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Ultrathick battery electrodes are appealing as they reduce the
fraction of inactive battery parts such as current collectors and
separators. However, thick electrodes are difficult to dry and tend
to crack or flake during production. Moreover, the electrochemical
performance of thick electrodes is constrained by ion and electron
transport as well as fast capacity degradation. Here, we report a
thermally induced phase separation (TIPS) process for fabricating
thick Li-ion battery electrodes, which incorporates the electrolyte
directly in the electrode and alleviates the need to dry the elec-
trode. The proposed TIPS process creates a bicontinuous electro-
lyte and electrode network with excellent ion and electron transport,
respectively, and consequently achieves better rate performance. Us-
ing this process, electrodes with areal capacities of more than 30
mAh/cm? are demonstrated. Capacity retentions of 87% are attained
over 500 cycles in full cells with 1-mm-thick anodes and cathodes.
Finally, we verified the scalability of the TIPS process by coating thick
electrodes continuously on a pilot-scale roll-to-roll coating tool.
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ecause of their high energy and power density, Li-ion bat-

teries (LIBs) are the predominant energy storage technology
to power consumer electronic devices and electrical vehicles
(1-3). LIB electrodes typically consist of Cu foils coated with the
anode material and Al foils coated with the cathode material,
which are spaced apart by a separator soaked in electrolyte.
While the Cu, Al, and separator foils are important for the op-
eration of the battery, they do not store energy and are essen-
tially dead volume. The easiest way to decrease their relative
volume fraction is to increase the thickness of the active material
coating. Experiments show that increasing the electrode thick-
ness from 70 to 320 pm result in a 19% increase in volumetric
energy density (4). Thick electrodes become even more attractive
on a weight basis because of the high gravimetric density of Cu
and on a cost basis because separators are relatively expensive.
Unfortunately, thick electrodes are difficult to fabricate because
of cracking and flaking during drying (5, 6), and further, both the
electron and Li-ion transport are poor through thick electrodes.
Therefore, only very few groups have been able to substantially
improve the areal loading (active material per surface area) of
batteries, and are typically relying on specialized fabrication
methods such as plasma sintering (7) or on templating tech-
niques using ice (8, 9), magnetic fields (10, 11), inverse opals (12,
13), carbon nanotube forests (14, 15), and wood (16, 17).

The above techniques to create thick electrodes have resulted
in impressive improvements in areal capacity from 2.5 to 4 mAbh/
cm? in standard batteries and to a value of 25.5 mAh/cm? for
1-mm-thick electrodes. However, these processes are not com-
patible with roll-to-roll coating, which is important for industrial
manufacture. More recently, new record areal capacity of 45
mAh/cm? is reported with an 800-um-thick electrode by employing
high-capacity Si microparticles in segregated carbon nanotube
networks (18). However, in current reports the cycling stability of
high areal capacity electrodes is limited to only 20-50 cycles at
which point most reports show a dramatic decay in performance
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or a complete battery failure. This is probably due to limitations in
the mechanical stability of thick electrodes, in conjunction with
the use of high-capacity materials, which increase the areal ca-
pacity at the cost of large volume expansion and several complex
degradation mechanisms.

In this paper, we report a thermally induced phase separation
(TIPS) process for fabricating thick LIB electrodes, which in-
corporates the electrolyte directly in the electrode in a bicon-
tinuous electrolyte and electrode network. This provides an
excellent ion and electron transport, respectively, which allows
for 500-pm-thick battery electrodes (~18 mg/cm? of active ma-
terial) to achieve better rate capability than conventional elec-
trodes with substantially lower active mass loadings (5~10 mg/
cm?). In addition, we show that full cells employing 1-mm-thick
anodes and cathodes demonstrate 87% capacity retention over
500 cycles. Finally, by optimizing the electrode formulation, we
achieve areal capacities of over 30 mAh/cm? and show that we
can coat TIPS electrodes continuously using a pilot-scale
Roll-to-Roll (R2R) coater. The latter is an important demon-
stration because R2R coating is currently the method of pref-
erence to fabricate electrodes commercially.

