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For batteries, thicker electrodes increase energy density,
however, molecular transport limits the rate of charge/discharge
for extracting large fractions of available energy. Mitigating
transport limitations by increasing electrolyte conductivity and
aligning the pores in the electrode microstructure are described.

Introduction

Lithium-ion (Li-ion) batteries have received great research
interest due to their relatively high energy and power
density."* Although Li-ion batteries have been successfully
commercialized and used in many applications, further
improvements are still necessary as energy storage demands
are ever increasing.”® Often gains are made in energy and
power density though new electrode materials or cell
chemistry.”™ However, improvements in desired cell
properties can also be achieved by engineering the electrode
structure and/or using electrolytes with different transport
characteristics."”™  Commercial Li-ion batteries  use
composite electrodes. These thin film (typically <100 pm)*’
composites are coated on metal current collectors and consist
of active material that undergoes electrochemical reactions,
conductive additives to improve electronic conductivity and
polymer binders to maintain the electrode integrity.**"*
Therefore, at the cell level, increasing electrode thickness and
reducing inactive additives are routes to increase energy
density. However, the inactive components in composite
electrode pores greatly increase tortuosity and restrict ion
transport at increased thicknesses.'® One alternative
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Design, System, Application

Lithium-ion batteries are a leading energy storage technology. Sintered
clectrodes which have greater eledrode thickness than conventional
composite clectrodes and do not contain any carbon or polymer
additives have recently been reported. The sintered electrodes can
achieve high energy density at the system level due to increased
thickness, and the lack of additives may improve molecular transport
properties by removing inactive components from the interstitial
region between electroactive particles which is filled with electrolybe.
However, the sintered electrodes are limited in their rate of charge/
discharge by molecular transport resistances due to their thick
structure. This work applied two design strategies to mitigate the
moleoular transport limitation: modifying the electrolyte composition
(to change ionic conductivity) and aligning the mioostructure of one
of the battery electrodes. These designs were pursued in isolation and
combination, and improved the ability o deliver electrochemical
energy at inreasing rates. These results demonstrate to researchers
design strategies o pursue improved high energy density batteries with
thick electrodes. This design framework is valuable more generally for
electrochemical systems where the molecular transport in the liquid
phase is a limitatdon.

electrode architecture recently explored includes only
electroactive material free of additives, which undergoes a
heat treatment to improve the mechaniecal strength of the
porous pellet. These will be referred to as “sintered”
electrodes, and such processing has been used to fabricate
relatively thick electrodes, in some cases exceeding 1500
mn-ﬂ'—l‘}

While sintered electrodes do not have inactive
components in the interstitial regions between electroactive
particles, the electrodes are still very thick and thus previous
reports have suggested the long molecular transport path
length for Li" through the microstructure limits the ability to
achieve high active material utilization (e.g., capacity) and
high rates of charge/discharge.””" To mitigate this liquid
phase ion transport limitation while maintaining thick and
high energy density electrodes, there are two main routes to
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pursue: engineer the electrode microstructure to facilitate
improved molecular transport,™ " or modify the molecular
composition of the electrolyte to use an electrolyte with
higher ionic conductivity (and/or Li° tansference
number).***® From an electrode microstructure standpoint,
typically the goal is to process electrodes such that the pores
are aligned in the direction of net Li* flux during charge/
discharge, such that the tortuosity is reduced and mass
transport limitations are alleviated. To achieve such
engineered microstructures (both for sintered and composite
electrodes), techniques have included templating pores/voids
using ice,* magnetic fields*® and wood.** Higher electrolyte
conductivity, and in some cases concentration, can also
mitigate Li' transport limitations through the electrode
microstructure and facilitate faster charge/discharge for
battery electrodes in general” In previous publications,
hydraulically pressed and sintered LiCo0O, [LCO) cathodes
and LiyTiz0;, (LTO) anodes were cycled in battery cells and
transport processes were inferred using electrochemical and
neutron  imaging  measurements  combined — with
simulations.*™*® Recently, the advantages of ice-templated
sintered electrodes with regards to rate capability (and
speculated to result from improved transport through the
electrode microstructure) were reported.™ In this work, the
impact of higher ionic conductivity electrolytes, in isolation
and in combination with ice-templating to facilitate aligning
the poresivoids in the electrode microstructure, on the
retention of capacity at increasing rates of charge/discharge
for sintered electrode LTO/LCO full cells will be reported. As
the thick sintered electrodes have been reported to be limited
by the process of ion transport through the electrode
microstructure, both the microstructure templating and
change in electrolyte were expected to improve the rate
capability of the cells, and the effects of these changes in
isolation and combination will be reported and were found
to be substantive.

