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Higher energy density batteries continue to be pursued by researchers. One general route to increase
energy density is to increase electrode thickness, which reduces the relative fraction of the cell allocated
to inactive components. One route to fabricate thick electrodes is to use mildly thermally treated, or
sintered, electrodes comprising only electroactive materials. In this report, the concept of sintered
electrodes comprising two different electroactive components will be reported. Conventional composite
electrodes with multiple electroactive materials have previously been investigated with the goal of
combining desirable attributes of the different components. Sintered electrodes have additional
complexity relative to composite electrodes in that interfaces can be formed during processing, and
consideration of the location of the different component materials must be taken into account due to
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the need for electronic conduction through the electrode matrix to proceed through the electroactive
materials themselves. Both additional considerations and outcomes will be discussed in this report
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1. Introduction

Driven by the increasing need for lower cost and higher perfor-
mance energy storage systems, researchers have been progressing
in the understanding and optimization of lithium-ion (Li-ion)
battery electrodes. Controlling the electrode components and
their organization that forms the microstructure can improve
both energy and power densities at the cell level.”® In addition,
electrode design elements can in principle be applied broadly to
many existing materials or new electrode chemistry as it is
reported. With regards to electrode design, two routes to achieve
high energy densities at the cell level are to reduce the mass
fraction of inactive materials such as conductive additives and
binders, and to increase electrode thickness. For both routes there
are tradeoffs: electronic conductivity and mechanical flexibility/
strength limitations for reducing/eliminating inactive materials
and increased mass transfer resistances from using thick
electrodes.*>”®1°12 However, one way to reduce inactive
materials in the electrode and to increase thickness is to use
electrodes comprised solely of electroactive materials.*®*° Such
electrodes in some cases undergo a mild thermal treatment to
improve the mechanical properties and will be referred to as
“sintered electrodes” herein.

Department of Chemical Engineering, University of Virginia, 102 Engineers Way,
Charlottesville, VA 22904-4741, USA. E-mail: gary.koenig@virginia.edu;

Fax: +1-434-982-2658; Tel: +1-434-982-2714

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d1ma01074c

4200 | Mater. Adv., 2022, 3, 4200-4212

where multicomponent sintered electrodes of LiCoO, and LiMn,O4 were fabricated and characterized.

Sintered electrodes have been reported which are free of
inactive conductive additives and binders, with high loadings
exceeding 150 mg cm™ > and thicknesses over 500 pm.*®’ The
electrode microstructure for sintered electrodes does not contain
inactive additives in the interstitial regions between particles, and
thus sintered electrodes have lower tortuosity than conventional
composite electrodes.”” However, the electrodes are still very
thick, and thus ion transport limitations through the microstruc-
ture and electron transport through the electrode matrix can
result in high polarization and rate capability limitations.>”*®
Because electron conduction through the electrode matrix must
proceed through the electroactive material itself in sintered
electrodes, materials with relatively high electronic conductivity
across the range of extents of lithiation experienced during
charge/discharge of the cell are desirable. Thus, cathode materials
such as LiCoO, (LCO) have been used in multiple sintered
electrode studies. LCO is well suited to such electrodes due to
its relatively high electronic conductivity: reported to range from
1072 to 10> S em ™! from Li;CoO, to Lij 55C00,.%>*

Previous studies with composite cathodes have investigated
using multiple cathode materials within the same electrode to
improve electrode capabilities or properties.'>*® For example, a
composite electrode blend using LiMn,0O, (LMO) and LiNi,.
Co;__Al,O, (NCA) demonstrated combined advantages of
lower cost, higher operating voltage, and better rate capability
from the LMO component and higher capacity, longer storage
life, and greater stability from the NCA component.'>'” Herein,
the concept of combining multiple electrode materials will first
be explored in a sintered electrode system. Composite electrodes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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experience relatively low temperatures during processing, and
the individual active material particles (at least before calendaring)
are generally separated from one another. In contrast, sintered
electrode electroactive material particles have many contact points
due to compression during processing, and then are subjected to
temperatures which are mild for sintering but much higher than
composite electrode solvent removal temperatures. Ideally, the
benefits previously observed for multicomponent composite elec-
trodes would translate directly to sintered electrodes; however, the
dissimilar materials processed in direct contact with one another
may result in unique considerations that will be reported in this
manuscript. In addition, as described above for thick sintered
electrodes, the electronic conductivity through the electrode matrix
is dependent upon the electrode active material itself. Thus, LCO
was chosen as one of the constituents due to its relatively high
electronic conductivity as discussed earlier.">*'*'* For the second
material in this initial study, the cathode material LMO was
chosen. LMO has been used commercially in composite electrodes,
and has advantages relative to LCO with regards to cost due to the
higher relative abundance of Mn compared to Co, and may also
have environmental advantages.'>'®'® However, the low electronic
conductivity of LMO results in high polarization and limited rate
capability in a thick sintered electrode system.>* Thus, combina-
tions of LMO and LCO will be explored as a multicomponent thick
sintered electrode in this report.