Results and Discussion

The focus of this work is the development of high areal loading
LIB electrodes using TIPS. Several phase-separation methods
have been developed over the years to create bicontinuous phases
of immiscible components in various mixtures such as polymer
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blends, ceramics, metal alloys, and organic—inorganic composites
(19-22). Prior work focusing on thermoreversible gelation pro-
cesses has shown the solubility of polyvinylidene fluoride (PVDF)
in propylene carbonate (PC) highly dependent on temperature (23).
We found that above 150 °C, PVDF can be dissolved in ethylene
carbonate(EC):propylene carbonate (PC), but at room temperature
it phase-separates and forms a bicontinuous PVDF-solvent net-
work (24). This is interesting because PVDF is a common LIB
electrode binder, and EC:PC can be used as an electrolyte solvent.
A second important observation is that relatively small volume
fractions of PVDF (<20 wt %) can drive the phase segregation of
solid content. In other words, if PVDF is mixed with active battery
particles and conductive additives at 150 °C in EC:PC with elec-
trolyte salts [e.g., bis(trifluoromethane)sulfonimide lithium salt
(LiTFSI)], it will form a homogeneous suspension, but when the
suspension cools down, the PVDF binder phase segregates, taking
with it the battery particles and conductive additive. The latter
forms a solid porous electrode with good electron transport that is
interlaced with a bicontinuous network of EC:PC-LiTFSI elec-
trolyte (Fig. 1). We will refer to these as TIPS electrodes. The
choice of LiTFSI is motivated by the thermal, moisture, and at-
mospheric stability (25, 26). Considering LiTFSI is being used for
aqueous LIB system, LiTFSI would be handled in room envi-
ronment (27, 28). However, this does not mean that LiPF cannot
be used in this process, but it would require a more controlled
environment (e.g., dry room).

We first investigate the TIPS process using lithium iron
phosphate (LFP) cathodes and lithium titanate (LTO) anodes,
because 1) their rate performance is good (29-31); hence, they
allow us to study kinetics of our bicontinuous phase without
being limited by the active materials; 2) they are industrially
relevant and cost-effective (32); 3) their voltage plateaus are flat,
which facilitates the interpretation of electrochemical measure-
ments; and 4) they are electrochemically stable and their volume
changes are minimal (33, 34). The latter is important to study the
stability of the TIPS-processed electrodes without being limited
by active material degradation. As illustrated in Fig. 1, the fab-
rication process starts by mixing PVDF, active materials (LFP or
LTO), carbon black as a conductive additive, and 1 M LiTFSI in
EC:PC (1:1 by volume) solution. This mixture is then heated to
150 °C to form a viscous homogeneous polymer solution, which
is coated to different thicknesses. An important advantage of
TIPS over other processes for structuring thick electrodes is that
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it only relies on changes in material solubility with temperature.
It is therefore easy to scale up and suitable for manufacturing
thick battery electrodes in high throughput. In addition, an im-
portant aspect of this fabrication process is that an electrolyte is
used to mix the electrode and therefore no solvent drying is
needed, which represents important energy savings (especially
for thick electrodes which are slow to dry) (35). This drying-free
electrode fabrication approach also addresses the cracking and
flaking problems which occur during the drying of classic thick
battery electrodes (18). To verify the scalability of the proposed
TIPS process, it was tested on a continuous R2R coater to fab-
ricate meter-long electrodes with an approximate thickness of
500 pm (Fig. 24). In this process, the electrolyte is mixed at high
temperature with the active material, carbon additive, and binder
and then continuously coated on Al foil using a metered knife-
over process (Movies S1 and S2). While cooling, the TIPS pro-
cess induces the bicontinuous phase separation discussed above
without requiring any solvent drying or trapping (Fig. 1). The
electrode is then laminated with a protective film to increase the
shelf life before rewinding (this is an optional step). Fig. 2B
shows an example of R2R-coated TIPS LFP cathode. Classic
thick electrodes tend to suffer from reduced flexibility (6), which
complicates their assembly into cylindrical and prismatic cells.
Also, the R2R-coated TIPS electrode did not show any sign of
delamination from the current collector when bending, as shown
in SI Appendix, Fig. S1.

