosity characterized
using two complementary methods: X-ray tomography combined with
thermal diffusion simulations and electrochemical transport measure-
ments. Galvanostatic charges/discharges at various C-rates, hybrid
pulse power characterization (HPPC) and dynamic stress tests (DST)
were performed to evaluate the cells electrochemical performance.
Compared with typical Li-ion composite electrodes, our freeze-cast
electrodes showed a significant improvement in area specific capacity
while preserving high power capability.

Experimental

Slurry preparation.—NCA powder (LiNi0.8Co0.15Al0.05O2, den-
sity = 4.75 g/cm3, d50 = 5.6 μm) (NAT-1050, Toda America, Battle
Creek, MI) was planetary-milled for 6 hours to decrease the aver-
aged particle size and avoid settling during the freezing process. NCA
powder, with a solids loading of 30 vol.%, was mixed with distilled
water, 1 wt% of Darvan 7N (R. T. Vanderbilt Co., Norwalk, CT), 1
wt% of Poly (ethyl-glycol) (PEG-300, Sigma-Aldrich), and 2 wt% of
Aquazol polymer (ISP) with a molecular weight of 50,000 g/mol. The
slurry was finally ball-milled for 20 h.

Freeze-casting.—The custom-made freezing stage (Figure 1),
whose characteristics are reported in a previous work (see Figure 1)
was used, composed of a liquid nitrogen tank, a copper rod equipped
with a ring heater and a cylindrical Teflon mold with a base diameter
of 10 mm and a height of 20 mm. A control unit, linked to the ring
heater, was used to adjust the cooling rate during the solidification
process. When completely frozen, the sample was tapped out of the
mold and freeze-dried for at least 48h at –50◦C under 0.035 mbar
vacuum (Freeze dryer 8, Labconco, Kansas City, MI).

Sintering and cutting.—All the samples were sintered in an air
furnace (1216BL, CM Furnaces Inc., Bloomfield, NJ) for 1 h at 840◦C.
Samples were then cut into slices (≈330 μm thick) using a saw
with diamond-coated wire blades. The area-specific capacity of the
electrodes used for electrochemical testing is 15–16 mAh/cm2, based
on the C/10 discharge specific capacity of the NCA cathode.

Characterization of structural features.—The microstructure of
the scaffold was analyzed using field-emission scanning electron mi-
croscopy (JSM-5700F, JEOL, Japan) at an acceleration voltage of 5
kV, without any additional conductive coating. The total porosity of

the electrodes was measured by Archimedes’ method, using isopropyl
alcohol as a fluid, and averaged over 3 measurements for each sample.
For each electrode, structural parameters such as the pore size and the
lamellae thickness were determined from SEM images by averaging
50 measurements using ImageJ.

Tortuosity measurements using polarization/depolarization.—
The ionic conductivity/diffusivity of pure electrolyte solution was
first calculated from the fit of ln |U (t) − U (t = ∞)| vs. time (Figure
S3) and a porous electrode soaked with electrolyte solution was mea-
sured separately to obtain the electrode tortuosity by electrochemical
technique using the following equation: Def f = ε

τ
D0 where ε is the

porosity, τ the tortuosity, and D0 is the diffusivity of an ion in the
electrolyte and Def f is the diffusivity of ion in the porous system.
Measurements were performed in the symmetric cell configuration as
shown in Supplementary Figure S1 and S2 in a Swagelok-type cell.
For the measurement of ionic diffusivity of pure electrolyte solution,
a Teflon spacer with 12 mm diameter and 2.7 mm length was used to
separate the anode from the cathode. One end of the spacer was cov-
ered with lithium foil of same diameter as the spacer (or combination
of Celgard separator and lithium foil) and placed in the Swagelok-
type cell and filled with electrolyte solution (containing 1 M LiPF6
in 1:1 by mole of ethylene carbonate/diethyl carbonate (EC/DEC)).
The other end of the Teflon spacer was also covered with lithium foil
with same diameter (or combination of Celgard separator and lithium
foil). The cell configuration in the supplementary Figure S2 was used
to measure the ionic diffusivity of aligned and nonaligned pore struc-
ture of electrode materials soaked with same electrolyte solution. The
soaked samples were placed inside the Teflon ring then a Celgard
separator (25 μm thick and 50% porosity) was put on both side of
the sample to block electronic conductivity. The Teflon ring protects
to avoid touching the one separator to the other. The lithium foil with
the same diameter of samples was put on top of Celgard separator.
The measurements were performed in the Swagelok-type cell. The
cells were assembled inside glove box containing less than 0.1 ppm
of oxygen and water. A constant current was applied using Bio-logic
SA France Model: VMP3 (Claix, France) for polarization and off for
depolarization measurements. Lithium ionic diffusivity was derived
from the voltage polarization to steady state (polarization process) and
voltage relaxation vs time (depolarization process).

