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ABSTRACT

Sintered electrede hthium-ien batteries contain enly electroactive material which has undergone a mild thermal
treatment to improve particle connectivity and thus clectrode mechanical strength. These electrodes can be made
very thick, and due to the lack of inactive binders or conductive additives there are ion transport advantages
relative to equivalent thickness and porosity composite electrodes. In this study, the discharge of sintered
electrode full cells was simulated at the cell level for three different form factors: CR2032, CR2025, and CR2016.
Simulations alzo include relatively lngh and low rates of discharge and tweo different clectrolytes. Using the
simulations, overpotential distributions enable analysiz of the contributors to recistance in the eell analyzed for
the different regions of the amode, cathode, and separator. Owverpotential sources include electronic over-
potential, lonic overpotential, interfacial overpotential, and OCV overpotential As the total thickness inereases,
the main overpotential contribution chifte from interfacial to ionie, with both originating from the electrodes. In
all eazez a higher conductivity clectrolyte dramatically inereases total capaeity delivered at higher discharge

rates.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) have become the pre-
dominant power source for pertable electronics and electric vehicles [1].
Research has pursued improving both the volumetic and gravimetrie
energy densities of LIB cells, not only through new materials but also via
electrode and cell engineering [2-7]. As one example, increasing the
thickness of a LIB electrede significantly improwved the areal energy
density, but ionic transport limitations became more severe at high
eycling rates/eurrent densities [6.0,9]. lonic ransport limitations due o
tortuous interstitial regions in the electrode were generated from the
electrode microstructure and ean be exacerbated by materials and pro-
cessing including polymer binders, conduetive additives, and electrode
calendaring [9-11]. In order to reduce these transpert limitations at
increased thickness, electrodes free of inactive materials have been
pursuad, These include “sintered electrodes” comprised of only elee-
troactive LIB materials which underge a mild sintering step to improve
mechanical properties of the porous ceramie thin film [5-2]. Such
electrode design and processing avoided the use of spatially obstructive
polymer binder and conductive carbon, resulting in reduced ionic
transport restrictions (e.g., the Bruggeman exponent for sintered

electrodes has been reported to achieve the hard sphere ideal limit of
1.5, while composite electrodes with inactive materials have been re-
ported to exceed 3) [6.5,10]. Sintered electrodes have been reported
with high thicknesses over 500 pm and areal loadings on the order of
hundreds of mg em ™2 [4-8,12,13].

However, due to thicknesses much greater than typical composite
electredes, ion transport in the electrolyte phase through the inrersticial
microstructure of the solid sintered electrodes still resulted in high po-
larization which limited rate capability [4.6.5]. It is noted that various
approaches have been pursued to mitigare this limitarien, including
modifying the electrode microstructure to facilitate improved ion
transport and/or implementing  higher conduetivity electrolytes
[4.12,14-19]. Understanding the capabilities of sintered electrode full
cells for a set form factor can have additional value. In this work, nu-
merical simulation of the electrochemical properties of sintered elec-
trode structures representative of thicknesses to maximize capaeity fora
series of coin cell form factors (CR2032, CR2025, CR2016) will be
described, as well as the different contributors te the electrede polari-
zation. For these simulations, the anode and cathode was limited to
LisTisOy2 and LiCoO; that has been used in previeus reports
[5-8,18.19], although other material substitutions are possible [12.20],
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The coin cell form factors in this work were chosen for direct com-
parison with existing cells that have these established form factors
commercially. While not as large of a market for LIB as applicatiens such
as electric vehicles and mobile phones, rechargeable small form factor
cells have been suggested for many emerging applications such as
wearable electronies [21], The framework provided in this work can be
extended more generally to planar electrodes with a variety of geome-
tries, where thick electrodes would be desirable to increase cell level
energy density. The coin cell geometry was chosen for direet comparisen
to existing commercial coin cell technology and because experimentally
coin cells have been used by researchers as a form factor vo evaluate high
energy density electrodes and cells [5,22].