In what follows, we discuss coin-cell experiments for measur-
ing the electrochemical performance of the TIPS electrodes. The
electrodes were coated on a glass substrate with thicknesses varying
from 0.5 to 2 mm, and cut in disks with diameters of 10 mm as
shown in Fig. 34 and SI Appendix, Fig. S2. Note that the Al current
collectors used to demonstrate R2R coating are not used here
because they are known to corrode at ~3.7 V vs. Li/Li* when
LiTFSI salt is used (36). This problem can be mitigated by high-
concentration electrolyte or electrolyte additives such as LiPF; and
LiBOB (26, 37). For simplicity, the electrodes are placed directly in
the coin-cell caps without Al foil in the following experiments.
Polytetrafluoroethylene (PTFE) rings with a thickness matching
that of the electrodes are placed around the electrode to ensure
their thickness is not affected by the mechanical forces of the coin-
cell crimping process. We verified by X-ray tomography that a
2-mm-thick TIPS electrode mounted in a CR2032 is not dam-
aged during crimping (Fig. 3B). We also attempted to use X-ray
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TIPS electrode preparation process. (A) The components of the electrode (active material, carbon black, PVDF, and 1 M LiTFSI in EC/PC) are mixed. (B)

The PVDF is dissolved in the electrolyte solvents by mixing at 150 °C. (C) While cooling down, a porous structure is formed via TIPS. (D) Cross-sectional SEM
image of representative TIPS electrode showing the internal pore structure (the electrolyte is fully dried for SEM imaging, which is not needed to prepare

TIPS-based batteries).
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Fig. 2. Scalability of the TIPS coating process; (A) compatibility of TIPS electrodes with R2R coating. The homogenized PVDF/electrolyte is coated at high
temperature and phase segregates into a bicontinuous electrode with embedded electrolyte. (B) Several meters long and 500-um-thick LFP TIPS electrode

coated on an Al foil by R2R.

tomography to resolve the microstructure of the electrode but
unfortunately the difference in radiodensity between the electro-
lyte and the electrode is too small in comparison with the steel
casing. Scanning electron microscope (SEM) images of the elec-
trode surface and cross-section presented in Fig. 3 C and D and SI
Appendix, Fig. S3 show micropores which are important for ion
transport in thick electrodes (38, 39). X-ray diffraction (XRD) data
in Fig. 3 E and F show the crystal structure of LFP and LTO is not
affected after the TIPS electrode casting process.