Synchrotron X-ray micro-tomography.—Synchrotron X-ray to-
mography experiments were carried out on beamline 8.3.2 at the
Advanced Light Source (Berkeley, CA). Samples were scanned with
a 34 keV monochromatic beam and imaged with a PCO-Edge CCD
camera at 2560 × 2160 pixels resolution. A field view of 1.7 mm
and a voxel size of 650 nm were obtained using a 10× lens. The re-
constructed grayscale image sequence was imported into ImageJ and
processed with a gaussian blur filter in order to reduce the noise and a
contrast enhancing filter. Finally, the image sequence was binarized.

Heat flux simulations.—Avizo software was used to visualize the
3D structure and to crop the data set to a cuboid volume of 500 × 500
× 500 voxels. Avizo XLab Thermo was used to calculate the effective
thermal coefficient along the direction normal to the electrode plane.

Electrochemical characterization.—The sintered electrodes were
electrochemically tested in lithium half-cells (Swagelok type) with
their low tortuosity direction of the porosity oriented normal to the
electrode plane. Electrodes were electrically connected to stainless
steel current collectors using a carbon paste. The sintered samples
were polished to a thickness ranging from 300 to 330 μm. One side
of the electrode was first rubbed with graphite to improve the electri-
cal contact with the metal current collectors of the cells. The liquid
electrolyte mixture contained 1 M LiPF6 in a 1:1 by mole mixture
of ethylene carbonate:diethyl carbonate (EC/DEC). A combination of
Whatman glass wool separator and Celgard separator (Charlotte, NC,
USA) was used to separate electrodes and avoid the shorting of the
cell in case of dendrite formation due to the huge change of lithium
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Figure 2. NCA electrode microstructures obtained from a 30 vol.% slurry with cooling rates of 5, 7.5, and 10◦C/min. SEM images show the cross-sections
perpendicular to (a–c) and parallel (d–f) with the freezing direction. An increase of the cooling rate shows an important change in the structure morphology which
resulted in an increase of the apparent tortuosity.

thickness during charge-discharge process. A charging current equiv-
alent from 1C to C/10 rate was applied using Bio-logic SA France
Model: VMP3 (Claix, France). The current was applied at constant
current constant voltage (CCCV) mode during the charge, and at con-
stant current (CC) during the discharge.

Hybrid pulse power characterization (HPPC) was intiated with
galvanostatic charging at C/5 rate followed by an open circuit hold
for 1 h. A 10 s charge/10 s discharge pulse at 2C current was then
applied, followed by galvanostatic discharge at 1C rate to 90% of the
cell capacity (i.e., 6 min). This sequence was repeated for every 10%
depth of discharge until 90% depth of discharge (DoD) was reached.

Dynamic stress test (DST) characterization was conducted with
respect to the specifications determined by the USABC. The current
discharge peak was here set at 2C. Supplementary Figure S7 shows
the current profile of the test protocol that is repeated until the lower
voltage limit of 2.5V is reached.

Results and Discussion

Water-based slurries were prepared with a solids loading of 30
vol.% LiNi0.8Co0.15Al0.05O2. In previous work,21 we showed that this
solids loading yields a sample porosity of about 45% after sinter-
ing. Processing additives are essential to prepare suitable slurries
for freeze-casting.10,11 A small amount of dispersant was added to
distribute the particles homogeneously, and a binder was added to
strengthen the green body prior to sintering. A custom-made freezing
stage (Figure 1) was used to fabricate the porous structures. The pro-
cess consisted of pouring the slurry in a cylindrical Teflon mold placed
on top of the copper rod, which acted as a heat sink. A temperature
controller linked to the ring heater and a feedback thermocouple was
used to control the rate of temperature change. During the solidifica-
tion process, ice crystals grew preferentially in the vertical direction,
aligned with the temperature gradient, expelling and entrapping the
particles between them. When completely frozen, the sample was re-
moved from the mold and the ice phase was removed by sublimation.
The sample was then sintered, and cut into slices which were polished
to desired thicknesses.

