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Abstract

Increasing the energy density of lithium-ion batteries at the electrode and cell level is necessary to continue the reductions
in the size and weight of battery cells and packs. Energy density improvements can be accomplished through increasing
active material density in electrodes by decreasing porosity and removing inactive additives, as well as by using thicker
electrodes that reduce the relative fraction of separators and current collectors in the cell. This paper describes the fabri-
cation of sintered electrodes comprised of only electro-active material toward the goal of thick electrodes free of binders
and conductive additives. The electrodes reported herein have no inactive additives in the electrode, >62% active material
volume fraction, and high thicknesses of > 500 um. The high capacity of these electrodes presents challenges for material
characterization and extended cycling. In particular, lithium metal anodes limit the performance of sintered electrode cells
at > 1 mA cm™, a relatively low rate for these thick electrodes. In this work, full Li,TisO,,/LiCoO, (LTO/LCO) sintered
electrode cells with total combined thickness of anode, separator, and cathode of up to 2.90 mm have been successfully
fabricated and electrochemically evaluated. These full cells have improved stability and high areal capacities, as high as
45 mAh cm™ capacity at 1.28 mA cm™>.
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1 Introduction

Continued growth in the number of battery-powered devices

Electronic supplementary material The online version of this such as portable electronics and electric vehicles demands
article (https://doi.org/10.1007/s10800-018-1242-y) contains the development of higher energy density batteries, with lith-
supplementary material, which is available to authorized users. jum-ion (Li-ion) batteries still the dominant choice for these
54 Gary M. Koenig Jr. rechargeable applications [1]. While development of new

gary.koenig @virginia.edu Li-ion materials chemistry is one approach to increase cell

energy density [2, 3], substantial improvements in energy
density can also be achieved by using established materials
through improved engineering of the battery electrodes [4,
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5]. In particular, higher energy density electrodes can be
accomplished by increasing the volume fraction of active
material via higher packing densities, removing inactive
additives, and/or increasing electrode thicknesses.

Designing electrodes for high total energy or energy den-
sity often results in compromises in the rate capability of
the electrode. Removal of conductive additives and binders
in composite electrodes will reduce the electrode electronic
conductivity and mechanical integrity, respectively [6, 7].
Calendaring is a process often done to improve electronic
conductivity and increase the volumetric energy density of
a composite electrode, but this step reduces the volume of
the electrode allocated to the electrolyte, creating restrictions
in Li* transport [8, 9]. Also, thick and dense electrodes can
be difficult to manufacture without cracking or delamina-
tion [10]. Large particles, which pack well into composite
electrodes, have longer internal diffusion paths and lower
surface areas for intercalation reactions which limits rate
capability of the battery cell [11, 12]. The combination of
the factors described above leads to common processing and
design limits for composite electrodes, and most compos-
ite electrodes reported for Li-ion batteries have thicknesses
below 250 um and active material volume fractions below
60% [2, 13, 14].

This manuscript will describe battery cells where both
the anode and cathode are comprised of sintered electrodes
that contain only the electroactive materials, a less com-
mon electrode architecture for Li-ion batteries [4]. These
sintered electrodes consist of close-packed solid active
material particles (>60% solid by volume) compressed
into porous thin films. These thin films are electronically
conductive, and thus do not require conductive additives.
In addition, the connections between particles are mechani-
cally robust and thus binders are also not required, thus the
sintered electrodes do not have any of the inactive additives
typically used in conventional Li-ion composite electrodes.
Using hydraulic pressing to fabricate the electrodes enables
thicker electrodes than those typically achieved with calen-
dared composites. The pressing of a single component, the
active material particles, mitigates some electrode heteroge-
neity. Furthermore, the pressing step achieves random close
packing regardless of particle morphology, facilitating the
use of small, high-rate-capability active material particles
without major sacrifices to electrode packing density [15].
Sintered electrodes have higher energy densities on an areal
basis than state-of-the-art composite electrodes [16], and the
increased thickness of the electrodes suggests that if they
could be produced in a stacked configuration that due to the
lower fraction of the cell allocated to separators and current
collectors that sintered electrodes may even be competitive
with wound composite electrode architectures [17].