For this study of sintered cathodes containing both LMO
and LCO, three different situations will be described. The first
is a homogeneous blend, where powders of the two materials
are blended together and then processed into a sintered
electrode, which will be referred to as “Blend” (Fig. 1a). For
the other two cases, the same relative fraction of materials as
the homogeneous blend were used, however the powders were
segregated into two separate layers. Then, the two-layer sintered
electrode was fabricated into a cell where either the LMO
component was on the current collector side (Fig. 1b, referred
to as “CC:LMO:LCO”) or the LCO component was on the
current collector side (Fig. 1c, referred to as ‘“CC:LCO:LMO”’).
Previous reports with sintered electrodes have suggested that
the progression of lithiation/delithiation within the electrode
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as a function of electrode depth are dependent on the relevant
electronic and ionic transport restrictions in the system.*”’
Thus, the drastically different electronic conductivity of LMO
and LCO provided a system to assess how the location of the
electronically conductive material layer influenced electro-
chemical outcomes for the cell. The results for these three
systems will be discussed in the context of electrochemical
characterization and pseudo-two-dimensional (P2D) simulations
of the electrochemical cells.

2. Materials and methods

2.1 Active material powder synthesis

LiMn,0, (LMO) active material powder was synthesized according
to previous reports.”’”*' 100 mM of sodium oxalate (Na,C,O,,
Fisher Chemical) and 10 mM of sodium citrate dihydrate
(NazCeO,H;5-2H,0, Sigma-Aldrich), were dissolved into 400 mL
of deionized (DI) water at the same time using a 1000 mL beaker.
Within a separate 1000 mL beaker 100 mM of manganese sulfate
monohydrate (MnC,0,4-2H,0, Fisher Chemical) was dissolved
into 400 mL DI water. The two solutions were heated to 60 °C
followed by pouring the manganese sulfate solution into the
oxalate solution all at once. The reaction was allowed to proceed
for 30 minutes at 60 °C and 300 rpm. The precipitate was then
collected via vacuum filtration before rinsing with 1.6 L of DI
water. The powder cake was dried at 80 °C overnight in air. The
resulting precipitate MnC,0,-2H,0 was then mixed with Li,CO;
(Fisher Chemical) with a targeted molar ratio of Li: Mn of 1.05: 2.
The calcination temperature profile used was to ramp the
temperature up to 900 °C at a rate of 1 °C min~*, hold at 900 °C
for 6 h, ramp the temperature down to 700 °C at 1 °C min~ ", hold
at 700 °C for 10 h, and then ramp the temperature down to room
temperature at a cooling rate of 1 °C min .

For LiCoO, (LCO), the electroactive material was also synthesized
from an oxalate precursor precipitate.®” 200 mM of each
sodium oxalate and cobalt sulfate heptahydrate (CoSO,-7H,0,
Acros Organics) were dissolved separately into 400 mL of
deionized (DI) water in 2 beakers with volumes of 1000 mL.

Electrolyte () LiMn,0, @®LiCo0,

Current Collector
Separator
Current Collector

®
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(€)) (b)
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Illustrations of the sintered cell cathode structures in this study, where the situations were (a) homogenous blend of LMO and LCO (“Blend"), (b)

LMO next to current collector and LCO next to separator (“CC:LMO:LCQO"), and (c) LMO next to separator and LCO next to current collector
("CC:LCO:LMQ"). In all cases the total mass of the LMO and LCO in the electrodes was the same.
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Both solutions were preheated to 60 °C, followed by adding the
cobalt sulfate solution into the oxalate solution all at once.
The reaction solution was maintained at 60 °C and stirred at
300 rpm for the entire 30 minutes reaction duration. The
solution containing the precipitates was then processed using
vacuum filtration to collect the solid particles. After rinsing
with 1.6 L of DI water, the powder cake was dried at 80 °C
overnight in an air atmosphere. The resulting CoC,0,4-:2H,0
was blended with Li,CO; (Fisher Chemical) at a targeted molar
ratio of 1.05:1 Li: Co using a mortar and pestle by hand for 10
minutes. After the blended powder was transferred into the
furnace (Carbolite CWF 1300), it was heated with a ramp rate of
1 °C min~" to 800 °C without a hold at the high temperature
and allowed to cool down to room temperature without control
over the cooling rate. The resulting LCO was then ball-milled
(Fritsch Pulverisette 7 planetary ball miller) with 4.8 mm zirconia
beads for 5 h and 300 rpm with a powder to bead mass ratio
~1:5. Typical quantities loaded into the jar were ~4 g of LCO
and ~20 g of beads (corresponding to 57 beads).

2.2 Active material powder synthesis

Scanning electron micrographs (SEM) and energy dispersive
X-ray spectroscopy (EDS) were conducted using a FEI Quantum
650. Primary particle sizes were measured for 20 particles in
SEM images for both active material powder and sintered
pellets to calculate the mean primary particles size. Pellets
comprised of two layers (LCO and LMO) were mounted such
that EDS analysis could be performed through the thickness
dimension on the edge of the entire pellet. Powder X-ray
diffraction (XRD) patterns were collected using a PANalytical
X’pert ProMPD. Crystalline size and strain were calculated from
Debye-Scherrer equation using the largest XRD peaks, and
Williamson-Hall relations for strain were analyzed using the
three largest XRD peaks.>>

2.3 Sintered electrode fabrication

1 g of each electrochemically active material powder (LMO or
LCO) was mixed with 2 mL of 1 wt% polyvinyl butyral (PVB,
Pfaltz & Bauer) in ethanol, separately, and the suspension was
blended by hand with mortar and pestle until it appeared dry.
All sintered electrodes were prepared with the PVB-coated
active material powders.