Owing to the ice growth anisotropy, the freeze-cast electrodes
showed a lamellar porous structure with a long-range order parallel
to the freezing direction (Figure 2). Similar open architectures, with
good connectivity and low tortuosity, were recently reported to have
efficient ion transport and enhanced electrochemical performance.5,7,8

Adjusting the cooling rate allows precise control of the ice front veloc-

ity during solidification, and of the scaffold morphologies. Here, struc-
tures frozen at 5, 7.5 and 10◦C/min are discussed. Figure 3 showed that
an increase of the cooling rate results in an important decrease in both
wall (lamella) thickness and inter-lamellar (pore) spacing. Depending
on the subsequent sintering time and temperature, the micro-porosity
of the walls could also be further adjusted.21 In addition to this size
reduction, an increase of the apparent tortuosity is also observed as
the cooling rate increases.

Despite playing a crucial role in transport, the tortuosity of porous
materials is not trivial to measure. Indeed, to date, a multitude of ap-
proaches have been proposed in the literature, each of them being often
associated with a specific definition of the tortuosity factor adapted to
the field of application.22 Consequently, results can vary widely de-
pending on the selected experimental technique and/or the calculation
algorithm. Although a direct porosity-tortuosity model such as the
Bruggeman correlation is sometimes used, the relation is only valid
for isotropic microstructure geometry and does not take into account
more complex architecture.23 Here, two complementary approaches
were used to evaluate the tortuosity of our NCA electrodes. In the
first approach, the electrodes were scanned using synchrotron X-ray

Figure 3. Average lamella (wall) thickness and inter-lamellar spacing (pore)
of porous NCA electrodes freeze-casted at various cooling rates. An increase
of the cooling rate resulted in a decrease of the average size of the structural
parameters.
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Figure 4. Top: 3D-reconstructed NCA electrodes frozen at 5, 7.5 and 10◦C/min respectively. Bottom: Illustration of the temperature gradient along the direction
normal to the electrode plane. The greater the local porous heterogeneity, the less uniform the temperature gradient and the more tortuous the thermal conduction
pathways. The cube sides dimensions were chosen to be close to the typical experimental electrode thickness and were set to 330 μm.

micro-tomography and a heat transfer simulation based on a voxel
algorithm was directly applied to the 2D binarized image sequence.
Figure 4 shows the solid phase (blue) of the 3D-reconstructed elec-
trodes frozen at 5, 7.5 and 10◦C/min (top) as well as the resulting
temperature gradient throughout the porous phase obtained from the
heat transfer simulation. Compared to computationally-intensive fluid
dynamics (CFD) simulations that require additional re-tessellation or
re-meshing processes,22 the voxel based algorithm used here mim-
ics mass transport and diffusion behavior by computing and solving
Fourier’s law equations directly across the voxel domain of the porous
phase. This approach was recently shown to provide similar and con-
sistent tortuosity values to other diffusion based algorithms.24 Our
simulations determined the effective thermal conductivity of the sys-
tem, kef f . The tortuosity factor τ, evaluated in the direction normal to
the electrode plane, was then obtained from the following relationship:

τ = V
kbulk

ke f f
[1]

where V is the volume fraction of the phase considered, here the
electrolyte phase.

The second approach for measuring electrode tortuosity used di-
rect current (DC) measurements of polarization and depolarization
kinetics to determine the lithium ion diffusivity of the electrolyte-
infused porous electrodes. The cell construction is illustrated in sup-
plementary Figure S1 and S2; details of this technique have been dis-
cussed in previous studies.25,26 Figure 5a shows the time dependence
of the polarization/depolarization cell voltage for the freeze-cast sam-
ple (5◦C/min), with applied constant current (galvanostatic mode).
The polarization/depolarization voltage (t > Tc), depends on time as
follows:27–29

Uion = [(
i p L

)
/σ

] +
(σel

σ

) [
i p L

σion

] {
1 − (

8/π2
)

exp

[
−

(
t

Tc

)]}

[2]
Where i p is the applied current; L is the sample thickness; σ, σel, σion

are the total, electronic and ionic conductivities respectively and Tc is
the characteristic -also called relaxation- time

Equation 2 can be expressed as:

ln(U(t) − U(t=∞)) = ln (A) + 8

π2

t

Tc
[3]

where A is a constant for a given material, U(t) and U(t = ∞) are
the cell voltage at time t and t = ∞, respectively and where the
plot of ln | U(t) − U(t=∞)| vs. t generates a straight line with a slope of
Tc

