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Increasing electrode thickness is one route to improve the energy density of lithium-ion battery cells, However, restricted Li’
transport in the electrolyte phase through the porous microstructure of thick electrodes limits the ability to achieve high current
densities and rates of charge/discharge with these high energy cells. In this work, processing routes to mitigate ransport restrictions
wene pursued. The electrodes used were comprised of only active material sintered together into a porous pellet. For one of the
electrodes. comparisons were done between using ice-templating to provide directional porosity and using sacrificial particles
during processing to match the geometric density without pore alipnment. The ice-templated electrodes retained much greater
discharge capacity at higher rates of cyvcling. which was attributad to improved ransport properties provided by the processing. The
electrodes were further characterized using an electrochemical model of the cells evaluated and neutron imaging of a cell
containing the ice-templated pellet. The results indicate that significant improvements can be made to electrochemical cell
properties via templating the electrode microstructure for situations where the rate limiting step includes ion transport limitations in
the cell.
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Lithium-ion (Li-ion) batteries have achieved significant commer-
cial success and found widespread wse in numerous applications,
particularly for powering small devices including consumer electro-
nics. However, to meet the ever-increasing power and energy
demands for these devices, further improvements in Li-ion battenies
are needed, which 15 of sigmificant fundamental interest."* To
develop more powerful Li-ion batteries, one of the most important
areas of research focus 15 to discover and characterize new electrode
and electrolyte materials ™ However, another route to improve
energy and power density 15 through electrode or cell engineering.
There are several options to modify the electrode or cell design and
structure; however, the two most relevant components to the study
herein are to inerease the relative fraction of active matenal in the
cell and modify the electrode microstructure for improvement of
fransport properties.”

For conventional composite Li-ion battery electrodes, carbon
additives and polymer bmnders are blended with active material
powders to provide the desired mechanical properties and electronic
conductivity for the electrode. During electrode fabrication, a slurry
containing active matenal and inert additives s coated onto a metal
current collector to form a thin electrode.” The thickness of the
clectrode and relative fracton of the acive material are two factors
which determine the overall energy density within the final battery
cell. > Thus, developing thicker electrodes as well as reducing inert
additives would both increase the energy density of the cell
However, increasing the volume fraction of active electrode material
and electrode thickness must be balanced with other competing
factors such as limitatdons in ion transport for thicker electrodes and
electrode mechanical lzlml:u:t'r.iq:s.""’1 Recently, methods have been
reported to fabneate wery thick electrodes containing only active
materials by sintering pure active materials into porous thin films via
hydraulic compression and thermal treatment.™ ™' These “sintered
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electrodes™ do not contain any conductive or binder additives and are
generally much thicker than composite electrodes.

Compared to composite electrodes, reports have shown that thick
sintered electrodes can have much higher energy density and arcal
capacity at the cell level, but sintered electrodes also exhibit lower
mass-based capacity utilizabon at higher charge/discharge rate '
This 15 due to the increased polanzation for the sintered electrodes
due to electron and jon transport through the electrode matnx and
microstructure, respectively. Matrix electronic conductivity of the
composite electrodes 1 primanly facilitated by the conductive
additives (e.g., carbon black). which is several orders of magnitude
higher than pure active matenal particles that must conduct electrons
throughout the sintered electrodes. ' 1t is noted, however, that for
some electrode matenials such as LiCo(Qs (LCO) and LiyTisOy2
(LT, that shght changes in the extent of hEthiation due to
electrochermucal charge/discharge result in dramatic increase in the
electrome conductivity relative to the mitial pnsane material, "
The improvement in electronic conductivity with a change m the
extent of lithiaton s expected to help compensate for the overall
lower electronic conductivity in sintered electrodes. Another cause
for increased polarizagon and limited rate capability m sintered
clectrodes 1s the increased mesistance to 1on transport through the
thick electrode microstructure. This limitation 1 generally attributed
to the relatively large thickness of the eleetrodes, though the lack of
inactive composite components in the interstiial regions between the
particles likely improves ion transport relative © a composite
electrode with equivalent active material volume fraction and total
clectrode thickness. Previous reports have suggested the ion trans-
port hmitations were the greatest contnbutor to rate capability
limitations for thick sintered electrodes.'™"” Thus, to mitigate this
ion transport chalkenge and improve the rate capability of thick
sintered electrodes, improvements will be needed 1n the micro-
structure of the clectrodes, the clectrolyle tmnsport propertics, o
both. This paper will focus on an effort to control and improve the
1on transport properties of the smtered electrodes through modifica-
tion of the electrode microstructure. One route to improve transport
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through the electrode microstructure 15 to provide alignment of the
pores in the direction of the net 1on flux during charge/discharge, and
recently different techniques have been applied to IubrluiLL thick
electrodes with aligned pores to achieve this g{ml Am{mg
these techniques, ice-templating (also known as freceze casting) is a
promising method that 1s particulardy wellswted to fabricate
sintered electrodes with ahigned pores, 1.e., direchonal porosity. lee
wmplating involves preferentially growing ice crystals within a
particulate suspension in the direction of an applied unidirectional
wmperature gradient, subhmation of the water phase, and then
thermal treatment to sinter the templated structure that retains
aligned pore architecture and provides strength to the porous
electrode, ™' Compared to electrodes fabncated without ice-
wemplating, ice-templated clectrodes have lower pore tortuosity,
which improves the effective ionic conductivity within the liguid
phase-laden pore microstructure, and the enhanced 1onie condue-
fivity improves the rate capability of the electrodes.” ™ However,
a detailed comparison of the electrochemical properties between the
we-templated sintered electrodes and pressed sintered  electrodes
with nominally equivalent geometne density would provide further
support to the benefits of employing the ice-templating technigue
toward developing sintered electrodes for Li-1on battenes.

In this work, we prepared sintered LTO anodes via both the wce-
twemplating techmigque and regular hydraulic pressing technigque—
where the hydrauhe pressed sample had a geometric density and
thickness targeted to match the ice-templated sample. After being
parred with pressed sintered LCO electrodes, the electrochemical
properties of the LTO-LCO full cells wene evaluated. The impact of
electrode tortuosity on LiT transport will be discussed in the context
of the electrochemical outcomes and calculations based on an
electrochemical model, though it 15 noted that other effects such as
clectrolyte accessiblity would also lead to alleviating the ransport
restictions in the electrode microstructure. To further support the
electrochemical and modelling outcomes, in operande neutron
Inaging was L(Iﬂd.uLl'.Dd to support the redistribution of the Li™
during ﬂlhq'_.hJ:IIgL 7 The combination of the experimental and
computational efforts provides insights into the net impacts of
aligning the pore microstructure within smtered electrode Li-ion
batteries.