For the blend sintered cathode case, 0.116 g of PVB-coated
LCO and 0.100 g of PVB-coated LMO were mixed with mortar
and pestle by hand for 5 minutes. The masses were chosen to
result in an approximately 50% by volume blend of the two
materials (LCO crystal density is 5.0 g cm *,*® while LMO
crystal density is 4.3 g cm™3?%). The resulting blended powder
was loaded into a circular pellet die (Carver) with an area of
1.33 cm” and pressed at 430 MPa for 2 min with a hydraulic
press (Carver). For both the CC:LMO:LCO and CC:LCO:LMO
cases, 0.116 g of LCO was first loaded in to the pellet die with
mild pressure by hand to flatten the powder surface, and then
0.1 g of LMO was loaded above the LCO powder before using
the same pressure treatment with the hydraulic press as for all
other samples. The pressed pellet was then transferred into the
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furnace with air atmosphere and heated at a ramp rate of 1 °C min ™"
to 600 °C, held at 600 °C for 1 h, then cooled back to room
temperature at a rate of 1 °C min~ . After heating, pellet thicknesses
were measured with calipers and varied between of 510-530 pm, and
the mass for all samples ranged between 0.204-0.209 g. The
approximate geometric pore/void fraction was 34% for the total
pellet thickness (it is noted that pellets pressed with only LMO or
LCO powders and heated with the same furnace profile also had an
approximate geometric pore/void volume of 34%). The 1.16 mass
ratio resulted in the same total thickness for all pellets and the same
thickness for the LCO and LMO individual layers for the two-layer
cathodes. For pure LCO and LMO pellets, 0.2 g of coated powder was
loaded into the pellet die and then followed the same procedure with
regards to hydraulic compression and heat treatment. The final pure
material pellets had porosity of ~34%, mass of 0.197 g, and
thicknesses of 470 pm and 540 um, respectively. It is noted here
that 600 °C was chosen as the processing temperature for the
sintered cathodes in an effort to keep the temperature as low as
possible to avoid any possible new material/composition interface
formation. Temperatures of 400 and 500 °C were also attempted but
resulted in fragile pellets which collapsed during handling.

For the anode, Li, TisO4, (LTO, NEI corporation) was used as
the electroactive material for all sintered electrode cells. Detailed
characterization of this material, including its use in sintered
electrode cells can be found in previous reports.*® 0.2 g of PVB-
coated LTO was processed following the same procedure
described for the cathode materials above, and the final pellets
had thicknesses ranging from 700-720 pm and masses ranging
from 0.194-0.199 g, with a geometric pore/void fraction of 40%.

2.4 Composite electrode fabrication

Cathode material powders (100% LCO, 100% LMO, or a mix of
54% LCO 46% LMO by mass) were mixed with polyvinyl
pyrrolidone (PVP, Sigma Aldrich, 360 kDa molecular weight)
dissolved in ethanol (Fisher) and acetylene carbon black (Alfa
Aesar) with a mass ratio of 8:1:1 active material : PVP: carbon
black. While PVP is not as commonly used as a Li-ion electrode
binder, in this work PVP was used as the binder for a conductive
layer adhered between the sintered electrodes and current collec-
tors (described in the next paragraph). PVP was chosen as the
binder because it enabled the use of ethanol as a solvent, which
resulted in much faster drying and processing of the sintered
electrode cells. PVP was then used for processing of composite
electrodes to ensure consistency of the binder used across differ-
ent cell systems. The components were combined via a slurry
mixer (Thinky AR-100) at 2000 rpm for 4 minutes, followed by 5
minutes of sonication, and then 4 additional minutes in the slurry
mixer at 2000 rpm. The slurry was coated onto an aluminum foil
using a 400 pm gap doctor blade. The electrodes were dried in air
for 0.5 h followed by vacuum drying at 50 °C for 1 h. Circular
shaped 1.33 cm? cathode discs were punched out, with resulting

loadings across all electrodes ranging between 1.4-4.5 mg cm .

2.5 Cell fabrication and electrochemical evaluation

For sintered electrode cells, to reduce interfacial resistance
between the sintered pellet electrode and current collector,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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conductive carbon paste comprised of acetylene carbon black
(Alfa Aesar) and PVP with a mass ratio of 1:1 in ethanol was
used between the electrode and current collector (bottom plate
for the cathode and metal disc spacer for the anode) of the
2032-type cell. The attached pellet sintered electrodes were
dried at 50 °C for 1 hour under vacuum to drive off the ethanol.
To assemble the coin cell, 1.2 M LiPF, in 3:7 ethylene carbo-
nate:ethyl methyl carbonate (Gotion) was used as the electrolyte
and glass fiber (Fisher) was used as separator. The cell was
cycled between 1.0 V to 2.8 V (cell voltage) with a multichannel
battery cycler (MACCOR), where 142.5 mA g~ cathode electro-
active material was assumed to be 1C, and C rates were
adjusted based on the actual mass of cathode material in the
coin cell. For the sintered electrode full cells, 1C would corre-
spond to ~21 mA cm 2.