−1 ∝ Def f . Polarization and depolarization voltages were thus fitted
using Equation 2 to extract the effective ionic diffusivity (Figures 5b
and 5c). Tortuosity factors were subsequently calculated using the
following equation:

Def f = ε

τ
D0 [4]

where Def f is the effective ionic diffusivity, ε is the porosity and
D0, the bulk ionic diffusivity of the pure electrolyte (Figure S3). The
same measurements were performed on samples solidified at 7.5 and
10◦C/min., as well as on a reference sintered NCA electrode (porosity
of 38 ± 3% determined by Archimede

′
s method).

Figure 6 summarizes the tortuosity results obtained using the
two techniques. Also included is the tortuosity-porosity relationship
for conventional composite electrodes based on several experimental
studies.30 Our reference sintered NCA electrode showed a tortuosity
value (3.2±0.2) that is comparable to values reported in the literature
for composite electrodes. From the heat transfer simulations of tomo-
graphic data, the porosity of the sintered samples was 45.4 ± 0.8%
(27 measurements from 9 samples), allowing us to compare tortu-
osity at nearly constant porosity for a range of microstructures. All
of the freeze-cast samples had tortuosity values less than ∼2.5. The
tortuosity values obtained from the heat transfer simulations were
1.74 ± 0.09, 1.92 ± 0.09 and 2.09 ± 0.1, for the samples freeze-cast
at 5, 7.5 and 10◦C/min respectively. Figure S4 shows the statistical
dispersion (at least three different samples for each cooling rate) of
the tortuosity-porosity measurements.

For the DC polarization-relaxation approach, the porosity was first
measured using Archimede’s method and found to be 43 ± 3%.
The calculated tortuosity values were 1.5 ± 0.2, 2.2 ± 0.2 and 2.5 ±
0.2, for the samples freeze-cast at 5, 7.5 and 10◦C/min respectively.
Thus the two tortuosity characterization approaches yielded different
absolute values of porosity, but the same systematic trend, in which
an increase in the cooling rate during directional freezing resulted in
an increase of the tortuosity.

Electrochemical impedance spectroscopy (EIS) measurements
were then carried out on half-cells over the frequency range of 200 kHz
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Figure 5. (a) Voltage profile of polarization-depolarization process of freeze-cast NCA (5◦C/min); fit providing the diffusivity value from the (b) polarization
curve and (c) depolarization curve.

to 0.05 Hz with applied AC amplitude of 10 mV. Figure 7 shows spec-
tra for three different freeze-cast NCA electrodes, area-normalized to
yield the area-specific resistance (�-cm2). At high frequencies, the in-
tercepts of the Nyquist plots with the abscissa correspond to the ionic
resistance of the liquid electrolyte infiltrated within the porous NCA
samples, along with a minor contribution from the solid electrolyte

Figure 6. Tortuosity-porosity relationship for conventional and freeze-cast
electrodes. Although being substantially different, the two distinct techniques
provided a similar trend: an increase of the cooling rate resulted in an increase
of the tortuosity. In addition, the calculated tortuosity values of the freeze-
cast electrodes were significantly lower compared to the experimental data of
conventional composites electrodes reported in the literature and fitted here by
the relation proposed by Thorat et al.30 (orange curve).

interface (SEI) layer. Figure 7 (inset) shows that the ionic resistance
gradually increases with increasing sample cooling rate. These results
are consistent with the microstructural features observed in Figures
2 and 4: the lower the cooling rate, the more directional the pore
structure, suggesting lower ionic resistance. Amongst all the cells
tested, no abnormally high impedance was observed in the high fre-
quency regime, which indicates good contact between the electrodes
and current collectors. In the medium frequency regime, all elec-
trodes showed a similar semi-circle behavior corresponding to the
charge transfer reaction kinetics at the electrode-electrolyte interface.
The electronic resistance of the NCA electrode may also be included
in this response. At lower frequency, the Warburg response observed
is steeper than the expected 45◦ orientation relative to the abscissa.
This response appears to be associated with the ionic diffusivity of
electrolyte solution through the pores rather than solid state ionic
diffusion.