Herein, fabrication of Li-ion full cells will be reported
where both electrodes were comprised of only sintered
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active materials—free of binder and conductive additives.
The coin cells reported in this study have extremely high
areal capacities—21.4 mAh cm™2 and 45.2 mAh cm™~2. For
perspective, commercial Li-ion electrode pairs have been
reported in a range generally up to 25 mg active material per
cm?, corresponding to a capacity of about 3.75 mAh cm™2
for common cathode material LiCoO, (LCO) [2, 18]. While
other reports have paired sintered electrodes with lithium
metal which results in the highest energy density, this report
will demonstrate that lithium metal thin film electrodes
result in significant performance and cycle life limitations
when paired with high capacity sintered electrode cells. The
high energy density sintered electrode architectures provide
a promising route to high energy density Li-ion cells, and
further improvements toward mitigating rate capability limi-
tations in these cells would provide a promising strategy to
designing high energy density battery packs.

2 Results and discussion
2.1 Sintered electrode half cells

LCO was chosen for evaluation toward use as the cathode
in sintered electrode full cells, in part because it was previ-
ously demonstrated in the literature as a successful sintered
electrode material [4]. LCO is a good candidate for use as
a sintered electrode material because it has reasonably high
energy density, relatively high electronic conductivity after
slight delithiation, and modest strain with intercalation/dein-
tercalation [4, 19]. Relatively high electronic conductivity is
important for sintered electrodes because the active material
itself must provide all of the electronic conduction from the
particles to the current collector, and as will be described in
the cell fabrication, some of the active material particles in
the electrode will be many hundreds of micrometers away
from the current collector. Modest intercalation strain is
needed because large volume change in the electrode mate-
rial with cycling would likely lead to fracture and failure
of the electrode because it is comprised of only sintered
active material. Strain of more than a few percent would
be expected to break particle—particle sintered connections.

LCO powder was synthesized as described in “Experi-
mental” section, pressed into 440 um thick pellets (surface
morphology can be seen in Fig. S1 in Supplementary Mate-
rial), sintered, and assembled into half cells with lithium
metal anodes to evaluate the electrochemical performance.
For comparison with the Li/LCO sintered electrodes, Li/
LCO cells were also fabricated using conventional LCO
composite electrodes where the composite was comprised
of a blend of active material, carbon black, and binder with
relative weight fractions of 80:10:10 active material:carbon
black:binder. As shown in Fig. 1, the sintered electrodes
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Fig. 1 Voltage profiles during charge/discharge for the 2nd cycle
of sintered electrode (solid lines) and composite electrode (dashed
lines) Li/LCO cells plotted on a a gravimetric basis considering just
the active material and b areal basis. Areal current densities were
1.15 mA cm™? for the sintered electrode and 0.028 mA cm™? for the
composite electrode, which for both cells corresponded to C/20 using
a mass of active material basis

have only slightly lower capacity than the composites on
a gravimetric basis, but much higher capacity on an areal
basis. At C/20 (7.5 mA g~ ! LCO), the capacity of the sin-
tered LCO electrode was 97% that of the composite LCO
electrode on a gravimetric basis, but 4000% of the com-
posite electrode on an areal basis. The round trip energy
efficiency was 93.4% for the sintered electrode and 94.4%
for the composite electrode. The volumetric energy density
of the Li/LCO cell with the sintered electrode was calculated
for just the active components of the cell and was very high
— 1435 Wh L~! when discharged at a rate of 77.9 W L™ 1.
Note that the full 100 pm thick lithium metal anode, 400 um
thick LCO cathode with 68 vol% solid active material, elec-
trolyte, and separator were included in this energy density,
but the current collectors and cell casing were not included.

While the energy density of the Li/LCO cell with a
sintered LCO electrode was very high, the cycle life was
limited (Fig. 2a). The cell experienced abrupt capacity loss
after 15 charge/discharge cycles at C/20. This low cycle life
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Fig.2 Capacity retention during charge/discharge cycling of a Li/
LCO and b Li/LTO cells containing sintered electrodes and ¢ a Li/Li
symmetric cell. The cells in a and b were cycled at rates correspond-
ing to C/20 based on active material mass (areal current densities of
1.15 mA cm™? for LCO, 1.10 mA cm™? for LTO), while the cell in
¢ was cycled using a 50 h cutoff for each charge/discharge at a rate
of 0.53 mA cm™2, which corresponded to C/50 for the sintered elec-
trodes. Lithium metal mass for gravimetric basis in ¢ corresponded to
the mass of two layers of 100 pm lithium foil