For composite electrode cells, Li foil and Celgard 2325 were
used as anode and separator, and the same electrolyte was used
as that in the sintered electrode cells. All composite cathode
cells were cycled between 2.5 V to 4.3 V (versus Li/Li") where 137,
148, and 142.5 mA g~ ' cathode material were assumed to be 1C
for 100% LCO, 100% LMO, or 54% LCO 46% LMO by mass,
respectively.

It is noted here that for rate capability evaluation, sintered
electrodes were in general cycled at lower C rates compared to
composite electrodes. This was due to the major differences
between the two types of electrodes with regards to electrode
thickness and electroactive material loading. Even with the
removal of inactive components from the electrode microstructure
the sintered electrodes are much thicker, which limits higher C-rate
cycling. Sintered electrodes also have approximately an order of
magnitude greater areal loading of active material, which means
the areal current densities are approximately and order of magni-
tude higher for the same C-rate.

2.6 P2D simulation

The P2D simulation was based on the reports from
Newman,>>*® and specific modifications to adapt the model
to sintered electrode systems can be found in previous reports.>
For the two-layered sintered cathode simulations, the cathode
was divided into 2 regions of LCO and LMO with equal
thickness of 255 um. The initial composition of the assembled
cell electroactive materials was assumed to correspond to
Li,TisO45, LiMn,0O,, and LiCoO, for the respective materials.
The simulation then proceeded with charging the cell to 2.8 V
at a current density that would correspond to C/50. This was the
initial condition before simulating discharge at C/50. The end
of discharge simulation at C/50 was then used as the initial
condition for simulating the charge at C/20. Then the end of
charge at C/20 was used as the initial condition for simulating
the discharge at C/20. All physical properties of LCO, LMO,
LTO, separator and electrolyte can be found in Tables S1 and S2
(ESTt). As will be discussed in the following sections, the blend
electrode was not simulated. The voltage plateau below 3 V
(versus Li/Li") of LMO was also not considered in the simulation
even though the voltage window used in simulation was 1.0 V to
2.8 V (cell, equivalent to 2.86-4.36 V versus Li/Li").

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussions

3.1. Materials characterization

SEM images of LMO and LCO active material powder can be
found in Fig. S1 and S2 (ESIY). For sintered electrodes, generally
small (<1000 nm) primary particles have been used in efforts
to increase electrochemically active surface area and decrease
solid-state transport resistances.”® Thus, for LCO the active
material powder was ball-milled before pressing into a pellet and
sintering. The ball-milled LCO powder had primary particle
lengths of 220 + 70 nm, and after sintering the size was
determined to be 240 £ 90 nm (averages and standard deviations
from measurements of 20 independent particles in the SEM
images), suggesting the primary particle size was maintained
after the thermal treatment. For LMO active material powder
before sintering, the primary particle length was 780 + 170 nm,
and after sintering the size was determined to be 760 £+ 190 nm,
again suggesting the primary particle size was not impacted by
the mild sintering process. Note that the after sintering primary
particle measurements reported were for pure LCO or LMO
particle contacts, and not for the blend system.

The XRD patterns of the blend cathode before and after the
thermal treatment can be found in Fig. S3 (ESIT). When looking
at the pellet before sintering, the XRD pattern reflected a blend
of both LMO and LCO materials, with distinct peaks present for
each material and consistent with previous reports.>**"?” LMO
had an Fd3m spinel structure®® with a crystalline size of
~50 nm and strain of 0.0027 determined from XRD analysis;
LCO had a R3m layered structure®® with a crystalline size of
~72 nm and strain of 0.0016 determined from XRD analysis,
and the peaks were consistent with contributions from each of
these phases. Although the heat treatment was relatively mild
(heated to 600 °C and held for 1 h), after heat treatment the
LCO peaks shifted towards lower values, suggesting an
increased lattice size for layered LCO, which could possibly
be attributed to the substitution of Co (ionic radius of 56 pm)
by Mn (ionic radius of 63 pm).*°?' Similarly, all the LMO
features shifted to increasing values, suggesting a decreased
lattice size for spinel LMO, where Co may have been incorporated
into the LMO lattice as well.** In addition, an impurity peak was
observed at 31.2°, which was attributed to the formation of Co;0,
phase.*® One possible cause of the impurity in the blend pellet
could be diffusion of Li* from the LCO to the LMO during the heat
treatment process, resulting in loss of Li from the LCO and
formation of the Co;0, impurity. The results of the XRD analysis
suggested that a large fraction of the electroactive material had
undergone significant modifications of its material properties for
the blend pellet, and that new phases and interfaces likely
resulted.

Such an interface has not been observed after the heat
treatment of LCO without LMO directly in contact with the
LCO and was not observed for the LCO layer for the two-layer
pellet, as can be found in Fig. S3 (ESIt). Heat treated pure LMO
had a crystalline size of ~57 nm and strain of 0.0013 deter-
mined from XRD analysis. These results suggest that there was
not an obvious change in crystalline size, but there was a

Mater. Adv., 2022, 3, 4200-4212 | 4203
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Fig. 2 (a) EDS line scan for Co (blue) and Mn (green) for the region
indicated with a yellow line in the SEM. (b) SEM of the edge of the two-
layer pellet where LMO and LCO regions meet, and the corresponding EDS
maps for (c) Mn and (d) Co at the same region as the SEM in (b).

reduction in strain. The heat treated pure LCO had a crystalline
size of ~49 nm and strain of 0.0013 determined from XRD
analysis. Both the crystalline size and strain were decreased for
the heat treatment of the LCO powder.