2. Methods

The simulation framework was based on Newman's pseudo-two
dimensicnal (P2D) system [23,24], but incorporated variable elec-
tronic  conductivity of both cathede (Li;_;CoOz) and anode
(Liy, 3, TigOy2) a5 a function of lithiation [8]. The system of partial dif-
ferential equations (PDEs) has been reported in previous publicarions
[2], and is provided in the Supporting information as well. The total
thickness of both cathode and anode in each cell type were chozen to
maximize available eleewrochemical energy within constraines of the
materials of construction for the different form factors. The thicknesses
for inactive components were based on measured thicknesses for com-
mercial materials, These included one top piece (250 pm thick), cne
bottom piece (250 pm), one spacer (500 pm), cne spring and one glass
fiber separator (together 200 pm after assumed compression for both
components). It is noted that some of these values can be varied with
different cell materials,/fabrication, that the use of wave spring and glass
fiber separator makes the total thickness (due to varying compression)
variable, and that the spacer could be thinner. However, all values were
typical for commercial coin cell parts used in previous sintered electrode
cells fabricated and reported in prior studies [6-2,18,19], The total
remaining combined thicknesses available for both electrodes were then
determined to be approximately 2000 pm for CR2032, 1300 pm for
CR2025, and 400 pm for CR2016. The individual cathode and anode
thicknesses were determined by calculating the praetical theoretical
maximum capacity, The results were a ratio of 45 % cathode and 55 %
ancde with an area of 2 em® (based on the inner diameter of —1.6 cm for
CR2032 gasket), based on the pore/void volume fraction and theoretical
capacity for cathode assumed to be 0.4 and 137 mah g~ and for anode
assumed to be 0.4 and 175 mAh g'l [2]. The calculated theoretical
capacity for increments of 5 % variation of thickness/volume fraction
for the anode and cathode can be found in Supporting information,
Fig. 1.

Detailed electrode simulation parameters are listed in Table 1. Two
electrelytes considered in this work were 1.2 M LiPFs in 3:7 ethylene
carbenate:ethyl methyl carbenate (referred to herein as “Gen2") and 2.0
M lithium bis{flucrosulfonyl)imide (LiFSI) in dimethyl carbonate, with
derailed parameters listed in Table 2, Gen2 was chosen as a commen
battery electrolyte formulation, and the LiFSI electrolyte was considered
due to its higher conduetivity, which would be expected to mitigate the
ionic transport resistances experienced in thick sintered electrodes [19].
Other relevant simulation parameters can be found in Table 3.

To caleulate the overpotential distribution, a transmission line model
(Fig. 1) was used. When discharging a battery, current passes via solid
electrede (with electronic resistance) or liguid eleetrolyte (with ionie
resistance). The bridge between solid electrede and liquid electrolyte is
where the electrochemical reaction occurs (with interfacial rezistance).
Due to the different extents of lithiation at the surface of the solid
electrode at different particles and electrode depths, the open circuit
voltages can vary across the electrode thickness during discharge
(resulting in open cireuit voltage, or OCV, differences), Thus, there are
numerous current paths, the quantity of which is equal to the number of
disererized points used in the P2D simulation. In the simulaticns in this
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Table 1
Electrode parameters used in simulations.
Parameters Cathode valua Anode value
Solid state Li* 35x 100" [25] 2.0 x 1072 [26]
diffusivity (m*
=1
Active material 2% 1077 [27] 1.7 = 107 [28]
radiuz (mj)
Parozity 0.4 [6,8] 0.4 [6,8]
Bruggeman 1.5 [2] 15 [8]
expaonant
Rate constant 2.10 = 107 '% [29] 3.90 = 107" [30]

(mZS‘ mDI—\J.E
1

Density (kg m~®) 5010 [31] 3480 [32]

Capacity (méAh 274 [33] 175 [33]
)

Variable 7000 = (1 —xF+ 5= (1—  Bxpl4.37 = (1 — v*") = 300
conductivity (5 x) = 0054,05<x<1.0in = (y= 1075 5" gey
m LiyCo03 [34,35] < 1.0 in Lis. 5 TigOz [37]

Orpen circuit —(Tanhiix — 0.555) = 570  0.20946 x Exp(—y / 0.00855)
valtage (V) — 1)/ 3.1 — (Exp{59(x — + 045108 = Exp(—5000y) +

0.54)) < 1)/ 4000 + (Tanh 027706 » Exp(—1010.1y) -
(6.2(x— 0730 - 1) /45+  1.544 — Exp(50(y — 0.87)) =
Exp(—(x — 0.5) x 400) /40 0.001,0<y< 1.0
+ 3895 05<x=< 10 in Liy. 5, TigOy 2 [5]
in Li,Co0, [S,36]

Table 2

Electrolyte parameters used in simulations.