made accurate determination of the rate capability of the
sintered electrodes difficult. We hypothesized that the low
cycle life was caused by the extremely deep lithium stripping
and plating with each discharge and charge cycle, respec-
tively. For example, assuming the lithium were to form a
dense film with the reversible stripping and plating cycles,
the early discharge cycles shown in Fig. 2a correspond to
stripping a thickness of approximately 130 um of lithium
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metal during each cycle. That same approximately 130 um
of lithium metal would then be plated on the charge cycle.
This substantial restructuring of the lithium anode with each
cycle would be expected to result in large amounts of solid
electrolyte interphase (SEI) formation and thus electrolyte
consumption, as well as potential dendrite growth [20]. In
a previous literature report characterizing sintered elec-
trode cathodes, lithium metal and electrolyte were replaced
periodically to enable extended cycling [4]. The challenge
with extended cycling is expected to generally be an issue
in thick sintered electrode cells when paired with lithium
metal because of their high areal energy density, which is not
an issue typically observed with lithium metal anode coin
cells when paired with composite cathodes. This is because
composite cathodes typically have only a couple mAh cm™2
capacity (e.g., Fig. 1b) and can be paired with lithium metal
anodes that may be 200 um thick, in which case assum-
ing the lithium metal is a dense thin film, it would contain
41 mAh cm™2 of capacity. Thus, even with significant loss
of lithium metal due to loss to SEI formation, because there
are only a couple mAh of capacity on the cathode, the cells
usually do not have problems reaching hundreds of charge/
discharge cycles. However, for the sintered electrodes in this
study, the cathode contains >20 mAh—thus the cathode
capacity goes from being ~5% of the lithium metal anode
for the conventional composite electrode case to ~50% of
the lithium metal anode in the sintered electrode case. Thus
the lithium metal has to contend with extremely large swings
in thickness with each cycle of stripping/plating and there is
new SEI formation with each cycle. These combined factors
are likely the cause of the relatively low number of cycles
the sintered LCO electrode achieved when paired with lith-
ium metal anodes.

As an alternative to using lithium metal as the anode,
sintered Li,Ti5O,, (LTO) spinel was investigated in an effort
to achieve extended cycling without resorting to opening the
cell and periodically replacing the electrolyte and lithium
metal. LTO was chosen as the material for the anode mate-
rial due to its 1.55 V redox potential vs. Li/Li*, which is
within the stability window of the electrolyte and thus limits
SEI formation. Though the higher redox potential reduces
the energy density of Li-ion batteries with LTO relative to
lithium metal or graphite anodes, the higher potential results
in LTO having high cycle life and safety. Also, LTO has very
low strain during intercalation/deintercalation, suppressing
particle fracture during cycling [21, 22]. Additionally, while
LTO as synthesized is initially electrically insulating, the
Li;Ti;O,, phase formed during lithiation is highly conduc-
tive and has been shown to support cycling LTO without
carbon additives in both composite and sintered electrodes
[23-25].

Since LTO has a low strain and the voltage is within the
electrolyte stability window, it was expected to have high
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retention of electrochemical capacity with charge/discharge
when processed into a sintered electrode due to minimi-
zation of pulverization of interparticle connections which
would enable maintaining conductivity throughout the thin
film. However, despite these material stability advantages,
sintered LTO electrodes paired with lithium metal anodes
were observed to have even lower cycle life than sintered
LCO electrodes (Fig. 2b). The Li/LTO cell with a sintered
LTO electrode successfully completed one discharge/charge
cycle at C/20 (see Fig. S2 in the Supplementary Material for
the voltage profiles), but lost over 90% of cell capacity with
the second discharge cycle. Capacity losses were always
seen following delithiation of LTO (plating of lithium)—
there were not significant losses following the lithiation of
LTO (stripping of lithium) discharge cycle. Note that the
thickness of lithium was doubled in Li/LTO cells to com-
pensate for the initial discharge/lithiation reaction of LTO,
as opposed to initial charge/delithiation reaction in Li/LCO
cells (e.g., LCO starts on charge and thus there is more total
lithium available for charge/discharge in a LCO vs. LTO
electrode of equal capacity paired with an equivalent lithium
metal anode). While it was surprising that the extra lithium
metal thickness did not accommodate additional cycling for
the LTO sintered electrode, again we suspect that the sig-
nificant thickness change of the lithium metal electrode with
cycling and additional SEI formation on the lithium during
the extensive plating and stripping facilitated the dramatic
capacity loss in the cell after the first charge/discharge cycle.