To further investigate LCO-LMO contact regions after the
thermal treatment, SEM and EDS analysis was conducted at the
interface region of the two-layered LCO-LMO pellet (Fig. 2). An
EDS map of the edge of the two-layer LCO-LMO pellet (Fig. 2c
and d) confirmed the presence of a Mn-rich region (LMO) and
Co-rich region (LCO). There was a clear area in the SEM
(Fig. 2b) where there was a gradient in Co and Mn composition.
This layer was ~5 pm thick (according to the line scan on the
pellet edge in Fig. 2a), or about ~1% of the total electrode
thickness. Given that the total cathode thickness was over
500 um, the interface was not expected to have much impact on
the total electrochemical capacity available within the individual
LMO and LCO electrode regions. However, the thickness of the
interface region was much greater than individual primary parti-
cle sizes for either LMO or LCO. Coupled with the XRD results
discussed earlier, this suggested that a significant portion of the
blend pellet had co-diffusion of Co and Mn.

3.2. Electrochemical characterization

3.2.1 Single material cathodes. Before examining the
electrochemical properties of multi-material cathodes, single
material cathodes of only LMO and LCO in both conventional
composite half cells (see Fig. S4, ESIT) and sintered full cells
(versus LTO, in Fig. S5, ESIt) were investigated. For LCO in a
composite half cell paired with Li metal and cycled between
2.5 and 4.3 V (vs. Li/Li*), the material achieved 131 mA h g*
LCO for the first C/20 discharge cycle after a C/20 charge cycle
(first charge/discharge curves can be found in Fig. S4a, ESIt). It
is noted that 86% of the discharge capacity was above 3.8 V.
After the same heat treatment was applied to LCO powder as
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was used for sintering of LCO sintered electrode pellets, the
LCO capacity was observed to increase to ~140 mA h g~' LCO
for the first C/20 discharge cycle and had a slight increase in
initial cycle coulombic efficiency. The rate capability (Fig. S4b,
ESIt) was also improved after heat treatment. The origin of this
moderate improvement in electrochemical properties with heat
treatment was not investigated further, but may have been due
to slight improvements in cation ordering or defect density
with the mild heat treatment.**

For the LCO processed into a sintered electrode and paired
with a sintered LTO anode, the cell achieved 144 mA h ¢! LCO
for the first C/50 discharge cycle after a C/50 charge cycle (first
charge/discharge curves can be found in Fig. S5a, ESIt). A lower
rate was used for the sintered electrode cell to minimize
impacts of ion transport resistance during initial cell cycling,’
and the voltage window was 1.0 to 2.8 V (cell). The voltage
plateau was distinct and its voltage (2.31 V versus LTO, assuming
1.56 V versus Li/Li",*® roughly 3.87 V versus Li/Li") was close to
that in a composite half cell (~3.9 V versus Li/Li"), suggesting
that the single LCO sintered cathode did not have high electro-
nic polarization even in the absence of conductive additives,
consistent with previous results.*”” The extra 7 mA h g~' LCO in
the sintered electrode compared to the composite electrode
could possibly originate from a higher relative charge voltage
window for the sintered electrode, and/or possibly more irrever-
sible capacity loss in the composite electrode due to slightly
higher electroactive area per mass particles. At C/20, C/10, and
C/5, the sintered LCO cell reached 124 mAh g ' LCO,83 mAhg™*
LCO, and 39 mA h g™' LCO, respectively. A rate capability
summary can be found in Fig. S5¢ (ESI}).

LMO in a composite half cell was paired with Li metal and
cycled between 2.5 and 4.3 V (vs. Li/Li") at a charge and
discharge rate of C/20 (first charge/discharge curves can be
found in Fig. S4c, ESIT). The electroactive material achieved a
discharge capacity of 120 mA h g~* LMO at 3.5 V (before
overlithiating beyond lithium extracted during charge into
Li;+,Mn,0, phase®®), and 184 mA h g~' LMO at the end of first
C/20 discharge. Three distinct voltage plateaus were observed at
~4.1 V (transition between A-MnO, and LiysMn,0,4), ~4.0 V
(transition between Li;sMn,O, and LiMn,O,4), and ~2.8 V
(transition between LiMn,O, and Li,Mn,0,), consistent with
previous reports for a LMO spinel electrode material paired
with Li metal.>”° After the same heat treatment was applied to
LMO powder as was used for sintering of LMO sintered
electrode pellets, the LMO capacity was not noticeably
impacted across all cycles and rates relative to the material
that did not undergo the additional heat treatment. All LMO
composite electrodes also had severe capacity fade especially at
the first three slow charge/discharge cycles due to the Jahn-
Teller distortion upon overlithiation when the lower voltage
cutoff of 2.5 V was used (Fig. S4d, ESIf). When the voltage
window was restricted to 3.0 V and 4.3 V, initial discharge
capacity was reduced, but the capacity fade was mitigated by
avoiding LMO overlithiation.