Results and discussion

As mentioned earlier, the capacity retention for thick sintered
electrodes at increasing charge/discharge rates and current
densities (ie., rate capability) has for many cases been
reported to be limited by Li° transport through the
electrolyte-laden porous electrode microstructure. One way to
improve on Li" transport limitations is to change the
electrolyte used in the cell to increase the ionic conductivity.
For this study, the electrolyte investigated contained lithium
bis(fluorosulfonyljimide (LiFSI) as the primary salt dissolved
in dimethyl carbonate (DMC). LiFSI was chosen as it has
previously been investigated as an electrolyte for high rate
battery applications,*** and DMC was chosen as it has
relatively low viscosity.”®*® Factors such as electrolyte
viscosity and its interactions with the electrode components
(e.g., wetting and contact angle) have previously been
demonstrated as important for electrolyte transport
properties.*****" LiPF; at 0.5 mol L™ was also added to all
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Table 1l Composition of LiFSl-based electrolytes used

Electrolyte Li* concentration (mol L) LiFSI: LiPFg [mol : mol)
HIGH 2.5 G:1
PEAK 2.0 4:1
LOW 1.3 2:1

LiFSI electrolytes, to mitigate any potential corrosion of the
current  collector. A LiPFg-based commercial electrolyte
(denoted in this work as GEN2, which was 1.2 mol L™ LiPF,
in 3:7 (w/w) ethylene carbonate (EC)/ethyl methyl carbonate
(EMC)) was also used as a baseline comparison, and its
conductivity as a function of LiPF; molarity can be found in
ESL} Fig. 51.* The LiFSI-based electrolyte compositions used
in this study can be found in Table 1. The ionic conductivity
as a function of concentration for the three different LiFSI:
LiPF; ratios used can be found in Fig. 1. The blue dots in
Fig. 1 correspond to the locadons for the total Li'
concentrations and measured ionic conductivities for the
three electrolytes. The electrolytes are referred to as HIGH
(the highest concentration of the three, 2.5 mol L™ Li" and
6:1 LiFSI:LiPFg), LOW (the lowest concentration of the
three, 1.3 mol L™ Li" and 2:1 LiFSI:LiPFg), and PEAK
(located near the peak in ionic conduetivity, with 2.0 mel L™
Li" and 4:1 LiFSI: LiPFg). Additional experimental details on
electrolyte preparation can be found in ESIY (including ref.
33 and 34). The measured conductivity as a function of Li"
concentration was similar for the 3 different FSI : PF; ratios,
although the electrolyte with the higher relative PF;
concentration was slightly lower at a given Li° molarity.
Overall, the conductivities were similar to previous reports
for pure LiFSI in DMC solution.™