Materials and Methods

Particle material preparation.— Active material  particles.
LiCo(); (LCO) was used as the cathode material. LCO was prepared
from a CoC:042H:0 precursor synthesized via L',Upru;ipiwli(m_w
Farst, 1800 ml of 62.8 mM Co(NO,),-6H,0 (Fisher Reagent Grade®)
solution and 1800 ml of 87.9 mM (NH4)-C204-H-O (Fsher Certified
ACS) solution were prepared separately in deionized water. Both
solubons were heated to 50 °C, and the Co(NO,);-6H.0O solution
was then poured into the (NH4)2C204-H20 solution all at once. A
polytetrafluoroethylene (PTFE) stir bar was used to maintain
soluion mixing at a stir rate of 800 rpm. After coprecipitation at
50 °C for 30 min, the solid precipitate was collected wsing vacuum
filtraion and nnsed with 4 1 deionized water. The powder was then
dried in an oven which was set at 80 °C in air atmosphere for 24 h.

Then, to prepare the LCO active material, the oxalate precursor
powder was mixed with Li,C0O, (Fsher Chemical) powder using
mortar and pestle. The molar mtio of the two powders was targeted
w be 1L02:1 for Li:Co. The powder mixture was placed in a
Carbolite CWF 1300 box furnace and heated to 800 °C at a ramp
rate of 1 °C min~ ' under an air atmosphere. After reaching 800 °C,
the heat was turned off and the product was cookd © mom
wmperature in the fumace without controlling the cooling rate.
Then the product LCO material was ground with mortar and pestle
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by hand and was further milled 1 a Fatsch Pulvensette 7 planetary
ball mill using 5 mm diameter zirconia beads at 300 rpm for 5 h.
LiyTis0y2 (LTO) was used as anode material and was purchased
from a commercial supplier (NANOMYTE BE-10 from NEI
Corporation). No additional treatment was applied before processing
this matenal powder into a sintered electrode. The characterization
and electrochemical performance of both LCO and LTO matenal
used in this study can be found in previous publications. ™!

Polystyrene  particles. —Collodal polystyrene  particles  (dia-
meters M) nm to 30 nm) were synthesized uwsing procedures
adapted  from literature.” Styrene (Sigma-Aldnch, ReagentPlus,
with 4-tert-butyleatechol as stabalizer, =99.0% ) was pretreated using
a prepacked column (Sigma-Aldnch, Inhibitor, prepacked column
for mmoving tert-butyleatechol) to memove the polymerization
inhibitor. In a typical synthesis, a three-neck 500 ml round bottom
flask was filled with 290 ml DI water and 8.86 g styrene and heated
to 70 “C in an ol bath and allowed to thermally equilibrate for
J0min. Next, 0.204 g potassium persulfate (Sigma-Aldrich) was
added to catalyze the styrene polymenzation reaction. The head
space was purged with nitrogen and flowed at 1 ml s~ for the
duration of the experiment. The two-phase system was storred for
8.5 h with a magnetic stir bar, resulting in a final milky white
suspension. To obtain the polystyrene powder, ~5 ml of the
suspension was placed m a glass container and was dned in the
air until all water was evaporated. Then the polystyrene powder was
collected.

Electrode preparation and characlerization.— Sintered LCO
pellet preparation.—Sintered LCO electrodes were used as cathodes
in this study. To prepare the sintered LCO pellet, the LCO active
material powder was first mixed with 1 wt.% polyvinyl butyral
(Pfaltz & Bauer) solution dissolved in ethanol (Acros). 1 g LCO
powder was blended with 2 ml polymer binder solution with a
mortar and pestle by hand to mix the matenals. The mixture was
collected after all the solvent was evaporated in air. Then, 0.2 g of
the powder was loaded into a 13 mm diameter Carver pellet die and
pressed with 12,000 Iby for 2 mun in a Carver hydraulic press. Next,
the pellets were heated in a Carbolite CWF 1300 box fumace in an
air atmosphere with a ramping rate of 1 °C min~" from 25 °C to
600 °C and the pellets were cooled to 25 °C at 1 °C min~" after
holding at 600 °C for 1 h.

Ice-templated LTO pellet preparation.—lee-templated LTO ma-
terials were fabricated from aqueous suspensions contaming 30% by
volume LTO particles. To prepare an agueous suspension, as
received LTO powder was mixed with dewmized (DI) water and
yitna stabilized areonia (Zr0);) spheres (5 mm diameter, Inframat
Advanced Materials LLC) in a Nalgene bottle, with ceramic powder
to milling media mass mto of 1:4. Then, cetyl trimethyl ammonium
bromide (CTAB) cationic dispersant, at a concentration of with
002 g em ™ of distlled water, was added to the agueous LTO
suspension. The addition of CTAB cawsed slight foaming in the
suspension. To avoid foaming, an antifoaming agent  Surfynol
HEPGS0 (0,003 g g_l of LTO powder) was added to LTO suspension.
Then, the LTO suspension was milled for 24 h at 30 RPM. Next a
bmnder solubon was prepared by dissolving poly (2-ethyl-2-oxazolme) in
distilled water, and the bmder soluton was added w the LTO
suspension such that the binder amount was 4% of the LTO powder
mass. LTO suspension was further ball mulled for another hour at 10
RPM to ensure proper mixing of binder solution and LTO suspension
and then the Zr(), spheres were separated from suspension.

In this work a custom-made 1ce-templating du. 1ce was employed
to fabricate LTO electrodes with aligned pores,™ and the resuling
LTO pellets were referred to as LTOp in the following discussion.
This setup containg an assembly of a PTFE tube (mold) placed on a
thin copper plate (referred to here as “cold-finger™), which 1s filled
with an agueous ceramic suspension. Next to freeze the suspension
under the mfluence of umdirectional temperature gradient, the mold
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assembly containing ceramic suspension 15 inserted mside a hiquid
nitrogen Dewar, where the cold-finger is placed above the liguid
nitrogen. The distance between cold-finger and hguid N» determines
the umdirecional temperature gradient, and hence the growth
velocity of the freezing front. In this work, 2 1 mm gap between
the cold-finger and hguid nitrogen was used to achieve a relatively
high freezing front velocity (FFV) of about 28 um s™'. As the
wemperature of the cold-finger reaches below 0 °C, ice crystals
nucleate at the bottom of the suspension in contact with the cold-
finger and grow upward under the influence of the applied thermal
gradient.