To further confirm the limitations of the lithium metal
electrode in these high capacity cells, Li/Li symmetric
cells were constructed using lithium foils with thickness
of 200 pm (two 100 pm Li foils pressed together for each
electrode) and electrode areas of 1.60 cm®. The Li/Li sym-
metric cell was unable to complete full 20 h cycles at cur-
rent densities of ~1.1 mA cm™2, which corresponded to
the current density used for C/20 cycling for the sintered
electrodes, without hitting the 1.0 V upper voltage cutoff.
To demonstrate cycling of the Li/Li cell, a current density
of 0.53 mA cm™? (~C/50 for sintered electrodes) was used
and each cycle was set with a 50 h time cutoff for charge/
discharge (Fig. 2c). Only three full “charge” and “discharge”
cycles were achieved before loss of capacity in the Li/Li
cell (charge and discharge in the symmetric cell refers to
a switch in the electrode that was undergoing stripping or
plating). While only the first eight discharge cycle data
points are shown in Fig. 2c, there was negligible capacity
delivered in the cell after the 8th cycle. The relatively large
fraction of lithium metal stripped and plated with each cycle
(~70% of the initial lithium metal in the cell) would lead
to significant SEI formation and loss of electrochemically
accessible lithium in the cell. A voltage profile of the Li/Li
cell is available in Fig. S3 in the Supplementary Material.
While at 0.53 mA cm™2, there was polarization in the Li/
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Li cell that increased as a function of time both on charge
and discharge, cycling at higher rates of ~1.1 mA cm™? to
~4.4 mA cm~2 (corresponding to C/20 and C/5 for the sin-
tered electrodes) resulted in very high polarization and the
cell reaching the voltage cutoff of 1.0 V. The inability of the
lithium metal to cycle at current densities that for the sin-
tered electrodes corresponded to C/20 or higher presented a
challenge in attempting to determine rate capability of the
sintered electrode materials when paired with dense thin film
lithium metal anodes.

2.2 Sintered electrode full cells

Due to the cycle life, capacity, and rate limitations of both
the LCO and LTO sintered electrodes when paired with lith-
ium metal, full cells were constructed to characterize the
electrochemical performance of these electrodes without the
use of lithium metal. LTO/LCO sintered electrode full cells
of two different thicknesses were assembled and underwent
galvanostatic cycling at various rates shown in Fig. 3. The
difference between the data in Fig. 3a—d was the thickness
and total amount of active material in the cell. The cell that
provided the profiles and delivered capacities in Fig. 3c,
d contained significantly thicker electrodes, although the
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particles used to fabricate the electrodes and the sintering
conditions were identical to the cell with thinner electrodes.

The cell shown in Fig. 3a, b contained an LTO-sintered
electrode which was 0.75 mm thick and an LCO-sintered
electrode which was 0.44 mm thick, for a total thickness
for the electrodes and the separator of 1.21 mm. The LTO/
LCO full cell achieved a capacity of 12.5 mAh cm™? at the
high current density of 4.62 mA cm~2, and a capacity of
21.4 mAh cm~? at the lowest evaluated current density of
0.462 mA cm™>. The full cell was designed to be cathode
limited in capacity and the LCO active material loading was
153 mg cm™>—around six times higher than typical heavily
loaded commercial composite electrodes [2, 18]. Although
the cell was designed to be cathode limited, this was based
on the capacity of the active materials when evaluated in
composite electrodes, and because the Li/LTO-sintered elec-
trode was difficult to evaluate, it is noted that it was pos-
sible that the sintered LTO electrode limited the discharge
capacity in the cell. Detailed investigations determining the
rate capability limitations of the LTO/LCO cells will be the
subject of future investigations, but the thickness of these
electrodes likely leads to significant concentration polariza-
tion and Li" diffusion limitations within the porous active
material matrix, thus improvement of rate capability of these
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in ¢, d contained a total anode, separator, and cathode thickness of
2.90 mm. The profile in a had a voltage window of 1-2.8 V and areal
current density of 1.15 mA cm™2, while the cell in ¢ had a voltage
window of 1.5-3.0 V and areal current density of 1.36 mA cm™>
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electrodes will require careful design of the constituent par-
ticles, the Li* diffusion pathways, and the total electrode
thickness [8]. Scanning electron micrographs of the films are
available in Fig. S1 in the Supplementary Material.