To evaluate impact of the different electrolytes on rate
capability of sintered electrode full cells, coin cells were
fabricated where the only difference was the electrolyte used
(PEAK, LOW, HIGH, or GEN2Z). Details of the electrode
material and electrode fabrication can be found in ESIT and
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Fig. 1 lonic conductivity as a function of total Li* concentration for
molar ratios of LiFS|:LiIPFg salt added of 6:1 (orange sguares), 4:1
lgreen circles), and 2:1 (red diamonds). Lines added to guide the eye.
The three LiFSI-based electrolytes used in this study are indicated at
the blue circle locations. The observed sclubility for LiFSI is noted at
the concentration where there is a vertical red dashed line.
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in previous publications.******** The LTO anodes were
approximately 0.19 g, 900 pm thick, and had a geometric
porosity/void volume fraction of 55%; the LCO cathodes were
approximately 0.19 g, 450 pm thick and had a geometric
porosity/void volume fraction of 40%. It is noted that lower
pore volume fractions would be desirable to increase
clectrode and cell energy density, especially for the LTO;
however, the LTO porosity was near the limit of what was
achievable for the slurry conditions used for the freeze
casting process to direct the microstructure. The geometric
area of the all electrodes was ~1.33 em?, and the reversible
low rate (C/50 charge and discharge, or 0.43 mA cm”)
capacity for all cells was similar (ranging 123 to 129 mA h g’
LCO, or 23.5 to 24.6 mA h). For all cells, after initial slow
cycling at C/50 charge/discharge, rate capability was
performed by charging at C/20 and discharging at the
indicated rate with the discharge capacity retention noted in
Fig. 2a for the indicated electrolytes (discharge capacity on a
total and LCO gravimetric bases can be found in ESL} Fig.
52). Each cycling data point was averaged from outcomes of 5
cycles at each rate for at least two nominally identical cells
for each electrode—electrolyte combination.

For Fig. 2a, the discharge capacity retention was relative to
the capacity delivered at C/20 discharge. As is generally the
case, the discharge capacity was reduced as the rate of
discharge increased, and C/20 cycling after the rate capability
testing (“C/20*" in Fig. 2a) indicated capacity losses were not
due to capacity fade but were consistent with other processes
within the cell limiting achievable capacity at increasing rate/
current density. Further evidence supporting cycling stability
was through cycle life testing of sintered LTO/LCO cells with
GEN2 and PEAK electrolyte (ESL} Fig. S3). After the rate
capability testing, the capacity retention for an additional 100
cycles for both GEN2 and PEAK cells was above 90%. The
discharge capacities for the different electrolytes started to
separate even at C/10, and at C/5 and C/2.5 it became clear
that the order of rate capability for the cells was PEAK ==
HIGH > GEN2 > LOW from the best to the worst. With
regards to the three LiFSI-based electrolytes, the rate
capability outcomes were consistent with ion conduction
through the electrolyte being the rate limiting process. The
PEAK electrolyte had the highest initial conductivity,
consistent with the highest rate capability if Li" transport was
the limiting process. In addition, during discharge Li
deintercalated from the LTO solid phase, traversed to the
cathode via the liguid electrolyte, and intercalated into the
LCO solid phase. This resulted in a concentration gradient in
the electrolyte where there was a relatively high concentration
of Li" in regions where reactions were occurring in the LTO
anode and a relatively low concentration of Li" in regions
where reactions were occurring in the LCO cathode.™”*
Thus, there were gradients in concentration (and
conductivity) throughout the cell depth and areas of extreme
depletion would result in polarization that results in reaching
the cut off voltage and ending the discharge. From the initial
conductivity/concentration point for PEAK, there was a
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Fig 2 (a) Discharge capacity retention at the indicated different
discharge rates for LTO/LCO sintered cells containing the electrolytes
described in the text and Table 1: PEAK (green circles), HIGH (orange
squares), LOW (red diamonds), and GEN2 (blue triangles). (b) Discharge
capacity retention at the indicated different discharge rates for LTO/
LCO sintered cells containing the electrolytes PEAK and GEMZ, where
the cases where the LTO was ice-templated and paired with the PEAK
(black border circle) and GEMZ (purple border triangle) have been
added. (c) Areal discharge capacity delivered as a function of current
density for all cells in this report, where the symbols correspond to the
same cells as described in (a) and (b). For (a) and (b), all charge cycles
were at Cf20, and the * represents C/20 discharge cycles after the rate
capability test was completed. For (c), lines have been added to guide
the eye.