However, when LMO was used as a sintered electrode paired
with sintered LTO and charged and discharged at C/50, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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initial C/50 discharge capacity only achieved 106 mA h g "
LMO. There was a flat voltage plateau at ~2.45 V (which would
correspond to ~4.01 V in the Li half cell with the composite
electrode assuming a flat LTO potential of 1.56 V*°), however,
sintered LMO cathode cell had a significant slope to the
polarization curve between ~2.4 and ~2.0 V, compared to a
much flatter plateau at the corresponding ~4.0 V region in the
Li half cell with the composite electrode. This behavior has
been previously reported for LMO sintered electrodes, and has
been attributed to the limited electronic conductivity especially
near full lithiation of the LMO material - note that LMO has
been reported to be ~4 orders of magnitude lower than LCO in
electronic conductivity.>'*'*?%4%43 The capacity from below
3 V for the composite LMO cell was not present at all in the
corresponding regions for the sintered electrode cell, although
for the sintered full cell system there was only as much Li"
available from the anode as was intercalated during charge,
whereas with the Li metal anode there was an excess Li" source
available to provide the lower potential redox reaction. The
sintered LMO electrode also had discharge capacity fade from
106 to 87 mA h g~' LMO even during the first three cycles at
C/50 and down to ~71 mA h g~* LMO in the final (15th) cycle
which also was at C/50 (capacity retention at different cycling
rates can be found in Fig. S5c¢, ESIt). The capacity fade and
limited rate capability of LMO in sintered electrode without
conductive carbon was likely due to some combination of the
limited electronic conductivity, Jahn-Teller distortion, and Mn
dissolution.”®** The heat treatment during the sintering
process was not expected to negatively impact the electrochemical
properties of the cathode based on the outcomes for similar
processed material in composite electrodes (Fig. S4c and d, ESIt).
At C/20, the capacity was only 22 mA h g~ ' LMO, and there was
almost no capacity at higher rates, which was attributed to the
limited electronic conductivity of the material.

3.2.2 Blended material cathodes. For the blended cathode
in a composite electrode, the discharge voltage profile had
features from both LCO and LMO (charge/discharge curves
can be found in Fig. S4e, ESIt). The three plateaus from LMO
(~2.9 V, ~4.0 V and ~4.1 V versus Li/Li") and one plateau
region from LCO (~3.9 V versus Li/Li") were distinct, suggesting
that physical blending without sintering retained the electro-
chemical properties of both materials proportional to their
loading. The rate capabilities also matched an average between
the individual pure cathode material cells (Fig. S4f, ESIt). Heat
treatment of the individual LMO and LCO powders using the
same heat treatment which was applied to during sintered
electrode pellet processing and combined in a multicomponent
electrode resulted in a combination of what was observed for the
pure material electrodes that underwent identical processing
(Fig. S4, ESIt). The blend of LCO and LMO powders which had
undergone heat treatment had slightly higher discharge capacity
at all rates, consistent with the higher capacity for the relative
fraction of the LCO component and its electrochemical proper-
ties observed for the material in isolation.

The hydraulically pressed and thermally treated blend sin-
tered electrode had very different electrochemical properties
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Fig. 3 Discharge voltage profiles for sintered electrodes of (a) blend, (b)
CC:LMO:LCO, and (c) CC:LCO:LMO. The first 5 discharge curves at C/50
are shown, as well as the higher rates indicted on the plots. Note that C/50
corresponded to a current density of ~0.44 mA cm~2. (d) The rate
capability discharge capacities for the same electrodes in (a—c) with blend
(red), CC:LMO:LCO (black), and CC:LCO:LMO (blue). Charge and dis-
charge in all cases were at same C rate/current density. Sintered LTO
was the anode paired with all cathodes.

relative to the composite electrode. As shown in Fig. 3, at the
first C/50 discharge, the capacity only reached 42 mA h g™,
which was much lower compared to the 132 mA h g~ for the
physical blend in the composite half cell above 3 V. The
capacity based on the relative loadings in the cathode of the
blend sintered cell was 125 mA h g~ '. The drastic capacity
reduction was likely due to the interface formation from the
heat treatment of these materials with dissimilar compositions
and phases. Such observation had similarities to a previous
study, where an interface formed between dissimilar composition
and phase olivine Li; 4Aly 4Ge; ¢(PO4); and spinel LiMn, 5Ni; 50,
after thermal treatment when in direct contact with one
another.”> In that previous work, an elemental gradient was
observed across the interface and impurity GeO, phase formed,
which resulted in very little electrochemical capacity being
retained for the cathode material. The crystal structure and
compositions in that prior study were very different from this
present report, but the formation of a new interface material
composition and its detrimental impact on electrochemical capa-
city were shared outcomes. The low electrochemical capacity and
less knowledge of the impact of the new interface region on
electrode physical parameters led us not to pursue detailed
simulation analysis for the blend case.

One additional item of note was that although the blend
sintered electrode had very low gravimetric capacity at slow
rate, there was relatively high retention of that capacity at
higher rates for a sintered electrode (rate capability outcomes
can be found in Fig. S6, ESIT). One possible contributor to this
outcome may have been the Co diffusion into the LMO lattice
from the LCO, which could increase the electronic conductivity
of the LMO.** The higher conductivity LCO would also be
expected to increase the electronic conductivity of the sintered
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electrode more generally, at least relative to LMO sintered
electrodes.