The cells were charged under constant-current constant-voltage
(CCCV) mode until the current during the constant-voltage (CV) hold
reached a value lower than C/20, and discharged at constant-current
(CC). Typical voltage-capacity curves during CCCV charge and C/10
discharge are shown in Figure 8a. Note that the capacity is plotted as
area-specific capacity (mAh/cm2). Using the C/10 discharge specific
capacity, the low-rate area-specific capacity is calculated to be 15–16
mAh/cm2. Figures 8b–8d shows the discharge capacity of electrodes
freeze-cast at cooling rates of 5, 7.5, and 10◦C/min, respectively. Each
electrode was tested under galvanostatic discharge at three C-rates
(C/10, C/5, 1C). The area-specific capacities are up to a factor of four
higher than the typical area-specific capacity of composite electrodes
(3–4 mAh/cm2).31

The sample freeze-cast at 5◦C/min had the lowest measured tortu-
osity of the three samples (Figure 6). However, this sample exhibited
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Figure 7. Impedance spectra of half-cells made using freeze-cast NCA as the
positive electrode and lithium metal as the negative electrode. No significant
difference in charge transfer resistances was observed among the electrodes
frozen at various cooling rates whereas the ionic resistance gradually increased
with the cooling rate increasing (inset).

the lowest area specific capacities, 13.3, 8.3 and 2 mAh/cm2 at C/10,
C/5 and 1C respectively (Figure 8b). We believe that this is due to the
thicker, dense walls of the pore channels, reaching up to 30 μm in some
instances, and having an average wall thickness of 24 μm (Figure S5).
As analyzed below, the rate-limiting transport step may be solid-state
diffusion of lithium through the densely sintered walls, rather than
transport in the pore space. The sample freeze-cast at 7.5◦C/min (Fig-
ure 8c), which had intermediate tortuosity amongst the three samples,
realized the highest area-specific capacities, exceeding 13 mAh/cm2

at C/5–C/10, a value about four times higher than current lithium-ion
electrodes.31 At 1C rate, over 5 mAh/cm2 was obtained. The sample
freeze-cast at 10◦C/min (Figure 8d) exhibited area capacities over 12
mAh/cm2 at low C-rates (C/5–C/10), and 4.3 mAh/cm2 at 1C, signif-
icantly better than the sample freeze-cast at 5◦C/min, despite having
the highest tortuosity (Figure 6). The microstructure of this sample
exhibited less distinct pore channels, but had the thinnest and most
porous channel walls (Figures 2 and 4). These results showed that,
for optimizing such anisotropic structures, not only the tortuosity but
also the wall density and thickness must be considered. These trends
in behavior are qualitatively consistent with the analysis of Bae et al.5

for electrodes with dual-scale porosity; clearly the transport at either
microstructural scale may be rate-limiting.

The time scales for solid-state transport at these dimensions are
consistent with the above analysis. Consider the characteristic time,
tW24 , for lithium diffusion through a dense wall of 24 μm average
thickness, corresponding to the sample freeze-cast at 5◦C/min. The
solid state diffusivity, DSS has been determined experimentally in
our previous work from measurements on 96 to 98% dense NCA
monoliths.26 The diffusion time scales is therefore:

tW24 = (LW24 )2

DSS
=

(
12 10−4

)
2

3 10−10 = 4800 s. ≈ 1.33 h [5]

Here LW24 is the wall half-thickness. One would expect solid-state
diffusion to become rate-limiting at C-rates greater than about 0.75C.
Indeed, Figure 8b shows a large drop-off in capacity between C/5
and 1C. At the electrode thicknesses studied (330 μm), liquid phase
diffusion remains fast enough that it should not be rate limiting. The
liquid diffusion characteristic time, tL , across a cathode of thickness
LCT is:

tL = LCT
2

DL
=

(
330 10−4

)
2

2 10−6 = 544 s. ≈ 0.15 h [6]

This order-of-magnitude comparison indicates that liquid phase dif-
fusion should permit maximum C-rates of ∼6.6C for this electrode
thickness. If the cycling rate is instead limited by solid-state diffusion,
cathode wall thicknesses of 12 and 24 μm would permit maximum
C-rates of about 3C and 0.75C respectively.

Figure 8. (a) Typical C/10 charge-discharge profile of a freeze-cast NCA electrode (thickness 330 μm, cooling rate 7.5◦C/min). Continuous discharge curves
of NCA electrodes freeze-casted at cooling rates of 5◦C/min (b), 7.5◦C/min (c), and 10◦C/min (d). The capacity expressed here corresponds to the area specific
capacity (mAh/cm2).
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Figure 9. (a) Voltage versus time during a hybrid pulse power characterization (HPPC) test; (b) Close-up view of the sequence: a 10 s charge/10 s discharge pulse
at 2C current is applied followed by galvanostatic discharge at 1C rate for 10% of the cell-capacity and a rest period; (c) area-specific discharge pulse power versus
the depth of discharge for a 330 μm thick freeze-cast NCA electrode.