To determine the electrochemical performance of much
thicker sintered electrodes, a 2032-type coin cell was assem-
bled with 2.90 mm total electrode and separator thickness
(Fig. 3c, d). This combined thickness for the electrodes and
separator was at the limit of what the 2032-type cell could
accommodate. In order to fit the 1.08 mm thick LCO and
1.79 mm thick LTO electrodes, it was necessary to remove
the spacers and wave spring, with the cell crimping pro-
viding the pressure in the cell which kept the electrodes in
contact with the cell casing that provided the function of
the current collectors. A relatively high voltage cutoff of
3.0 V (cell, vs. LTO anode) was used to extract additional
capacity relative to the other LTO/LCO sintered electrode
full cells, although such a high potential for LTO/LCO cells
negatively impacts capacity retention. As seen in Fig. 3d,
the cell delivered comparable gravimetric capacity on an
LCO material basis to the 1.21 mm total thickness cell at low
current densities. The theoretical capacity for the 2.90 mm
thick cell was 109 mAh (based on 150 mAh g_1 LCO), and
the highest discharge capacity achieved was 83.4 mAh at
1.28 mA c¢cm™? (C/100, the slowest rate used). With some
optimization, a capacity of 120 mAh could reasonably be
achieved in this cell geometry at the slower rates typical of
many coin cell applications, and with an average voltage of
around 2.5V, this design compares favorably in energy den-
sity to rechargeable commercial coin cells such as ML2032
cells with approximately 2.5 V operating voltage and 65
mAh nominal capacity [26]. Furthermore, the cell still pro-
vides significant capacity even at a constant current dis-
charge as high as 12.8 mA constant current, corresponding
to the nominal C/10 discharge shown in Fig. 3d.

The capacity retention and rate capability of the 1.21 mm
LTO/LCO full cell was greater than that of either the Li/
LCO or Li/LTO cells, providing additional evidence that
cycling and rate capability limitations in the Li/LTO and
Li/LCO cells were likely due to the lithium metal electrodes
rather than the sintered electrodes. The 1.21 mm thick cell
retained 90.6% after 50 cycles and 85.3% after 200 cycles
relative to the first cycle discharge capacity (see Supplemen-
tary Material, Fig. S4). Sintered electrodes have a unique
reliance on small interparticle connections for connectivity
and electronic conductivity. Due to the well-known issue of
lithium intercalation and deintercalation causing strain and
pulverization of active materials, it is expected that sintered
electrodes will likely be more vulnerable than composites to
intercalation pulverization. The low strain and high anode-
side voltage of LTO make it one of the most durable Li-ion
materials in composite cells, and it is expected that these
properties are just as important for the sintered electrode
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architecture. The mechanisms of capacity loss in sintered
electrodes will be a topic for future studies; however, the
results presented here demonstrate that high energy densities
are made possible by using sintered electrodes comprised
of only Li-ion battery active material as cell anodes and
cathodes.

3 Conclusions

Li/LCO, Li/LTO, and LTO/LCO cells with thick and dense
sintered electrodes have been fabricated and characterized
through galvanostatic cycling. The cells containing lithium
metal anodes have very high energy density; however, the
cycle life of those cells was limited to as little as 1 charge/
discharge cycle for Li/LTO, and these cycle life limitations
were attributed to the lithium metal anode’s inability to
accommodate the high current densities and total capaci-
ties that result from using thick sintered electrodes. LTO/
LCO full cells were assembled that had improved cycle life
and rate capability relative to Li/LCO and Li/LTO cells,
demonstrating that the short cycle life of the half cells was
likely due to the deep cycling of lithium as opposed to pul-
verization of interparticle connections and loss of electronic
conductivity and cohesion from the sintered electrodes.
Additionally, reversible electrochemical cycling was dem-
onstrated in a cell containing sintered electrodes for both
the anode and cathode and a total electrode and separator
thickness up to 2.90 mm, resulting in extremely high areal
loadings and areal capacities. Further efforts will be needed
to probe capacity loss mechanisms within sintered electrode
films, as well as further optimization of the sintered elec-
trode particle constituents and microstructures to improve
these unique battery electrode materials.