3.2.3 Two-layer sintered cathodes. For the sintered electrode
cell with a two-layer cathode of CC:LMO:LCO (LMO in contact
with the current collector side), for the first cycle at charge and
discharge of C/50 the initial discharge capacity was 124 mAh g™*
cathode (Fig. 3b). Using the composite electrode low rate initial
discharge capacity and the weighted average of the electrode
composition the projected capacity would be 131 mA h g'
cathode, and thus at low rate (C/50) the two-layered sintered
electrode was close to extracting this projected capacity based on
composite electrode cycling. At C/20 charge/discharge, a reduced
capacity of 68 mA h g~ " was achieved (Fig. 3c), and there was very
little capacity at higher rates. On inspection of the first discharge
cycle at C/50, a voltage plateau was observed between ~2.15V to
~2.0 V, which could not be readily attributed to the individual
LCO or LMO materials. As charge/discharge cycling continued,
this plateau region included increased capacity between the
voltage range of ~2.2 Vto ~1.7 V. This discharge curve feature
was attributed to the limited electronic conductivity of LMO
layer, where electrons would need to traverse this resistive LMO
layer and experience a large voltage drop when moving towards/
away from the LCO layer. The increased resistance may have
arisen from the degradation of LMO sintered electrode materials
during cycling,>® which will be elaborated on in the later P2D
simulation analysis.

For the CC:LCO:LMO (LCO in contact with the current
collector side), for the first cycle at charge and discharge of
C/50 the initial discharge capacity was 127 mA h g~ cathode
(Fig. 3c). Unlike the CC:LMO:LCO case, there was a small
amount of electrochemical capacity observed below 1.2 V. This
capacity may have been from overlithiation of LMO to form the
Li;+,Mn,0, tetragonal phase. A possible source for the Li"
necessary for this low voltage capacity may have been structural
instability of LCO. Although both two-layer electrodes were
charged to 2.8 V, for CC:LCO:LMO more Li" was extracted from
the LCO layer due to relatively lower electronic overpotential,
which may have resulted in some irreversible structural collapse
in the LCO layer.**™° This structural collapse coupled with Li*
extraction may have resulted in some of the Li" then inserting
into the LMO during the lower voltage LMO process on dis-
charge rather than the no longer available small amount of
capacity in the LCO phase. At C/20 charge/discharge, a capacity
of 101 mA h g~ cathode was reached, much larger than that of
the CC:LMO:LCO. At C/10, 60 mA h g~ * cathode was delivered in
contrast with the minimal capacity for the CC:LMO:LCO. Unlike
the CC:LMO:LCO case, the unexpected voltage plateau at ~2 V
was not observed. Degradation of LMO was not determined to
have had as great of an impact on the voltage profile due to the
relative position of LCO and LMO and their different electronic
conductivities.

3.3. P2D simulation analysis

For sintered electrodes, the matrix electronic conductivity was
provided by the electroactive material only, and the electronic
conductivity of intercalation materials has been reported to be
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dependent upon the degree of lithiation.
simulations using the P2D model thus required information
on the electronic conductivity as a function of lithiation.
For LCO sintered cathodes, the electronic conductivity as a
function of degree of lithiation has been reported with rela-
tively consistent values.>"*** However, for LMO, the electronic
conductivity as a function of lithiation has been reported with
conflicting trends.***>™* In our previous work,° a trend of
decreasing electronic conductivity with increasing extent of
lithiation was found to be consistent with experimental obser-
vations for LMO sintered electrode materials. Thus, a literature
report with the same trend was used for the P2D model of LMO
with regards to the matrix electronic conductivity.”> The inter-
polated values can be found in Fig. S7 (ESI}).>> The general
trend was that fully delithiated LMO has the highest electronic
conductivity, with both voltage plateaus having a corres-
ponding flat electronic conductivity, and LMO lithiated to
Li;Mn,0O, had the lowest electronic conductivity.52 Li;+,Mn,0y4
region was not considered due to lack of existing literature data
and because the relevant capacity region was not significantly
observed for sintered full cells. The electronic conductivity was
thus aligned with the OCV of the LMO, or the different phases
involved during LMO lithiation/delithiation: the two-phase
reaction between spinel A-MnO, (~0.64 mS cm ') and spinel
LigsMn,0, (~0.14 mS cm ') followed by a single-phase reac-
tion proceeding to the LiMn,O, (~0.07 mS cm ™). LCO electro-
nic conductivity as a function of lithiation can also be found in
Fig. S7b (ESI{), which was ~ 4 orders of magnitude greater than
that that of LMO for most extents of lithiation.>'*'* Another
assumption for the P2D simulation of two-layer sintered
electrodes was the treatment of the interface layer between
the LMO and LCO. This was treated as a single discretized point
between the LCO and LMO layers and was assumed to be
electrochemically inactive and having the same electronic con-
ductivity as the adjacent discretized point towards the current
collector direction.