Umidirectionally solidified samples were freeze dried n a freeze-
dryer (2.5 1, Labconco, Kansas City, MI) for 96 h at a pressure of
0.014 mbar and temperature of —50 °C. Freeze dried LTO pellets
were sintered wsing a tube furnace (NBD, T-1700-601T). Samples
were first heated to 4350 °C at a rate of 5 °C min~" and held for 4 h
for binder burnout. Next samples were heated to 950 °C at a rate of
2°C min~ ' and sintered for 2 h. Finally, samples were cooled down
o room temperature using a cooling rate of 5 °C min~ . Dimensions
of sintered LTO samples were approximately 13 mm in diameter and
1} mm in height From each smtered LTO sample, a LTOyg
clectrode disk of 1 mm thickness was extracted from a 2 mm height
above the bottom of the sample.

Microstructure of LTOy: matenals was charactenzed wsing a
desktop scanning clectron microscope (SEM. Phenom Pure), and
SEM images were obtained from cross-sectional planes perpendi-
cular to the growth direction of ice crystals. Microstructure of the
sintered matenals were also characterized using X-ray computed
wmography (XCT). A sintered LTO sample was first infiltrated with
epoxy to achieve better contrast during XCT imaging. Next from the
mfiltrated sample, a small specimen of dimensions 1.5 mm =
1.5 mm x 3 mm was extracted and wsed for XCT. The extracted
specimen was scanned using a 3D X-ray microscope (XRM, Zeiss
Xradia 510 Versa available at Analytical Instrumentation Facility,
North Carolina State University, Raleigh, NC) with 110 kV X-ray
source, W pA trget current, and 15 s exposure time. The obtained
983 Xeray 2D radiographs were used 0 reconstruct a 3D image
using XMR Reconstructor software with image resolution of 1008 =
976 pixels with a pixel size of 0.8 pm. The obtained reconstructed
data sets were mmported to Dmgonfly 2020.1 (Object Resecarch
Systems, Monftreal) for 3D volume rendering.

Forosity-controlled LTO pellet preparation.—The porosity-con-
trolled LTO electrodes were prepared using a similar method for
sintered LCO  electrodes. The sintered LCO  clectrodes have a
porosity of 36%, and if processed identical to the LCO an LTO
sintered electrode generally has a porosity of 40%. The LTO.
clectrodes, however, had a porosity of 537%. Porosity was deter-
mined by determining the volume of a processed electrode using
dimensions measured with a digital micrometer and combining with
the weight to determine the pellet density, where porosity accounted
for the difference between the electrode density and the true density
of the active matenal. Active material densities can be found 1n the
Supporting Information, Table 51 and for LTO were also provided
on the specification sheet from the supplier. To have a more direct
comparison of the impact of the pore alignment on the electmo-
chemical and 1on transport properties of the simtered electrodes, 1t
was desired to fabocate hydraolically pressed electrodes with
random pore microstructure which had geometne porosity that
matched the LTOwg clectrodes. To merease the porosity of the
hydraulically pressed LTO electrodes, saenficial sphencal particles
were added o the LTO powder before the hydraulic pressing step
with the goal of providing added porosity o the electrode after their
subsequent removal. To achieve this higher porosity, first, the LTO
powder was mixed with polystyrene powder in a mortar and pestle
with a mass ratio of 5:1 for LTOpolystyrene. Then, the powder
mixture was blended with 1 wi.% polyvinyl butyral solution. 2 ml
soluion was used for 1 g LTO powder in the mixture. After the

solvent was evaporated, 0.24 g of the mixture powder was loaded in
the 13 mm diameter pellet die and pressed with 12,000 by for 2 min.
The polystyrene was removed via decomposition at a lower
temperature condition by firing the LTO/polystyrene pellets in a
Lindberg/Blue M tube furnace from room temperature to 400 °C at a
ramp rate of 1 “C min~ " under N, atmosphere. After holding at
400 °C for 1 h, the furnace was cooled to moom temperature at a rate
of 1 °C min~'. This thermal treatment decomposed the polystyrene
particles keaving incn:uscﬂ_’}:humsir.}' in the volume regions where the
particles previously were. No changes were observed in the LTO
pellet diameter or thickness after the polystyrene removal step. Next,
the pellets were transferred to a Carbolite CWF 1300 box fumace in
air atmosphere and sintered at 600 °C for 1 h with both the heating
and cooling rate of 1 °C min~". The resulting LTO pellets with the
increased porosity due to the sacrificial polystyrene particles are
referred to as LT Opog, and therr final porosity was 57%. The surface
morphology of the LTOpqe pellets was imaged vwsing a SEM (FEI
Quanta 630). The extra heat treatment at 600 “C 1n ar was expected
to oxidize and remove any residual polystyrene on the LTO surfaces
in the pcllct_r’ The LTO pellet after processing appeared white,
suggestng there were no carbon deposits. The pellet was also
weighed, and the mass was consistent with the imtial amount of LTO
in the sample suggesting the polymer materials were no longer
present.

Thermogravimetric  analysis. —Thermogravimefric  analysis
(TGA, TA Instruments Q50) was conducted using preces of both
LTOyg and LTOpge clectrodes, and the results can be found in
Supporting Information, Fig. 51 (available online at stacks.iop.org/
JES/168/060565(0Wmmedia). Both pellets showed very small weight
loss (~0.2 wt.%) at 200 C ~ 300 °C and no further weight out to at
least 800 “C. These results were consistent with the lack of a carbon
coating or deposits on the electrodes bemg retained after processing.
The TGA was conducted by heating to 100 °C and holding at 100 °C
for 1 h to remove any adsorbed water. Then, the temperature was
increased to 1000 °C at a rate of at 10 °C min~". TGA samples were
cach ~35 mg and the sample atmosphere was air.

X-Ray diffraction—The X-may diffraction (XRD, Empyrean)
patterns were collected for the as-received LTO powder, the LTO
powder after finng at 950 °C for 1 h, and for both LTOpqr and
LTOw-g pellets. The pattems can be found in Supporting
Information, Fig. 52. The XRD patterns were all consistent with
spinel phase LTO, with no impunty peaks observed.