Electralyte and other LiPF, value LiF5l value

paArameters

Transference mumber, r.  0.415 [35] 0.65 [17]

o
Initial concentration 1200 [19] 2000 [19]
{moal m~¥)
Thermodynamic factor 0.28687 ¢* + 0.74678 . _dinfe
dinf. e+ 0.44103 [39] 0.35, assuming 7~ is 0
(1-Fe)a-2)

028x e’ + 054 % e o< 1
0.06 x ¢ — 0.58 x ¢+
15l me—= 017, 1= c< &4
22 432 » Exp(—0.989 x cJ,
c > 4 [15,16]

0.1207¢" + 251" +
3.329¢ [39]

Conductivity (Sm™ ')

Diffusivity (m* 5~ 6.7185 x Exp(—1.081 27941 = Exp(—0.892 = ¢}
« €]/ (0.812 x Exp [16]
(—0.381 x &) x 1070
[39]
Table 3
Separator and other parameters used in simulations.
Separator and other Value
parameters
Temperature (K} 29815, room temperature
Gas constant (J K~ mel™") B8.3145
Faraday constant (A s 06,485
mol™')
Separator thickness (pm) 200, azrumed bazed on cell geometry
Separator MacMullin 1.84, experimental
number [40]
Separator porosity 095, assumed bazed on cell geometry and

manufacturer specifications

study, there are 50 discretized thickness locations each for the cathode
and anode for all eases. In this paralle]l circuit model, aceording to
Kirchoffs law, any current path has the same veltage drop, but current
density (a sum of currents traverse via solid elecrode and via liquid
electrolyte per conservation of charge) across each path could vary due
to the balancing of the 4 resistances mentioned above. In other words,
the current density across each path is the Li" intercalation or
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Particle OCV Overpotential [Eq. 1)

Current Collector

Fig. 1. Cartoon illustrating the overpotential contributions and distribution
acrose one electrode, with only five nodes shown to simplify the illustration.

deintercalation rate at each position.
Thus, to caleulate the overpotential/Tesistance at a certain location
of an elecorode:

pocy(n) = OCV (" (n) ) — OCV{e™==(0) ) (1)
Prseiarenic ) = by (1) — g (0) (2]
Pissergucial M) = by (1) = halm) — OCV (F(n) } (3)

$:(0)) (4

where ci“f‘“, @1, Pa, and n represent electrode solid phase surface LiT
concentration, solid electrode potential, liquid electrolyte potential, and
nth discretized point. Then, to calculate the eurrent-weighted over-
potential contribution of the cell during discharge the total intercalation
or deintercalation rate (which is constant due to the galvanostatic
operaticn of the cell, the total charge or discharge current) is normalized
by:

Wi (1) = o)

2 pocy(n)) (5)

g

oy = el
N
W cbscsrciic: = Z;l:ﬂ(‘ﬁ'-.-mn::(”}' }' [6)
o el
N .
toicss = 32 (o) %
N J(n)
Tawic = D7 (Piic)) (8)
) aal
pe = focy (any other type) 1005 (@)

Mocv + Meteesronic T Minsarfaciat + Wi

where j represents LiT intercaladon/deintercalation rate and N iz the
total number of discretized points. Eqs. (1 }-(9] above were not extracted
from a specific prior work. They resulted from application of previously
established transmission line models and Kirchoffs law to the planar
electrode P2D system simulation results [40-45].