significant buffer in either direction of Li" concentration of
relatively high conduetivity, which would help with retaining
rate capability for a large concentration gradient due to high
Li* flux at high rate. The influence of the likely effect of
concentration gradient that develops during discharge was
more pronounced for LOW and HIGH, where the as-prepared
ionic conduetivities were similar, but where in regions of Li
depletion during discharge the LOW conductivity will drop
much faster than the HIGH conductivity drops for regions
where the Li" concentration was increasing (and much bigger
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Li" concentration swings would be needed for effects from
high Li" conecentration in LOW or low Li' concentration in
HIGH). GEN2 was provided as a baseline because this has
been the electrolyte in previous sintered electrode full cell
reports."””™ Note that relative to GEN2, PEAK had much
higher capacity retention at increasing rates: 62 vs. 83% at C/
5 (4.3 mA em™”) and 38 vs 58% at C/2.5 (8.6 mA cm7),
consistent with significant benefits of improving electrolyte
conductivity for mitigating transport limitations in thick
sintered electrodes.

As described earlier, another route to improve transport
through the electrode microstructure is to provide directional
porosity in the direction of the net flux of Li" transport
during charge/discharge.*** Towards this end, the pores in
the electrode microstructure for the thicker LTO electrode
were aligned via ice-templating, also known as freeze-casting,
and two of the electrolyte formulations had rate capability
evaluation paired with icetemplated LTO electrodes (LCO
electrodes for all cells used in this study were not ice
templated and were processed using the same methods/
processes). Details on the icetemplating process can be
found in the ESIf and previous reports.” ' In previous
studies, ice-templated LTO was found to improve the rate
capability of sintered electrodes, consistent with mitigating
the rate limiting Li' mass transport processes.”” In that
previous report, GEN2 was used as the electrolyte, and thus
GENZ clectrolyte with an icetemplated electrolyte was
evaluated (noted as GEN2_ICE). The other electrolyte
evaluated with an ice-templated LTO anode was the one with
the highest rate capability from eatlier (PEAK, Fig. 2a), and
this combination was referred to as PEAK ICE. As shown in
Fig. 2b, for both electrolytes the retention of capacity at
increasing rates was greater for the ice-templated electrodes
relative to those that did not have templated directional
porosity (eg., GEN2_ICE > GEN2 and PEAK_ICE > PEAK].
This was consistent with previous results that ice-templated
microstructures with aligned pores facilitated improved rate
capability, which was interpreted in the context of improved
ion transport through the electrode microstructure mitigating
the limiting process in the electrochemical cell.*

To further demonstrate the improvements of higher
conductivity electrolytes and ice-templated microstructures
for thick sintered electrode batteries, a Ragone plot of areal
capacity dependence on areal current density during
discharge for all cells used in this report is shown in Fig. 2c.
This is the same cyeling data as Fig. 521 with the rate and
capacity on areal basis and mA/mA h outputs. The
advantages of mitigated Li" transport limitations through
both icetemplating and a higher conductivity electrolyte
(PEAK_ICE) relative to the baseline electrolyte with both
clectrodes processed wia hydraulic pressing [(GEN2) is
apparent at increasing rates. For example, at 8.6 mA em ™ the
discharge capacity of GEN2 was 5.9 mA h em™, while the
capacity of PEAK_ICE was 10.5 mA h em™. Relative to other
published results for high electrode loadings,*®*****™** the
cells in this report were relatively high in areal capacity
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especially for current densities exceeding 5 mA em . While
these results are encouraging, further efforts are ongoing to
better understand the transport properties of electrolytes with
multiple salts and the impacts of pore size and connectivity
in addition to alignment in the microstructure.

Conclusions

In this work, batteries where both electrodes were thick
sintered electrodes comprised of all electroactive materials
were evaluated with regards to retention of capacity at
increasing rate. Under the assumption that rate capability
limitations were due to molecular transport limitatons in the
electrode microstructure, two design routes were pursued in
isolation and combination: a higher conductivity electrolyte
formulation and templated electrode microstructure with
directional pore alignment. Both the higher conductivity
electrolyte and the templated microstructure were found to
improve rate capability, and the combination of both of these
design improvements had the highest rate capability of the
evaluated cells. This work demonstrated promising results in
design strategies to enable higher rate capability for thick
sintered electrode batteries, which is a key limitation that
must be overcome for this high energy density strategy to
have potential in applications that require even moderate
rates relative to composite electrode Li-ion battery technology.
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