Electrode surface area.—Nz adsorption-desorption  expenments
were used to measure the surface area for both LTO g and LTO g
pellets. The experiments were camied out with a NOVA 2200¢
analyzer. Both sample pellets were degassed for 90 min at 150 °C
before  adsorpion-desorption and  multpoint  Brunawer-Emmett-
Teller (BET) method was used o calculate the surface area. The
LTOpgye materials had a BET surface area of 5.4 m- o l, which for
the approximate 340 nm length scale of the primary particles
suggests there was not much porosity beyond the surfaces of the
particles themselves. The BET surface area of the LTOwg was
measured o be <1 m? g_l, however, the total adsorbed volume was
below the threshold that 1s recommended for the instrument and thus
the value was not reliable (it 15 noted that even the LTOpgp sample
was right at the lower himit), and the total amount of ice templated
samples available to dedicate for BET analysis was limited.

Electrode electronic conductivity. —Direct current conductivity
wis used to measure the electronic conductivity of LTOwg and
LTOpyg electrodes using stainless steel current collectors. The values
were measured to be 09 % 107%s em™! and 1.0 = 107%s em™",
respectively, for the as prepared electrodes. These values are within
the range of previous meports for pristne LTO  electronic
conductivity."”
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Electrochemical cell fabrication.—CR2032 coin cells were used
for electrochemical evaluation of full cells containing sintered LTO
anodes paired with sintered LCO cathodes. To fabricate the cell, the
LCO pellets were pasted onto the bottom plate and LTO pellets
{either an LT Oy or LT Opog pellet) were pasted on a stainless steel
spacer used in the cell. The paste for attaching the sintered electrode
to the metal bottom plate/spacer was composed of 1:1 weight ratio
Super P carbon black (Alfa Aesar) to polyvinylidene difluoride
(PVDF, Alfa Aesar) hinder dissolved in N-methyl pyrolidone
(NMP, Sigma-Aldrich). After the pellets were dried in air at 80 °C
for 12 h, they were transferred into an Ar atmosphere glove box with
both O, and H-0 content < | ppm. Then, LTO and LCO electrodes
were assembled into a coin cell with two layers of Celgard 2325
polymer separator (25 pm thick for each layer) between the anode
and cathode. In a coin cell, 16 total drops of electrolyte (1.2 M LiPF,
m 37 ethylene carbonate:ethyl methyl carbonate, BASF) were
added. Other parts of the CR2032 coin cell used in this study
mclude a stainless steel wave spring, a stainless steel top cap, and a
polypropylene or PTFE gasket (where PTFE was used only for cells
assembled for neutron imaging experiments ).

The rate capability of LTO/LCO sintered electrode coin cells was
determined by galvanostatically cyeling at different C rates using a
MACCOR battery cycler. For the neuron imaging experiment, the
cell was cycled using a Bio-Logic SP-50 potentiostat. The C rate was
based on an assumed capacity of 150 mAh g~ for LCO mass in the
coin cell, where 1C was assumed to correspond to 150 mA g~ ' LCO.
The voltage range used for all LTO/LCO cells was 1.0 Vi 27 V
(cell voltage, relative to LTO anode).

Model analysis.—An electrochemical numerical model devel-
oped by Newman et al.™ ™ was used to calculate the discharge
voltage profiles. In addition, the simulation provides outputs of the
Li" concentration in both the solid and electrolyte phases at different
dme points durng discharge and as a function of the depth
dimension within the cells for the region between the current
collectors (e.g. for the depth region comprised of the anode,
separator, and cathode). More details about the model can be found

in previous publications, and a summary of the model equations can
be found in the Supporting Information.”® ™ A specific recent
addition to the mode]l which was applied in this work as well was
the meorporation of a matrix conductivity which was a function of
the extent of lithiation of the active matenal at cach depth within the
cell, and also the gradient in Li™ resulting from the charging process
was accounted for when determining the discharge profile. Details of
the updated model used in this work can be found in a previous
publication.*®

Neutron imaging.—Neutron imaging was carned out at the
thermal neutron imaging beamline at the National Insttute for
Standards and Technology (NIST) Center for Neutron Research.™
Dietails of the neutron imaging expeniment set up and data analysis
can be found in Supporting Information (including Fig. 83) and
previous publications.'”™® The results of neutron imaging were a
seres of rmdiographs collected at different times in operande during
the discharge process. The changes in neutron intensity at different
depths within the cell extracted from the neuron radiographs were
most sensitive to the changes in LiT concentration at those
locations.""*** Thus, changes in pixel intensity correlated with
changes in Li7 concentration (mostly in the solid phase of the active
material) at the different cell locations and were analyzed as a
function of time during discharge. The neutron imaging provided
information on the relative redistribution of Li™ in the electrodes
during discharge as a function of time and cell depth.

Results and DMscussion

Muorphology characterization for LTOwp and LTOpag pel-
fets.—Top view SEM images with different magnification of
sintered 1ce templated LTOw-g and porosity controlled LTOpog
pellets are displayed in Fig. 1. In the LTO pellet, lamellar pore
morphology was developed and retained after sintering (Fig. 1a),
consistent with previous results” XCT mesults (Fig. $4) confirmed
that LTOy-. contained aligned pores which extended significant
distances through the thickness (e.g., along the growth direction of

Figure 1. SEM images of the surfaces of (a), (b) LTOyp and (c), (d) LTOpog pellets at low (a), (c) and high (b), (d) magnification.
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Figure 2. Discharge capacity of (a) LTO-p/LCO and (b) LTOpqp/LCO cells. All charge cycles were conducted at a rate of C/20, while discharge was at the rate
indicated on the x-axis. The “C/20™ represents the C/20 discharge cycles conducted after conclusion of the rate capability test at increasing rates. Note that the
average total capacity at C/20 for a) was 94.6 mAh and for b) was 90.6 mAh. The currents used were based on the mass of LCO in each cell used which was
similar for all cases and on average was L4 mA (1.1 mA cm ) at C20, 28 mA (2.1 mA em ") at OF10, and 5.7 mA (43 mA cm ") at OF.