3. Results & discussions
3.1. Rate capability simulations

The simulated discharge eapaeities of the three different form factor
cells as a function of total discharge current are shown in Fig. 2. The data
in Fig. 2 on a log-log scale can be found in Suppoerting information,
Fig. 52. Note that in all cases the geometric elecrode areas were 2 cm®,
thus for comparison to current density the currents can be divided by a
factor of 2. Also, for all simulations the initial lithiation starte was 0.50
and 0.92 for all locations within the cathode and anode, respectively (e.
., corresponding to a uniform “fully charged” state), The assumptions to
obtaining such walues were that LCO could only accommodate 50 %
delithiation to prevent structural collapse [46-50], and the LTO was
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Fig. 2. Simulated dizcharse capacity az a function of discharge current for
LTO/LCO cintered electrodes starting from the fully charged state. The form
factors simulated were (a) CR2032, (b) CR2025, and (e) CR2016 for the cases
where the electrolytes were either Gen2 (green cireles) or LiFSl-based (purple
circles). Lines have been added to guide the eve. Assumed electrode geometric
areas wers 2 em”. (For interpretation of the references to color in thiz figure
legend, the reader is referred to the web version of this article.)

then ecorrespondingly ealeulated from conservation of charge and the
capacity assumed available in the LTO.

The CR2032 form factor had the grearest capacity available due to
the highest total thickness and thus most total electroactive material
within the cell. At low rate (2 mA) for both electrolytes simulated, the
discharge eapacity approached the theoretical eapaeity available in the
cell (74 mAh), with the Gen2 and LiFSI electrolyte both achieving 73
mAh, The Gen2 electrolyte cell had a sharp decrease in discharge eca-
pacity with increasing rate (Fig. 2a), where at 20 mA the capacity
dropped to 20 mAh (27 % retention) and at 50 mA the discharge ca-
pacity dropped down to 8 maAh (11 % retention). Howewver, with LiFSI,
the capacity drop was reduced at increasing rates and correspondingly
the discharge capacity was 58 mah ar 20 mA (78 % retention) and 28
mAh (39 % retention) at 50 mA. For the CR2025 (Fig. 2b) and CR2016
(Fig. 2¢) form factors, the general wends followed that of CR2032 with
decreasing eapacity at increasing rates and improved retention with the
LiFS] electrolyte relative to the Gen2 electrolyte, although as the total
cell/electrode thickness was decreased the total capacity delivered at
low rate also decreased. For all discharge simulations, the discharge
capacity at the lowest rate nearly marched that of the theoretical cell
capacity. The improved capacity retention at increasing rates for the
higher conductivity LiF5] electrolyte relative to the Gen2 electrolyte,
and for thinner relative to thicker electrodes, was consistent witch the ion
transport in the electrolyte being the process that limited the rate
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capability of the sintered electrode full cells. This outcome was experi-
mentally supported in recent reports [19.51], and will be analyzed in
further detail below.

3.2, Overpotential dismibutions

Before discussion of specific form factors and discharge rates, an
explanation for the information in Figs. 3, 4, and Supporting informa-
tion, Fig. 53 is elaborated here to aid in interpretation of the data. Each
figure is composed of 3 columns (a-c) and each column has four panels
(the rows).

The top panel represents the discharge voltage (bottom curve at
lowest voltage) with each individual current-weighted overpotential
contribution shown above the simulated discharge curve. Thus, after all
of the overpotentials were added the top line (highest voltage) repre-
sents uniform lithiation/delithiation of the active materials in the elec-
trode in the absence of any overpotental contributiens, In Fig, 3a, many
of the overpotential contributions are diffieult to differentiate in the
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discharge curve because they are relatively small. However, in Fig. 3b
the different overpotential contributions from the different electrode
regions can be differentiated in the plot. The brackets separate the
overpotential contributions arising from the regions of the anode (top
region), separator (middle region), and cathode (bottom regions), with
brackets and text indicting the different regions. For both anode and
cathode regions, blue, yellow, grey, and red represent ionic, interfacial,
OCV, and electronic overpotential contributions, respectively. Green
color represents the separator overpotential even though it alse only
contributes ionic overpotential, to better differentiate/separate the
cathode and anode regions.