Overall, these results show that freezing-casting can be used to
fabricate low-tortuosity thick electrodes which, when properly engi-
neered in other aspects as well, allow for a significant increase of the
specific area capacity compared with conventional composite elec-
trodes. At C/5 rate, most of the low-rate capacity (15–16 mAh/cm2)
can be obtained. Recently, the relationship between thickness, area ca-
pacity and C-rate has been modeled and experimentally characterized
for conventional composite Li-ion cathodes.32 There, measurements
show that at C/5 rate, a similarly high percentage of capacity can be
achieved for about one-third the low-rate capacity, 5 mAh/cm2. This
comparison clearly demonstrates the value of low-tortuosity/aligned
electrode structures.

In actual use (e.g., electric vehicles), galvanostatic cycling is rarely
required; other work on aligned electrodes8 has shown that drive cycle
requirements may be easily met by high area capacity electrodes of
relatively low galvanostatic capability. To evaluate the pulse power
capabilities of the present electrodes, we conducted Hybrid Pulse
Power Characterization (HPPC) measurements, which incorporate
2C, 10s discharge and regenerative pulses across a range of state-
of-charge.33,34 The NCA cathode freeze-cast at 7.5◦C/min remained
within the specified voltage limits throughout this test (Figure 9a).
Figure 9b shows a close-up view of the voltage profile during one
sequence, and the discharge power during the 2C/10s pulses are plot-
ted as area-specific power against depth of discharge (DoD) in Figure
9c. The values ranged from 150 mW/cm2 at low DoD to 95 mW/cm2

at high DoD, which correspond respectively to a twofold and a four-
fold factor increase compared to reference data for conventional NCA
composite electrodes.35 Finally, with the objective of further increas-
ing the cell energy density, the slurry solid loading was increased to
manufacture electrodes with a final total porosity of 35 vol.% after
sintering (Figure S6), similar to state-of-art composite electrodes. This
allowed a decrease in the electrode thickness to 160 μm while still
having a high area capacity of 12.7 mAh/cm2. These electrodes were
tested under the dynamic stress test (DST) protocol, a model drive
cycle designed by the United States Advanced Battery Consortium
(USABC) to simulate dynamic discharging. We discharged a fully-
charged half-cell by repeatedly looping the DST test until the cell
reached a lower cutoff voltage of 2.5 V (Figure S7). The specific area
capacity obtained through this discharge protocol was 11.5 mAh/cm2

(Figure 10), corresponding to 91% of the galvanostatic C/10 electrode
capacity.

Conclusions

In order to evaluate the impact of engineered, low-tortuosity
porosity on electrode performance, a series of additive-free, aligned-
porosity, sintered NCA electrodes were fabricated by freeze-casting.
The tortuosity values of the various pore morphologies were mea-
sured using the polarization/depolarization method and by thermal
diffusion simulations of structure characterized by 3D tomography.
Electrochemical performance of the electrodes was measured using

Figure 10. Discharge curve of a 160 μm thick NCA electrode freeze-casted
at 7.5◦C/min with a porosity of 35 vol.%. The discharge consisted of applying
repeated DST cycles with 2C maximum discharge rate pulses. Under such test,
the specific area capacity reached 11.5 mAh/cm2, which corresponds to 91%
of the NCA galvanostatic C/10 capacity.

galvanostatic, HPPC, and DST protocols. Compared to convention-
ally processed Li-ion electrodes, a significant reduction in tortuosity
factor at the same electrode porosity, exceeding a factor of 2 in the
best cases, was obtained. Electrochemical testing showed that for the
dual-porosity materials obtained, in which the walls of the pore chan-
nels also vary in their thickness and density, it is also important to
tune the solid-state transport conditions to optimize the rate capability
of the electrodes. In the best cases examined, >90% of the low-rate
electrode capacity could be obtained at C/5 rate, reaching a practical
area capacity of ∼13 mAh/cm2, which is a factor of 4 higher than the
typical area capacity of lithium-ion electrodes. Such electrodes also
met the pulse power and drive cycle requirements embodied in the
HPPC and DST test protocols.
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