e crystals, which was also the direction of net ion flux when
electrochemieally eyeled within cain cells) of the pellet. From the
higher magnification SEM image (Fig. 1b), it was observed that the
lamella wall region was composed of densely packed LTO partcles
with average wall thickness of ~10 pm. For LTOpqr pellet, the
surface was much flatter with small pores present (Fig. 1c). None of
these pores in LTOpor formed deep channels through the pellet as
the bottom of these pores was often noticeable just below the
surface. In Fig. 1d, at higher magmfication, 1t can be seen that the
surface of the LTOpqg pellet was composed of loosely packed LTO
particles. Compared with the lamella wall region of LTO; pellet,
the density of the LTOpgg pellet appeared shghtly lower. This may
have been due to the lower sintering temperature used during
fabrication for LTOpqe pellet (600 °C) compared to that for
LTO g pellet (950 °C). However, both LTO pellets had similar
total geometnce density, with combined pore/void volume of ~57%.
From the morphology chamcterization of sintered LTO pellets, it
was confirmed that the wce-templating techmique resulted in much
larger and directionally onented pores, which would be expected to
mesult m lower tortuosity and thus improved 1on transport m the
direction of the freezing front propagation.

Electrochemical evaluation of LT w/LOO and LT O pop/LCO
cells—To study the clectrochemical properties of sintered electrode
full cells fabncated wsing LTO pellets with different pore micro-
structures, the LTOw- and LTOpqe pellets were pamed with
nominally identically sintered LCO pellets and were fabricated
mto LTO/LCO CR2032 coin cells. The discharge capacity for
LTO - LCO and LTOp,e/LCO  cells at different © rates 1s
displayed in Fig. 2. The data points provided are the average
discharge capacity per mass of LCO from rate capability tests of
3 nominally identical cells of each for both LTOw-LCO and
LTOpqe/LCO. In all cases the charge cycle was at a current of C20,
with C rate determined by the mass of LCO in the cell. Note that the
mnge in LOO mass, and thus the mange in cuments and current
densities duning charge and discharge, vaned by (0L002 g, which was
~1% of the mean LCO mass for all cathode pellets used. The full rate
capability test of representative LTOw/LCO and LTOp,p/LCO cells
can be found in Supporting Information, Fig. 85, As can be seen in
Figs. 2 and 55, the discharge capacities for both cells were similar at
melagvely low rates (eg., G50 and C20). At G20, the discharge
capacity of the LTOp-gLCO cells was (946 £ 3.4) mAh g_l LCO and
LTy /OO was (906 = 8.1) mAh g_l LCO (uncertainty is the
standard deviation computed from several discharge capacities mea-
sured for 3 different cells). The higher capaaty for the cell containing
LTy may have resulted from higher charging capacity due to
improved transport dunng that pru-u:ss,w however, the difference was
still relatively small at the lowest rates. When the discharge rate
wis increased, LTOpoe/LCO cells lost more capacity compared
with LTOy/LCO cells, both on an absolute and percentage basis.

At C/5 discharge mate, the LTOpqp/LCO cells only obtained (36.1 =
10.9) mAh g_l LCO, which was 39.8% of the discharge capacity at C/
20. In contrast, LTOw-/LCO cells had (740 = 3.4) mAh g7 LCO
capacity at Cf5 discharge, which was 7T82% of the discharge capacity
at C/20. In Fig. 2, the “C/207" reflects the discharge capacity achieved
in the cells at a C mte of C20 after completion of the full mte
capahility cycling. The discharge capacity after the rate capability was
completed was comparable to the capacity obtamed at C/20 during the
initial cycles. This outcome indicated the difference m capacity was
due to rate capability limitations, and not due to capacity fade. It was
concluded that LTOLOD cells had improved rate capability
redative to LTOpop/LCO cells. The most substanbal difference
between the two cell types was the pore microstructure for the LTO
peliets used. All LTOyeg and LTOpoe had similar thickness and total
porosity and used the same electrolyte and equivalent eathode material
and processing. These results provided support to the conclusion that
the inroduction of the kce-templated pore microstructure for thick
sintered elecrodes improves active matenial utilization at high rates of
charge and discharge. One explanation for this observation would be
improved LiT transport in the electrolyte phase through the porous
microstructure of the LTy pellet facilitated by the directional
porosity, although other effects in addiion o alignment such as pore
size, pore mtercommectivity, and electrolyte accessibility could also
improve the LiT ransport through the microstructure.

Numerical caleulations of discharge process for LTO . LCO
and LTO pop/LCO celfs—Numerical calculations of the discharge
process were applicd @ further understand the impact of material
processing and pore microstructure on electrochemical properties
and the Li~ distribution during discharge for the sintered electrode
cells. Details of the model can be found in previous
publications. ™™™ The discharge simulations included the voltage
profile as a function of time during constant current discharge, and
representative experimental discharge curves were selected for
companson from different discharge rates (G20, C/10 and CF5).
The expenmental discharge profiles, including their previous G20
charge profiles, for LTOw-/LCO and LTOpqe/LCO cells can be
found in Supporting Informaton, Fg. 56. For the calculations, a
subset of key parameters 15 listed in Table I, and a more detaled list
of all parameters used in the calculaions can be found in Supporting
Information, Table SL These parameters were either from experi-
mental measurements, su]fplicrfmnul'actumr data sheets, or pub-
lished n:purt.'_d'”' 1B 1y the calculations, the Bruggeman
exponent o was used to account for differences in electrode
tortuosity and can be modified to imeorporate pore alignment
effects.”™™ The relation between tortuosity © and o are defined by
the following equation: T = €', where € is the porosity of the
electrode.”" For perfectly aligned pores, the a valee 1 1.0 and for
randomly packed spheres the o value 1s 1.5 It is noted here that
while alignment 15 one mterpretation of changing tortuosity and o



Journal of The Electrochemical Society, 2021 168 060550

Tahle 1. Parameters of cells used for calculation.

Parameters LTOp LCO LT Opee/LCO Source

Thickness of negative electrode/LTO (m) 910 » 107 B.O5 » 1077 Measured

Thickness of positive electroda/LOCO (m) 457 = 1W07°° 464 = 1077 Measured

Yolume fraction of electrolvte in negative electrods 0.57 0.56 Based on measurad porosity.

Volume fraction of electrolyte in positive electrode 0.36 0.36 Based on measured porosity.