Fig. 4 A and B show the charge—discharge profiles of 0.5-mm-
thick LFP cathodes and LTO anodes for rates between C/20 and
10C (loading of ~18 mg of active materials per cm?). These
0.5-mm-thick electrodes show an excellent utilization of the ac-
tive material, and despite their thickness, they retain over 50% of
their capacity as the rate increases from C/20-2C. For compar-
ison, conventional electrodes using the same starting LFP and
LTO material were tested using two different loading levels. The
conventional LFP cathodes have areal loadings of 5.5 and
11.5 mg/ecm?, and thicknesses of 60 and 125 pm, respectively,
whereas the conventional LTO anodes have areal loadings of 5
and 10 mg/cm? and are 78 and 155 pm thick, respectively (see
Fig. 4 C-F). Despite having a 60-75% higher areal loading than
conventional electrodes, the TIPS electrodes show a similar spe-
cific capacity at slow rate (Fig. 4 E and F at C/20), which indicates
that the active material in thick TIPS electrode is very well uti-
lized. In addition, at high rates (10C), the specific capacity of the
TIPS electrodes is very close to that of the conventional electrodes
(about 10% higher for LFP and 10% lower for LTO). The real
merit of the proposed thick electrodes is their enhanced areal
capacity (Fig. 4 C and D), which is about 5 times higher than
conventional electrodes at C/2 because of their high material
loading. Even at high rates (10C), 500-pm-thick TIPS electrodes
outperform the areal capacities of conventional electrodes. This is
remarkable, because the diffusion time scales with thickness
squared (40). The reason our TIPS electrodes are able to maintain
such high rate performance is probably a result of the electrode
porosity and tortuosity resulting from the TIPS phase-segregation
process. The porosity, tortuosity, and thickness of electrodes are
driving factors in the rate performance (41, 42), but unfortunately,
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measuring the porosity and tortuosity of TIPS electrode is chal-
lenging because the pores are de facto filled with electrolyte,
which makes focused ion beam-SEM imaging impossible and re-
sults in poor contract in micro-computed tomography (micro-CT).
In addition to the porosity and tortuosity, the interconnection of
pores which is achieved in this study by creating a bicontinuous
network might further help achieving high rate performance (12).
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Fig. 3. TIPS electrode characterizations. (A) optical image of 2-mm LFP TIPS
electrode on a 1-mm spacer. (B) Computed tomography scan image of a
2-mm LFP electrode in a coin cell. The LFP electrode and PTFE spacer are false
colored with pine green and olive green, respectively. (C and D) SEM images
of molded LTO and LFP electrodes, and (E and F) XRD patterns of pristine
and TIPS-processed LFP and LTO particles.
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Fig. 4. Rate performance of 500-um LFP (Left) and LTO (Right) electrodes. (A and B) Charge-discharge profiles. (C and D) Areal capacities and (E and F)

gravimetric capacities of LFP and LTO electrodes at different C rate.

Finally, the TIPS process might help concentrating and compact
the carbon conductive additive better with the active material,
which would help achieve the relatively low polarization at high
rate (Fig. 4 A and B) despite the thickness of the electrodes. We
have verified this using four-point probe measurements, which
show a conductivity of 0.06 S/cm for classic electrodes and 0.15 S/
cm for TIPS electrodes with the same material formulation.

The above experiments are used as a starting point to inves-
tigate the electrochemical performance of 1- and 2-mm-thick
electrodes with even higher areal loadings. Fig. 5 4 and B show
charge—discharge voltage profiles of 1- and 2-mm-thick LFP and
LTO TIPS electrodes compared with conventional LFP and
LTO electrode formulations. At C/20, all LFP and LTO elec-
trodes show a similar polarization indicating that the TIPS elec-
trodes offer a good electrical conductivity. This is confirmed by
electrochemical impedance spectroscopy (EIS) analysis, which
shows a lower series and charge-transfer resistance in 2-mm-thick
TIPS electrodes compared to 60-pm-thick conventional elec-
trodes. (SI Appendix, Fig. S4) As the C rate is ramped-up from
C/10 to C/2, the polarization increases as expected for the 2-mm-
thick LFP and LTO electrodes (SI Appendix, Fig. S5). The areal
capacities of LFP and LTO electrodes at different rates are shown
in Fig. 5 C and D. The areal capacity of 2-mm-thick electrodes is
about two times higher than 1-mm-thick electrode up to C/5, but
at higher C rates, the areal capacity of the 2-mm electrodes de-
rates more rapidly than 1-mm electrodes as expected.