The secend panel contains the current-weighted overpotential con-
tributions at the end of discharge plotted as a denut chart, where the
letters in the donut hole represent the overpotential origin (C, A, and 5
for cathode, anode, and separator, respectively) and the same color
scheme was used for the types of overpotential on the donut as the
discharge plot in the first row. The calculation of percentage contribu-
tions was using Eq. (2). The donut chart is specifically shown for end of
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Fig. 3. Discharge simulation of CR2032 at (a) 2 mA with Gen I, (b) 10 mA with Gen I, and (e} 10 mA with LiFSl. Each column has four panels/rows showing
simulated cell voltage and current weighted overpotentials (top panel), current weighted overpotential distribution at the end of discharge (eecond panel), position
dependent electrochemical reaction distribution (pink line) and overpotential distribution at the end of discharge (third panel), and available electrode capacity (red
line) & clectrolyte concentration (blue line) at the end of discharge (bottom panel). Owerpotential distributions correspond to the color seales asz indicated on the
legend, with ceparate components for the cathode, anode, and separator. (For interpretation of the references to color in this figure legend, the reader iz referred to

the web version of this article)
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legend, with separate components for the eathode, anode, and separator. (For interpretation of the references to color in this figure legend, the reader iz referred to

the web version of this article.)

discharge as this is when the overpotential is the greatest and provides
insights into the factors most limiting extracting additional capacity
from the cell, if additional capacity is still available.

The third row shows the overpotential contribution of each type and
elecorochemical rate distribution across the whole cell thickness at the
end of discharge, where the left region is the cathode (e.g., lowest “cell
position” values, where “0” corresponds to the cathode current collec-
tor), the middle is the separator, and the right is the anode (e.g., higher
“eell positon” values, where the maximum walue corresponds to the
location of the anode current collector). The total height for the over-
potential contributions {values corresponding to left y-axis) of each re-
gion within each electrode has the same height according to Kirkoff's law
and the transmission line medel. The color scheme is the same as for the
previous rows, and at each position of the cell, the relative length of each
color represents the overpotential contribution from each type at each
position/discretized point (Egs. (1)-(4]). The pink curve represents the
normalized electrochemical reaction rate, or lithium intercalation/

deintercalation rate at each of the cathode and ancde at the end of
discharge (values correspond to the right y-axis). It is noted here that the
second row in the plot is obtained by combining the overpotential
contributions with the electrochemical reaction rate.

The bottom panel depicted the spatial profiles of available capacity
remaining in the elecrode (red, meaning the delithiated portion for
cathode and lithiated portion for anode; values correspond to left y-axis)
and electrolyte concentration (blue, values correspond to right y-axis)
across the bawery at the end of discharge az a funetion of depth with the
same location convention as in the third row.

3.3. Owverpotential analysis

Simulation analysis for CR2032, the thickest cell, can be found in
Fig. 3 for the cell discharged at 2 mA with Gen2 electrolyte (Fig. 3a), 10
mA with Gen2 eleetrelyte (Fig. 3b), and 10 mA with LiF5] electrolyte
(Fig. 3e). When the cell was discharged at a relatively low rate of 2 ma
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(Fig. 2a), nearly all the available capacity was delivered, and the total
overpotential was small with a maximum of —0.1 V at 60 mah dis-
charged capacity. In looking at the overpotential distribution at the end
of discharge. it can be seen that 60 % of the overpotential originated
from the ionic resistance in the anode. The information in the third row
of Fig. 3a provided further insights into this overpotential. Even though
the electrolyte concentration gradient was relatively mild across the cell
thickness, at the end of discharge in the anode region the electro-
chemical reaction was concentrated near the current collector region.
This was because there was minimal available capacity left in the anode
regions near the separator. As a result, a large portion of the current had
to be carried by the electrolyte phase, creating a large ionic resistance in
the ancde region. However, in the cathode region, not only the elee-
trochemical reaction but available capacity was much more homoge-
nously distributed even at the end of discharge, To aid in understanding
this phenomenon, dynamic videos of the panels in Fig. 3a during the
discharge process with the same organization are provided in the Sup-
porting information, Video 51. Throughout the discharge process, the
cathode maintained a relatively homegenously distributed intercalation
rate as a function of depth. An exception was between 40 and 65 mAh
when there was a small reaction front initiated from the separator side
which propagated towards the eurrent collector, where LCO had a flat
OCV funetion at this lithiation state right before the end of discharge.
Such phenomenon could be explained from the tendency of current
passing through lowest resistance routes, where during most discharge
times, the solid electrode electrenic conductivity was much greater than
liquid electrolyte icnic conduetivity. Combining the favorable electronie
transport compared to ionic transport with the flat OCV for LCO as a
functicn of degree of lithiation at later discharge time resulted in a front
that propagated due to the combination of the lowest ienic overpotential
in regions closest to the separator where there was still accessible ca-
pacity. When the OCV function was not flat (e.g., LCO discharging ca-
pacity outside the 40-65 mAh portien), the OCV difference provided a
driving force to smooth out the preferable ionic overpotential closer to
the separator region, resulting a more homogenously distribured elee-
trochemical reaction rate across the electrode. In contrast, throughout
the discharge the anode region had a sharp reaction front which prop-
agated from the separator towards the eurrent collector, because LTO
had a flar OCV function over nearly irs full lithiation range. The ebserved
relatively uniform LCO lithiation and LTO delithiation propagation from
the separator towards the current collector was consistent with prior
reports of both experiments and simulations [6-5,23,52]. In addition,
the elecronic overpotential was relatively small throughoutr the
discharge and contributed only —2 % of overpotential from even the
generally lower electronic conductivity cathede region for this
conductive additive-free system, During most of the simulated cell
conditions, for Lis, s, TisOy2 (0 < x < 1) and Li;.Co0a (0 < x < 0.5), the
electronic conductivity for both materials used literature values of =1 5
m~" for over 95 % of the lithiation range [5,34,35,37]. A recent report
suggested that electrode matrix electronic conductivity above this value
no longer limited electrochemieal eapacity [11.15,16,39,53]. The elee-
trolyte in that report had a similar ionic conductivity to this study,
although it is noted the electrode thicknesses were smaller.