Bruggeman exponent o for cathode 1.5 1.5 Walue for randomly packed spheres

Bruggeman exponent o for anods 1.0 1.5 Walue for perfectly aligned pores (1.0) and randomily

values, tortuosity 15 really an adjustment for the effective conduc-
avity/diffusivity in the electrolyte through the microstructure. Thus,
while one context discussed here i1 the pore alignment impact
mtroduced from the ice templating, other effects such as pore
mterconnectivity and pore size can also be the phenomena that
results in changes in tortuosity. Electrolyte accessibility might also
contribute  to  tortuosity, although if there were inaccessible
pores these would additionally result n a decreased porosity in the
model—and inaccessible pores were not in the model because these
values were not experimentally assessed. The output of the caleula-
tons meluded not only discharge profiles but also the concentration
of Li™ in both liquid and solid phases as a function of time and
electrode depth. Figures 87 and S8 in the Supporting Information
show the comparison of the experimental and caleulated discharge
profike for LTOyeg/LCO and LTOpqe/LCO cells, respectvely, at C
rates of C20, G110, and C/5. Overall, the calculated discharge
profikes have a good fit to the experimental data at low mates of
discharge. At increasing discharge rates, the initial polarization in
the cell matched well between the caleulations and expenments,
however, the final discharge capacity was predicted to be higher in
the calkculations compared to the expenmental outcomes. An
exception was the C/f5 discharge process for LTOpqe/LCO cell, in
which case the calculated capacity was much higher than the
expeniment results. The detailed orniging of the melatively large
discrepancy for this particular case are still being investigated and
will be discussed later in this manuscript.

To provide mnsight into the impact of pore tortwosity dunng the
discharge process, the net change in Li7 in the cell within the
electrode and separator regions relative to the inttiation of discharge
wis extracted from the discharge siomulations. Figures 3 and 4
display the total change in Li™ concentration at different percentages
of the discharge capacity delivered for LTOw-/LCO  and
LTOpqrLCO cells at different discharge rates. Note that the Lio
concentration in Figs. 3 and 4 1s the total concentration meluding
both the solid and electrolyte phase weighted by their volume
fractions, with the change in the solid phase generally providing the
majority of the change in LiT.""™ In the profiles, the x-axis
represents the depth across the electrode region, where 0 mm is
the location of cathode (LCO) current collector and the maximum x-
axis value cormesponds to the location of anode (LTO) cument
collector. The location of separator is also noted in the figures. The
concentration profiles have been normahzed by subtracting the
concentration profiles at the imtiaion of the discharge process in
that cycle, and thus at 0% discharge capacity the profile 15 a
horizontal line at a concentration change of zero. The detailed
absolute concentration profiles m the clectrolyte phase for cach
relevant condition in Figs. 3 and 4 can be found in Supporting
Information Figs. 59 and 510 for LTOy-w/LCO and LTOpqe/LCO
cells, respectively. Relative concentration profiles in solid phase can
be also be found in Supporting Information, Figs. 511 and 512 for
LTOy/LCO and LTOpqe/LCO cells, respectively.

In meviewing the caleulated profiles for change in Li7, a few
outcomes are highlighted. First at relatively low rates such as G20
and C/10, for both LTOww/LCO and LTOpqr/LCO cells, the L™
concentration change in the LCO or cathode regions were similar,
with a relatively uniform hithiation dunng discharge (Figs. 3a, 3b, 4a

packed spheres (1.5)

and 4b). A small gradient was noted and more pronounced at certain
extents of discharge (e.g., 50% and 73% delivered capacity).
However, the profiles corresponding to the delithiation process in
LTO or anode differed between the two LTO cell types. For LTOy g
anode (Figs. 3a and 3b), the delithiation mmitially (e.g. at 25%
delivered capacity) primanly occurred near the separator region,
with a gradual deerease in the change in Li™ concentration towards
the LTO current collector side. As the discharge continued for the
LTOy- anode, the region closest to the separator reached its
maximum delithiation by 50% discharge capacity, and a gradient in
Li™ concentration propagated towards the current collector as the
discharge capacity reached greater extents. The LiT concentration in
the megion closest to the cumrent collector slowly decreased as the
discharge proceeded. For LTOpoe pellet (Figs. 4a and 4b). the
delithiation also first occurred at the separator side, but unlike
LTOwx/LCO cell, the delithiation front which propagated toward
the current collector had a sharper concentration gradient (Figs. 4a
and 4b). A direct companson between the profiles shown in Figs. 3
and 4 that highlights the gradient change between these two cells can be
found m Supporting Information Fig. 513, These observations were
consistent wath the ligher tortuesity of the LTOpqge elecrode resulting
in greater transport restnictions for the Li™ though the electrolyte phase
in the clectrode mocrostructure. These observations for the LTOpog
clectrode were consistent with previous reports using hydraulically
pressed LTO sintered electrodes with more restneted ransport of LiT in
liquid phase relative to having lower L{}r‘tmsit}'.”

At the higher discharge rate of C/5, the LCO pellets for both cells
formed a gradient in Li7 concentration. The gradient formed during
discharge and none of the LCO was fully lithiated at the end of
discharge (Figs. 3¢ and de). This was because at the ligh discharge
rate, the concentration gradient in electrolyte phase increased. At the
end of discharge, the LiT concentration in clectrolyte phase was
approximately ) within regions comresponding to the first (0.1 mm
from the cument collector into the LCO electrode (Figs. 89¢ and
S1lc). At the end of discharge, the region with mimmal Iithiation in
the LCO pellet for the LT Opor/LCO cell was larger than the region
for LTOw/LCO cell. This was consistent with the observed higher
discharge capacity for the LTOp/LCO cell (Fig. 2). The lower
discharge capacity for the cell with a LTOpqg anodes had a greater
“trapped” region of inaccessible capacity/Li” due to the more
restricted mass transport resulting from the higher tortuosity in
LTOppe pellets. At Cf5, the dehithiation process in the LTO regon
for LTOw-/LCO cell was simalar o the rends observed at lower
discharge rates (Fg. 3), although less LiT moved from LTO to LCO
electrode and thus the delithiation gradient did not propagate as far
towards the cument collector and there was less total discharge
capacity delivered relative to lower rates. For LT Opap/LCO cell, the
delithnation in LTOpge pellet also showed a sharper gradient.
However, the delithiation propagation was hmited to closer to
the separator region, and there was very httle dehthiation near the
current collector relative to the lower discharge rates. Companng the
concentration profiles m cells with LTOy 4 and LT O clectrodes,
the dehthiation in LTOye was more umiform with a less steep
gradient than LTOpne pellet at all discharge mtes, which was
consistent with reduced tortwosity in the sintered anode  will
facilitating the Li™ transport and resulting in higher discharge
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capacity, particularly at higher rates. The simulated increased
discharge capacity at higher mates was consistent with the expen-
miental observations of improved rate capabiity for cells with
LTO, g electrodes relative to those with LTOpq electrodes (Fig. 2).