4 Experimental
4.1 Preparation of active material powders

LCO was synthesized using an adapted method previously
reported in the literature [27]. First, CoC,0,-2H,0 pre-
cipitate particles were synthesized by pouring all at once
an 1800 mL solution of 62.8 mM Co(NO;),-6H,0 (Fisher
Reagent Grade) dissolved in deionized (DI) water into an
1800 mL solution of 87.9 mM (NH,),C,0,-H,O (Fisher Cer-
tified ACS) dissolved in DI water. Solutions were preheated
to 50 °C prior to mixing and the temperature was maintained
at 50 °C for the duration of the synthesis. The solution was
stirred continuously and vigorously at 800 rpm with a mag-
netic stirrer. After 30 min of precipitation, CoC,0,-2H,0
particles were collected via vacuum filtration, rinsed with
4 L of DI water, and vacuum dried overnight at 80 °C.
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CoC,0,-2H,0 powder was mixed with Li,CO; (Fisher
Certified ACS) powder with 2% excess Li salt relative to
stoichiometric quantities (e.g.; Li:Co mixed at 1.02:1 molar
ratio) in a mortar and pestle. The mixed powder was fired at
a 1 °C per minute ramp rate to 800 °C with no hold time in a
Carbolite CWF 1300 box furnace in air, and upon reaching
800 °C the furnace was turned off and allowed to cool to
ambient temperature without control over cooling rate. After
firing, the resulting LCO powder was milled in a Fritsch Pul-
verisette 7 planetary ball mill with 5 mm diameter zirconia
beads for 5 h at 300 rpm.

The LTO powder used was NANOMYTE BE-10 pur-
chased from NEI Corporation. Characterization of this mate-
rial can be found in previous reports [28].

4.2 Electrode preparation and characterization

Active material powder was mixed with solution contain-
ing 1 wt% polyvinyl butyral dissolved in ethanol at a ratio
of 2 mL binder solution:1 g active material powder using
a mortar and pestle. After solvent evaporation by exposure
to air, the active material and binder mixture was further
ground in a mortar and pestle. Either 0.2 g LCO-binder mix-
ture or 0.22 g LTO-binder mixture were loaded into a 13 mm
diameter Carver pellet die and pressed with 12,000 1b; for
2 min in a Carver hydraulic press. A 16 mm diameter pellet
die was used for the very thick LCO and LTO electrodes
(Fig. 3c, d). After pressing, electrodes were sintered in a
Carbolite CWF 1300 box furnace in air through heating to a
peak temperature of 700 °C and held for 1 h with a 1 °C per
minute ramping and cooling rate. After cooling, electrodes
were attached directly to stainless steel coin cell spacers
using an N-methyl pyrrolidone (NMP) solvated binder slurry
of 1:1 weight ratio Super P carbon black conductive addi-
tive to polyvinylidene difluoride (PVDF) binder and dried
overnight in an 80 °C oven.

Composite electrodes were prepared by coating a slurry
comprised of active material (for LTO directly as received,
for LCO after ball milling), carbon black conductive addi-
tive, and PVDF binder in NMP solvent with a weight ratio of
80:10:10 active:carbon black:PVDF onto an aluminum foil
current collector using a doctor blade with a gap of 200 um.
The electrode slurry was dried in an 80 °C oven overnight
and dried in an 80 °C vacuum oven for 3 h prior to punching
out 14 mm diameter electrode disks.

Electrodes for all cells were assembled into CR2032
coin cells in an argon atmosphere glove box with a single
trilayer polymer separator and an electrolyte comprised
of 1.2 M LiPFy in 3:7 ethylene carbonate:ethyl methyl
carbonate electrolyte. Cells were tested through constant
current charge/discharge cycling on a MACCOR battery
cycler. Where reported, C rates were based on assumed
capacities of 150 mAh g=! for LCO and 175 mAh g~ !

for LTO (e.g., 1C for LCO electrodes was 150 mA g_1
LCO). Voltage ranges and current densities used during
cell cycling for different cell types (Li/LTO, Li/LCO, LTO/
LCO with sintered or composite electrodes and different
loadings) can be found in the text and figure captions for
each cell discussed.
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