Starting from the same initial state, ar an inereased discharge rate of
10 mA only 45 mAh of capacity was delivered. Since the total over-
potential was much greater than the lower current case, individual
overpotential contributions were mere easily recognized and labeled
(Fiz. 3b and Supporting informartion, Video 52). The ionic overpotential
in the separator was much greater due to the increased current/current
density. During the initial 20 mAh of discharge, over half the over-
potential criginated from the cathode region. After the initial 20 mAh
capacity, the overpotential from the anode region continually increased
as the discharge proceeded, similar to the 2 mA discharge case, Starting
at 30 mAh capacity delivered, the interfacial overpotential in the cath-
ode region became much greater, and at the end of discharge, the OCV
and interfacial overpotential contributions were over 50 % of the total
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current-weighted overpotential (second row in Fig. 3b). On close ex-
aminatien of the electrolyte and electrode profile in the bottom panel, it
was found that in the cathode the electrolyte was depleted near the
current collector region and only about the one third of the cathode
region nearest to the separator had an electrelyte concentration >0.1 M
{out of 1.2 M inital concentration) and ionie conductivity =0.25 5 m™!
(for 0.92 5 m™" initial ionic conductivity). This depleted electrolyte
concentration/conductivity at depths further from the current collector
was coupled with relatively low remaining eapacity near the separater
region due to the tendency for the electrochemical capacity to be
extracted from the separator region first due to lower ionic over-
potential, as discussed previously. As a result, the electrochemical re-
action in the cathode region after 40 mAh of discharge was largely
confined to the posidon —600-950 pm from the current collector, This
reaction region confinement increased the interfacial overpotential
because of the relatively low fraction of the electroactive material sur-
face area which was accessible/participating coupled with lower Li™
concentration near the electroactive material interfaces. The OCV
overpotential also inereased because much of the higher OCV remaining
capacity in the electrode was near the current collector which was not
accessible electrochemically due to electrolyte concentration depletion.
One important item of note was that in the sintered electrode architee-
ture the primary particle size in the simulation was <500 nm, consistent
with experimental reports [5,7.2]. Thus, solid-state diffusion transport
limitations were not a significant contributor to the total overpotential
and were not separately displayed. For the ancde side, the total over-
potential compared to the case discharged at 2 mA was greater, but the
overall behavior of the electrode was quite similar to the lower current
case with ionic overpotential dominating and a delithiation front which
propagated towards the current collector during discharge. These out-
comes of direct (ionic overpotential) and indireet (electrolyte depletion
due to ion transport limitations causing OCV and interfaeial over-
potential increases) electrolyte mass transpert limitations motivated
analyzing simulations for the higher icnic conduetivity LiFSI-based
electrolyte to compare to GenZ2,