The cyclability of ultrathick electrodes reported in literature is
typically limited. To the best of our knowledge, only 20-50 cycles
are reported in literature for electrodes with comparable areal
capacity (7, 17, 18). As shown in Fig. 5E, our TIPS LFP elec-
trodes with an areal loading of 70 mg/cm? were cycled up to
200 times in half-cells, and showed similar capacity retention as
conventional electrodes with a low areal loading of 5.5 mg/cm?,
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and better capacity retentlon than conventional electrodes with a
loading of 11.5 mg/cm?® (SI Appendix, Fig. S6). Next, LFP and
LTO TIPS electrodes are tested in full cells to investigate longer-
term cycling. As shown in Fig. 5F, full cells with 1-mm LFP
cathodes and 1-mm LTO anodes demonstrate an outstanding
capacity retention of ~87% after 500 cycles which is an order of
magnitude longer than previous studies on thick electrodes (7,
17). The areal capacities of 1 mm LFP-1 mm LTO cell are ~5.5
mAh/cm? (energy density ~118 mWh/ganode +cathode) at C/20 and
4.5-5.0 mAh/cm~ at C/10. The first-cycle Coulombic efficiency is
90.7%, and the subsequent average Coulombic efficiency is
99.84% (+0.14). Furthermore, ultrathick 2,450 coin cells are
used to test the areal capacity of full cells using 2-mm anodes and
cathodes, which resulted in a doubling of the areal capacity to
~10 mAh/cm?, with ~85% capacity retention over 100 cycles as
shown in S7 Appendvc Fig. S7.

The areal capacity of our electrodes can be enhanced even
further by reducing the volume of electrolyte mixed in the elec-
trode. To investigate this, we prepare TIPS electrodes with three
different LFP fractions by compressing the electrode discussed
above. These electrodes will be referred to as type 1 (lowest density
~350 mgLFp/cm ), type 2 (~525 mgLFp/cm ), and type 3 (highest
density ~650 mgLFp/cm) SEM analysis (SI Appendix, Fig. S8)
shows the reduction in pore size as the electrode density increases.
By enhancing the active material fraction, the areal capamty of
2-mm-thick electrodes can be increased from 10.9 mAh/cm? (type
1 at C/20, theoretical capacity ~11.8 mAh/cm?) to 16. 8 mAh/cm?
(type 2 at C/20, theoretical capacity ~18.3 mAh/cm?), and 20.6
mAh/ecm? (type 3 at C/20, theoretical capacity ~22.9 mAh/cm? )
(Fig. 64). As shown in Fig. 6B, ~90% of the theoretical capacity is
retained for 2-mm-thick electrodes and ~74% for 3-mm-thick
electrodes. As a result, the areal capacity of TIPS electrodes is
increasing linearly with thickness up to 2-mm electrodes and then
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Fig. 5.

Electrochemical performance of ultrathick electrodes. (A and B) Charge-discharge profiles of LFP and LTO with different thickness. (C and D) Areal

capacities of LFP and LTO electrodes at different C rate, and capacity retention of (E) 2-mm LFP in half-cell and (F) 1-mm LFP-1-mm LTO full cell.

tapers off for 3-mm-thick electrode. Nevertheless the latter allows
increasing the areal capac1ty to 24.3 mAh/cm? at C/20 (theoretical
capacity ~32.8 mAh/cm?) (Fig. 6C). We also verified the structural
stability of type 3 LFP electrodes by SEM imaging before and after
cycling 70 times, which did not show significant changes (SI Ap-
pendix, Fig. S9).

Type 1 bicontinuous TIPS electrodes have a larger pore
structure than classic dense electrodes and therefore they have a
lower volumetric performance. The improved density in type 3
TIPS electrodes (see SI Appendix, Fig. S8) is therefore important
to maintain an overall good volumetric performance. SI Appendix,
Fig. S104 compares the thickness a 3-Ah full cell (typical for
mobile phone applications) would have if it were usmg conven-
tional electrodes (Fig. 4, ~70 pm thick, 10-cm® double-side
coated) and TIPS electrodes (2-mm-thick types 1 and 3). Type 1
TIPS electrodes would result in thicker battery than conventional
electrodes. However, type 3 electrodes with a smaller inactive pore
fraction achieve higher overall volumetric densities (thinner) than
conventional cells. This is further illustrated in SI Appendix, Fig.
S10B, which compares the volumetric and areal capacities of dif-
ferent types of conventional and TIPS electrodes and shows the
improvements in volumetric capacities achieved by type 3 elec-
trodes. Finally, TIPS electrodes would significantly reduce the
fabrication cost of batteries as they require less cutting and
stacking steps, use smaller amounts of expensive separators and

Lee et al.

current collectors, and do not require electrode drying which is an
energy-intensive process (43).