As stated above, the calculated capacity matched well with the
expenmental capacity for LTOw-g/LCO cell and for slow rates (G20
and C/10) for LTOpoe/LCO cell. But for the highest ratwe (C/5), the
caleulated capacity for the LTOp,e/LCO cell was much higher than
the experimental data. Some potential causes of this diserepancy are
briefly discussed here. In our previous report, the sintered LTO and
LCO pellet were directly Pg.w:»d and fired after being mixed with
polyvinyl butyral binder.' ™ In this work, in order to control the
porosity of LTO pellet sacnficial polystyrene particles were added.
After firing, the voids/pores resulting from decomposed polystyrene
miy be different from those that result from the interstitial particle
vord regions. This nonuniform and muliimodal porosity could result
in increased tortuosity in LTOpog pcllct.t;.:-" ' To confimn the
potential effect of inereased LTOpge tortuosity melative o the
assumed o = 1.5 Bruggeman exponent on LTOpqp/LCO electro-
chemical cell properties, calculations were conducted using higher
Bruggeman o exponents for the anode with the intention to match
the discharge capacity at Cf5. The results are displayed m Fig. 514
and showed that when o was set o be 4.0, which was much higher
than the value for mndomly packed spheres (o = 1.5), the caleulated
capacity was close to the expenmental capacity. However, the
calculated discharge profile did not match the expenmental
profile as well, even at slow mates and at the first stages of
delivered capacity. Concentraton profiles were also caleulated for
a(LTOpge) = 4.0 and can be found in Supporting Information
Fig. 515, Compared to Fig. 4 where oflTOpog) = 1.5, the
delithiation within LTOpqg pellet was more confined to the region
near the separator and there was almost no delitiation of the LTO
near the current collector, which was caused by higher ransport
resistance for the increased tortuosity.

While increased tortuosity for the multimodal pore size LTO
clectrode may account for some of the differences between the
expenmental and caleulated polanzation curves and profiles, other
factors not accounted for in the simulations hikely also contributed to
the mismatch. For example, while multimodal pore size may have
specifically had an impact on the LTOpp electrode, LTOpqe and
LTk had very different pore size distnbutions and connectivity,
consistent with the reductions in BET surface area measured with
LTOycg relative to LTOpge. While the sacrificial polystyrene
particles were used to match the overall geometne pellet density,
matching the detaled pore size dismbution and connectivity with
and without alignment would be very challenging. Compensating for
these other factors would provide further evidence of the impact of
pore alimment on transport properties in the electrodes. It 15 noted
that in some ways the electrochemical model accounts for these
other factors by accounting for all net transport mpacts through
modifying effective diffusion/conductivity, however, the relative
rle of the pore size dismibuion, pore connectivity, and pore
directionality individually were not separated. Also, clectrolyte
accessibility, which could mmpact both tortuosity and the total pore
volume, was not expenmentally assessed. Another possible factor
for the deviaton between calculation and experiment was the
separator deformaton due to internal pressure apphied by the wave
spring in the cell. When inereasing the total electrode thickness
within the coin cell, the pressure provided by the wave spring on the
polymer separator will be higher and the impacts to 1ion ransport
resulting from compression of the scpamtor may no longer be
neghgible. Sepamtor deformation due to compressive loading can
result in decreased thickness, lower porosity and higher tortuosity,
and the latter two will contnbute to inereased ion  fransport
restrictions ™" Further research to quantify the pellet tortuosity
and to study the behavior of compressed separator are beyond the
topic of this work and will be directions for future work. Note that
the separator compression 1s expected to be particulardy complex to
account for because the ice-templated electrodes are noticeably

rougher than the porosity-controlled electrodes, and hydraulically
pressed elecrodes without porosity control are between these two,
which would be expected to result 1n heterogeneous pinch points on
the separator. Despite these hmitations, both expenments and
calculations supported that applying ice-templating techmgues to
process sintered electrodes improved the 1on transport through the
clectrode mcrostructure which sigmficantly improved the rate
capability of electrochemical cells using these electrodes.

Neutron imaging radiographs before and afier discharge at
different rates for LTO p/LCO cell.—To provide further compar-
1som between the simulations of sintered electrode cell discharge
behavior and expenmental cells, neutron 1maging was applied to
provide experimental support to changes in L1 concentration as a
functon of cell depth in operando during discharge. Neutron
imagmng 15 a non-destructive technique which passes a low energy
neutron beam  through a sample and then detects the relative
transmitted intensity with a scintillation detector. As ®Li is a highly
attenuating sotope  for neutrons, neutron maging 15 an ideal
techmique o track changes mn the concentraton of Lim dunng
charge/discharge processes in Li-ion cells ™" Details about the
set up and data analysis of the neutron imaging experiments in this
work can be found n Supporting Information and previous
publications.'™* As the LTO elecrode used for neutron imaging
experiment was slightly different in thickness from the representa-
tive cell discussed in previous sessions (Table SI), it was denoted as
L.TD[;__'[QJ’LC‘D cell [LTD[;_}{ thickness: 091 mm vs L.TD[{__'[Q
thickness: (.86 mm). Before delivery to NIST, the cell was cycled
8 imes to ensure it was functioning properdy and then was charged
at C/20 to a cell voltage of 2.7 V. At the beginning of the neutron
imagmg test, the cell was charged again at C/20) to compensate for
any capacity lost due to self-discharge between the end of the charge
cycle and imitiating the neutron experiment (total time that elapsed
between the final charge and setting up at NIST was ~24 h). Then,
following this C/20 charge, the cell was discharged at C/ 10, charged
again at Cf20 and then discharged at G5, Unfortunately, a cell
containng an LTOpqe anode did not have suitable imaging quality
for analysis, however, we have previously reported neutron imaging
for sintered LTO/LCO cells where the LTO did not have aligned
pores.! 2