Changing to LiF5I-based electrolyte resulted in =70 mAh discharge
capacity at 10 mA, which was close to the capacity for Gen2 at 2 mA
{Fig. 3c and Supporting information, Video 53). It is noted that at the
lower rate of 2 mA that the LiFS] electrolyte achieved nearly the same
capacity (72 mAh) as at the higher rate. At the end of discharge and also
throughout the majority of the discharge process, the current-weighted
overpotential contibution (Fig. 3 second row) and spatial distribution
{Fig. 3 third row) resembled Gen2 ar the lower 2 mA discharge, where
the ionic overpotential was the major contributor and the total over-
potential from the anode was greater than the cathode. Examining the
bottom row, depletion of electrolyte in cathode regions was not as severe
in the LiFSI electrolyte, which was attributed to both the initial higher
concentration of the salt and the higher conductivity of the LiP5I elec-
trolyte [15,16,19].

For the CR2016 form factor, which had the thinnest electrodes
simulated (Fiz. 4 and Supporting informatien, Video 54), at 2 mA
discharge current —15 mAh (and =99 % available capacity) was
delivered and the total overpotentials were much smaller compared to
the thicker CR2032 case. When looking ar the current-weighted over-
potentials (Fig. 4a second row) at the end of discharge, the dominating
contributor at 2 mA was not ionic overpotential which contrasted with
the CR2032 case. Interfacial overpotentials from both anode and cath-
ode were responsible for over half of the total current-weighted over-
potential. This reflected the reduced ionic overpotential due to greatly
reduced path length for the ionic current from shorter ion transport
distances in the thinner electrodes. However, because the discharge rate
and geomerrie current density were the same, the equivalent amount of
charge had to traverse a reduced electrelyte-electrede interfacial area
{with less total active material). Inspection of the third row also revealed
that the electrochemical reaction rate distribution in the anode was
broader at the end of discharge relative to the thicker electrode CR2032



C. Ceni er al

casze, which was alzo attributed to the reduced electrode thickneszes. The
bottom row of Fig. 4a shows thar the electrelyte gradient was relatively
small (total of —0.2 M even at end of discharge), again due to the much
thinner electrodes and thus reduced ion transport limitations.

The CR2016 form factoer simulation at higher discharge rate was ata
higher current than the CR2032 to better understand the processes that
limited rate capability, because the thinner electrodes generally can
telerate higher absolute and relative rates of discharge while delivering
high fractions of available capacity compared to the thicker electrodes of
the CR2032 form facter. When discharged at 30 mA with Gen2 elee-
trolyte (Fig. 4b and Supporting informatien, Video S5), the cell voltage
compared to that at 2 mA was lower due to the higher overpotentials. At
initial stages of discharge, the overpotential conoibutions from the
cathode were approximately of the same magnitude as from the anode.
As the discharge proceeded, the cathode interfacial contribution
increased due to both the decreasing elecwolyte concentration in the
cathode and higher lithium concentration at the particle surface (Sup-
porting information, Eq. (54)). The anode icnic overpotential alzo
increased with a similar wend as the CR2032 case at 2 mA discharge as
discussed above, where a reaction front propagated from the separator
side towards the current collector side. At the end of discharge (Fig. 4b
second row), the cathede interfacial overpotential contributed almost
half of the total overpotential. Looking at the third and bottom panels,
similar to analysis of the CR2032 discharge (Fig. 3b) there was high OCV
overpotential due to less capacity available near the lower ionic over-
potential separator region. The resistances near the current collector and
separator regions resulted in a peak in the elecwrochemieal reaction
distribution in the cathode near the middle region of the electrode,
Although electrolyte depletion was not as severe for the thinner elec-
trodes in the CR2016 case, the impaet of the higher conductvity LiFSI-
based electrolyte was alse explored for this form factor with the sintered
electrode cell.

With the LiFS] electralyte (Fig. 4¢ and Supporting information, Video
56), the overall veltage was much greater than that with Gen2, with an
average discharge voltage of 1.940 V compared to 1.676 V. The cathode
interfacial overpotential was reduced, in large part due to the greater
electrolyte concentration throughout the cathode during discharge. The
LiF5] concentration did not drop below 1.5 mol L™! throughout the cell
depth during discharge, which was due to a combination of an initally
greater electrolyte concentration and the faster diffusivity and higher
conductivity of LiFSI relative to Gen2. One item noted here was that the
P2D maodel assumed the reaction rate constant did not vary with the
change of electrolyte system [24.52.54,55]. However, recent reports
have shown the reaction rate constant could vary [51,56]. Future work
should experimentally assess this assumption if discrepancies are found
with simulations.