Finally, it is worth mentioning that the proposed TIPS process
is not limited to LTO and LFP as active materials. For instance,
we fabricated electrodes using a cathode material with a higher
operating potential (NMC111) and anodes relying on a conver-
sion storage mechanism (Fe;O,4) with higher gravimetric capac-
ity. We tested 2-mm-thick NMCI111 cathodes (theoretical
capacity 37.4 mAh/cm ) and 1-mm Fe;0,4 anodes (theoretical
capacity 49.8 mAh/cm ) which reached areal capacities of 20.4
and 30.2 mAh/cm? at C/20 with gravimetric capacities of 150 and
~560 mAh/g, respectively (Fig. 6 D and E). It should be cau-
tioned that the increase in areal capacity achieved by conversion-
type anodes comes at the cost of a shorter cycling stability.
Nevertheless, these experiments indicate that TIPS is a versatile
process that can be used to structure a range of different battery
materials. Furthermore, the TIPS process can also be used to
fabricate separators (see experimental details in Materials and
Methods), which allows fabrication of batteries where the anode,
cathode, and separator are all fabricated by TIPS. We demon-
strate this using an NMC-LTO full cell with a TIPS separator (S/
Appendix, Fig. S11), which shows good stability and charge—
discharge profiles in accordance with those found for commer-
cial separators discussed above. An interesting aspect of these
electrodes is that the anode, cathode, and separator can be cast.
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Fig. 6. Comparison of TIPS electrodes with different electrode densities and active materials. (A) Capacity retention of 2-mm-thick LFP electrodes with three
different densities. (B) Specific capacities and (C) areal capacities as a function of the TIPS electrode thickness. (D) Charge—discharge profiles of 2-mm-thick
TIPS NMC111 cathode. (Inset) Bent 1-mm NMC111 TIPS electrode) and (E) Charge-discharge profiles of 1-mm-thick TIPS FesO,4 anode at C/20.

This hot-casting process can also be used to fabricate large-area
electrodes, as illustrated by an 0.8-m-long and 2-mm-thick elec-
trode in SI Appendix, Fig. S12. Finally, we verified that the thick-
TIPS electrodes proposed in this work are mechanically flexible
and electrochemically fully functional after 100 folding—unfolding
cycles to a bending radius of 1 mm (SI Appendix, Figs. S13
and S14).

This paper shows a process for fabricating high areal loading
LIB electrodes using a bicontinuous phase-segregation process.
We use the electrolyte as the solvent that drives the segregation
process, and therefore no solvent drying is needed in this method.
This way, electrode cracking or flaking problems that normally
occur in thick electrodes are eliminated. As a result, we have been
able to continuously coat 0.5-mm-thick cathodes using an R2R
coater and to cast electrodes to thicknesses of 3 mm. TIPS elec-
trodes that are 0.5 mm thick outperform the areal capacity classic
electrode formulations using the same active material, even at
relatively fast rates (2-10 C) despite having a two to three times
higher areal loading. Further, we demonstrate that by changing
the electrode thickness and density, the battery energy and power
requirements can be tuned, with areal capacities reaching up to
30.3 mAh/cm? Finally, we demonstrate capacity retentions of
87% over 500 cycles in a full cell with 1-mm-thick anodes and
cathodes.