Figure 5a displays the two experimental discharge profiles
collected in operando during the neutron imaging experiment. The
capacities obtained for C/10 and C/5 discharge were 90.5 mAh g_l
LCO and 79.0 mAh g_l LCO, respectively, which was consistent
with the mate capability achieved with equivalently processed cells
descnbed carlier (Fig. 2a). Four points at the start and the end of
cach discharge process are noted in Fig. 5a. The neutron images of
these points are displayed in Fig. 5b. The images were nomalized
by the ones taken before the short C/20 charge process after the cell
was set up. Therefore, the change in the electrode megion was
highlighted. Since °Li is a highly attenuating isotope and was
expected to be moving dunng the discharge process, the change in
transmission can be melated to the change of Li concentrution in the
electrode. Dunng discharge, the Li™ will move from LTO electrode
to LCO electrode, which will result in a lower i~ concentration in
LTO electrode than the inital state and vice versa for LCO
electrode. Lower L17 concentration relative to the inial state will
increase the neutron tansmission and was represented using red
color in the color scale mdiograph, while higher Li™ concentraion
will decrease the neutron transmission relative to the mitial state and
was represented by the blue color.

At the beginning of discharge, the changes in neutron transmis-
sion were relatively small (C/10 Start in Fig. 5b), although 1t 15 noted
that these were changes relative to imitially setting up the cell and
the only met change in Li7 concentration would be from the
5.0 mAh g ' LCO from the short charge cycle 1mtiated to
compensate for any cell self-discharge. After the C/10 discharge, it
can be observed that the LTO region became red and LCO regon
became blue (C/10 End in Fig. 5b). indicating the movement of
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Figure 5. (a) Discharge profiles at C/10 (red) and C/5 (green). (b) Neutron imaging radiographs corresponding to the points noted in (a). A color scale was used
to show the relative change in neutron transmission (AT). The brightest red regions have AT = 1.59 and deepest blue regions have AT £ 0.01 and do not reflect

the absolute maximum or minimum AT values.

Li™ from LTO to LOCO electrode. Then, after another C/20 charge,
the Li™ moved back and the image of C/5 Start was very similar to
/10 Start. As the charge capacity of the second C/20 charge was
886 mAh g~' LCO, almost the same as the previous C/10 discharge
capacity (90.5 mAh g~ ' LCO). it was assumed that the two
discharge processes started at similar lithiation/de ithiation condi-
tions. Finally, after the C/5 discharge, the net redistribution of Li™
from the anode to the cathode was again observed. However, while
comparing the image of C/5 End to the image of C/10 End, both the
red region and the blue region were smaller, which was attributed to
the reduction in discharge capacity obtained. Le. less LiT was
transferred from anode w cathode.

Comparison of calcwlated and  experimental results  for
LT, o/ LCO cell—To study the LiT mansport process during
discharge m greater detail, three additional extents of discharge
(25%, 50%b, and 75%) were included in analysis of the neutron
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imaging profiles. The relevant neutron imaging radiographs of the
electrode regions in the cell can be found in Figs. 516 and 517 in
Supporting Information for C/10 and Cf5 discharge processes,
respectively. For quantitative analysis, a 1000-pixel line scan was
applied across the electrode region for all selected radiographs, and
the average of these 1000 pixels was uwsed to caleulate the
transmission or change in transmission at each depth location within
the cell. To be consistent with the analysis done for calculated
concentration profiles and highlight the change of transmission
(AT) duning discharging, all line scan profiles were normalized by
the initial transmission profile of the cycle, which resulted in all 0%
discharge capacity profiles becoming horizontal lines. Figures 6a
and 6b display line scan profiles for the different extents of
discharge. In the profiles, the y-axis was reversed for casier
comparison to calculated profiles for the total change in Li™ because
negative AT indicates higher Li7 concentration in LCO region and
vice versa for LTO region.
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Figure 6. Normalized transmission profiles for LTOyop/LCO cell at discharge rates of (a) C/10 and (by C/5, and comparative calculated profiles of the changes
in relative Li' concentration for LTOypa/LCO cell at (¢) C10 and (d) Cf5. The different curves correspond to the different extents of discharge capacity
delivered, with the concentrations being shown for 0% (magenta), 25% (orange), S0% (green), 75% (purple), and 100% (blue).
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The discharge process of LTOu-g/LCO cell was caleulated for
comparison with experimental neutron imaging results. The para-
mieters used for caleulation and the comparison of discharge profiles
can be found in Table 51 and Fig. 518 in Supporting Information.
The calculation results were very similar to the representative
LTOyx/LCO cell discussed in previous sessions because the only
difference between these two cells was a slight change in the LTO
clectrode thickness (Table S1). The calculated concentration profiles
are displayed in Figs. 6c and 6d. Compared with the expenmental
ransmission profiles, the calculated results show good agreement. In
the LCO region, at both G0 and C/5, the lithiation was relatively
umform with a gradient slowly formed durng discharge. For both
experimental and calculated results, the hithiation near the cument
collector of the LCO at Cf5 did not reach completion, which was
caused by the LiT transport limitations at the increased rate. For the
LTO region, results at both mates showed a consistent gradient
forming during discharge which propagated towards the current
collector. Therefore, the neutron imaging results confirmed that the
calculaton reflected the Li™ transport and redistnbution processes
occurring during discharge for the C rates investigated.

Conclusions

In this work, the electrochermical and transport properties of
sintered electrodes were compared between ice-templated electrodes
with aligned pore structures and hydraulically pressed electrodes
which had random interconnected pores but had the geometne pellet
density matched to the ice-templated electrodes using sacrificial
additive particles. Electrochemical charge/discharge at increasing
rates confirmed that coin cells containing electrodes processed using
the ice-templating technique had significantly better retention of
capacity at higher discharge rates. This outecome was explained in
the context of the improved won transport through the electrode
microstructure due to reduced tortuosity, with one possibility being
that the tortuosity reduction was the result of aligned pore micro-
structures. The mmpact of the improved 1on transport was further
supported by numencal simulations of the discharge process, which
for many cases matched the expenmental outcomes well. In
addition, neutron mmaging on a cell containing an ice-templated
electrode provided evidence for the concentration profile associated
with Li™ redistribution durning discharge, which also was matched
with Li™ concentration changes calculated from  simulations.
Owerall, this study provides support for the significant improvements
i mitigating 1on transport hmitations in thick electrodes that can be
made by ice-templated microstroctures.
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