Az mentioned earlier, a CR2025 form factor cell with electrode
thicknesses intermediate to the ones discussed above was also simulated.
These results can be found in the Supperting information, Fig. 53 and
Videos 57-59. The CR2025 thickness resulted in more balanced contri-
butions to the overpotential from ionic and interfacial resistance (rela-
tive to the more interfacial-dominated CR2016 and ionic-dominated
CR2032). The low rate discharge (2 mA, Fig. 53a) followed what was
observed for the other tweo form factor cells with relatively low total
overpotential and —47 mAh of capacity delivered relative to the
maximum available of —48 mAh. When discharged at a high rate (20
mA, between the high rate examples of 10 mA for the CR2032 and 30
mA for the CR2016) using Gen2, the depletion of Li™ concentration
within the cathode was severe, while after substitution of the LiFSI
electrolyte the delivered capacity increased from —20 mAh to —44 mAh.

3.4. Further considerations
Here some limitations of the simulations in this study and future

directions are discussed. As mentioned briefly earlier, the electro-
chemical reaction rate constant used in the Butler-Velmer equation for
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the simulations was independent of the electrolyte chosen. Howewer,
such assumptions might not held true acceording to recent reports
[51,56]. It is not expected that this assumption would have much rela-
tive impact for the thicker electrode simulations because at low rate the
total overpotentials were low regardless, and at higher rates the rare
limiting factor was very high overpotential resulting from ion transport
limitations. However, the rate constant assumptien would have a much
greater impact on the simulations as the total electrode thicknesses
decreased. As the electrode thickness decreased, especially for equiva-
lent current densities or total currents at the cell level, more current
must be passed through even less relative electroactive surface area.
More comprehensive characterizations of the electrochemical rate con-
stant as a function of electrolyte composition, including ion concentra-
tion which will change during the discharge proeess, will aid in
increasing the accuracy of the simulation predictions. In addition, for
the LiFSI electrolyte the transference number was assumed to be a
constant due to lack of concentration-dependent data [17]. Accurately
measured transference numbers as a function of concentration would
further increase the model aceuracy, although it is difficult to predier the
impact of this assumption because it depends on the quantitative rela-
tionship berween transference number and icn concentration in the
electrolyte for the particular electrolyte,

4. Conclusions

This report simulated the discharge behavior of sintered electrode
full cells with LTO anodes and LCO cathodes for three different form
factors: CR2032, CR2025, and CR2016. The simulations were conducted
at relatively high and low rates, where at the low rates nearly all the
capacity was delivered and at higher rates only a fracticn of the avail-
able capacity was delivered due to high overpotentials that developed
within the cells at increasing rates. Detailed analysis of the individual
overpotential contributions led o the conelusion that both directly and
indireetly ion transport limitations were responsible for the limited ea-
pacity delivered for the thicker electrodes (e.g., CR2032 case). Simula-
tion of a higher conductivity electrolyte resulted in much higher
delivered capacity at identical rates and further supported the ion
transport limitations in the cells. Two electrolytes, Gen?2 and LiFSI, were
compared. Rate capabilities were simulated and it was found thar as the
total thickness went up, the ability to retain capacity at increasing rates
was negatively impaected, For thinner electrodes (e.g., CR2016 case), the
ionie overpetential was less limiting and interfacial resistance became a
relatively more significant consideration. Owerall, this study demon-
strates capacities expected for sintered electrode full cells and their
relevant rate limitations, which were largely dictated by the ion trans-
port through the electrode microstructure and electrolyte conductivity.
Close inspection of the overpotential conoributions alse provided in-
sights into how the reaction proceeded as a function of cell depth and the
interplay of different factors on lithiatdon/delithiation behavior
including how flar the OCV profile was for the materials and relarive
ionic and electronic resistances. These results provided a basis for con-
siderations in thick sintered electrede cell design in relevant cell-level
form factors.

Supplementary data to this article can be found online at hrtps://doi.
org/10.1016/j.est.2022.10521 8.
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