Materials and Methods

TIPS Structure Electrodes. The active materials (LFP, LTO, and NMC111 pur-
chased from MTI Corporation), carbon black (VWR), PVDF (Arkema Inc.) and
1 M LiTFSI in PC:EC (1:1, v:v) were mixed at 150 °C in an argon glovebox (<0.5
ppm of H,O and O,, MBraun) for electrochemically active TIPS electrodes.
The ratio of active material: carbon black:PVDF was 70:10:20 by weight. The

21160 | www.pnas.org/cgi/doi/10.1073/pnas.2007250117

liquid-state active materials at the elevated temperature are poured onto
the glass substrate and flat films with different thickness (0.5; 1; 2 mm)
produced in the glovebox. Three different types of electrodes with different
active mass loadings are prepared; TIPS electrode type 1: ~350 mg/cm?, type
2: ~525 mg/cm?, and type 3: ~650 mg/cm?. The ratio between active mate-
rial, carbon black, and PVDF remained the same in all three electrodes but
the LiTFSI-containing solvent fraction was changed. The mass ratio between
electrode parts (active material, carbon black, and PVDF) and electrolyte
parts (LiTFSI and solvents) are 1:2.6 for type 1 electrode. The type 2 and 3
electrodes have much lower liquid fraction; hence, the viscosity of hot liquid
is too high to stir with magnetic bar. For convenience, we removed elec-
trolyte after molding of type 1 electrode. Type 2 electrode is prepared by
compressing type 1 electrode, and type 3 electrode is prepared with further
compression. The mass of electrodes are monitored and the active mass of
type 2 and 3 electrodes are tracked by full evaporation of solvents. The mass
loadings in different electrode type are reproducible. To ensure that the
thickness to the electrodes is not changed while crimping the coin cell, a
PTFE spacer with the same thickness as the electrode is mounted in the cell
to take up the mechanical load during crimping. The TIPS electrolyte was
prepared by mixing PVDF and 1 M LiTFSI in PC:EC (1:1, v:v) at 150 °C in an
argon glovebox and the ratio of EC/PC: PVDF was 4:1 by weight. The liquid-
state electrolyte was poured onto the glass substrate to form 500-um-
thick film.

Cell Assembly and Electrochemical Characterization. All battery electrodes are
prepared in disk shape with 10 mm diameter. 2032 coin cells are assembled
with 0.5-, 1-, and 2-mm TIPS electrodes paired with 0.6 mm Li metal disk.
Electrodes with thicknesses of 0.5- and 1-mm electrodes are assembled with
1-mm spacer and a spring and, for 2-mm electrode, only 0.2-mm spacer is
used without spring. To prepare 2-mm LFP-2-mm LTO full cell and 3-mm
half-cell, 2,450 coin cells are assembled with 1-mm spacer and a spring. The
LFP electrodes are cycled between 4.2 and 2.2 V, the NMC111 electrodes are
cycled between 4.2 and 2.7 V, the Fe30,4 electrodes are cycled between 0.05
and 3.0V, and the LTO electrode are cycled between 1.0 and 3.0 V at various
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C rate in galvanostatic mode via LANHE battery test system. Freestanding
TIPS electrodes are used for electrochemical analysis. The C rate is the rate at
which a battery is charged/discharged relative to its theoretical capacity. The
LFP-LTO full cells are cycled between 2.4 and 1.0 V and the NMC111-LTO full
cells are cycled between 2.7 and 1.2 V at (/20 and /10 in galvanostatic
mode. The areal capacity (mAh/cm?) is calculated by dividing capacity by the
area of active electrodes.

Other Characterization. R2R-coated 0.5-mm LFP electrodes on Al foil are
prepared by Smartcoater 28. (Coatema Coating Machinery GmbH). The
protective film used in R2R process is polyethylene terephthalate (PET) and it
is simply used to increase the shelf-life by minimizing evaporation of sol-
vents and accidental contamination as our TIPS electrode contains solvents.
This is not a necessary component in actual battery fabrication process as the
TIPS electrodes can directly assemble into the cell without drying. Micro-CT
data are obtained at the Cambridge Tomography Centre with a Nikon
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