3.3.1 CC:LMO:LCO. For the CC:LMO:LCO two-layer electrode,
at a discharge rate of C/50 the simulated and experimental profiles
matched well for the first 90 mA h g~ cathode (Fig. 4a). However,
the later stages of the discharge at C/50 had deviations between
experiment and simulation, where the experimental discharge
curve had an abrupt decrease in voltage and then a lower resulting
final capacity (120 mA h g~ ' cathode experimental vs. 130 mAh g™*
cathode simulated). At the higher rate of discharge of C/20, the
experimental discharge curve deviated from the simulated outcome
at the beginning of the discharge, where the experimental voltage
was lower than the simulated at all extents of discharge and the
resulting experimental capacity was only 68 mA h g~ cathode,
while the simulated capacity reached 114 mA h g~ " cathode.

To better assess the overpotentials during discharge for the
two-layered CC:LMO:LCO sintered electrodes, a dQ/dV analysis
was performed and can be found in Fig. 4b. The first experi-
mental discharge cycle at C/50 and the corresponding simula-
tion was represented by black solid and black dashed curves,
respectively. An overpotential-free dQ/dV was calculated using
the OCV functions (fitted from composite half cell paired with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The CC:LMO:LCO case: (a) discharge voltage profile comparison
between P2D simulation (dashed) and experimental (solid) at C/50 (black)
and C/20 (orange). (b) dQ/dV curves from P2D simulation (black dashed),
OCV calculation (red dashed), and experimental (black solid) discharge at
C/50. (c) Simulated Li intercalation position across the cathode depth. The
purple solid line was chosen as the end of most of the LMO capacity during
discharge, and the green dashed line represents the end of the discharge
simulation. There are four curves corresponding to 25%, 50%, 75%, and
100% capacity delivered for the components of the discharge with most of
the LMO capacity (purple) and with minimal LMO capacity (green).

lithium foil anode) in Table S1 (ESIt) assuming the same mass
ratio used for the experimental sample (red dashed curve). The
resulting curve was shifted lower by 1.56 V (OCV of LTO redox
plateau,* Fig. S8, ESIt) to reflect an ideal case where if the cell
were discharged infinitely slow, then all overpotential sources
would became zero and only dictated by the OCV functions of
LMO and LCO.

Above 2.6 V (4.16 V vs. Li/Li") LMO would be expected to
hardly provide any capacity based on low rate composite
electrode dQ/dV profiles (see Fig. S8, ESIt). In this voltage
region, there was a small amount of capacity (~10 mA h g™ )
that mostly should have been contributed by the LCO. The
experimental dQ/dV plot had peaks in differential capacity
that were shifted to a slightly lower voltage relative to the
OCV dQ/dV, but the dQ/dV capacity peaks for the simulation
were shifted to much lower voltages. This outcome suggested
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an underestimated electronic conductivity of LMO for the A-
MnO, phase, where the matrix electronic resistance of the LMO
was expected to account for the lower peak positions in the dQ/
dV experiments.

Even though the onset of the first experimental dQ/dV peak
was at ~2.6 V (vs. anode/LTO), similar to the OCV calculation, the
magnitude (~270 mA h g~ V") and position (2.50 V) of this peak
were much lower than the OCV calculation (~1290 mAh g ' v !
and 2.57 V). When looking at Fig. S8 (ESIt), the OCV dQ/dV
LCO contribution above 2.45 V had differential capacity less than
~100 mA h g¢~' V. LMO provided almost all of its discharge
capacity associated with its higher voltage plateau between ~2.6 V
and ~2.5 V (from A-MnO, to Li,sMn,0, reaction). This result
suggested that the smaller observed experimental peak in this
voltage region was indeed from the first higher voltage LMO
reaction, but that it was delivered at a lower and more sloped
voltage profile due to overpotential in the cell. A probable source of
that overpotential would be the low electronic conductivity of the
Liy sMn,0, phase. For the dQ/dV curve from the P2D simulation,
the LMO started delivering capacity at 2.56 V, a lower voltage than
observed experimentally. This result supported an underestimated
electronic conductivity of the A-MnO,, phase because that capacity
was delivered experimentally at a higher voltage than simulation.

The second lower voltage discharge dQ/dV peak associated
with the LMO material can be observed at 2.44 V (vs. anode/
LTO) from the OCV calculation (Fig. S8, ESIf). The corres-
ponding experimental differential capacity was a much broader
peak of a smaller magnitude at 2.36 V, which initiated capacity
at ~2.40 V. The offset relative to the OCV dQ/dV peak location
for the experimental lower voltage LMO peak compared to the
higher voltage one was consistent with the Li;Mn,0, phase
being even more resistive than Lis sMn,0, phase and causing
increasing polarization as the discharge proceeded and more
LiMn,0, phase was formed. This outcome was also consistent
with previous observations for sintered LMO electrodes.>® From
the P2D simulation, the second lower voltage dQ/dV peak
attributed to the LMO reaction occurred at 2.40 V and capacity
initiated at ~2.42 V (Fig. 4). These potentials were higher than
the experimental results and suggested that the electronic
conductivity used for the LiMn,0, phase in the simulation
may have been overestimated.

In the OCV calculation (Fig. S8 and Fig. 4, ESIT), a peak
attributed to the LCO phase was observed at 2.34 V. Experi-
mentally, there was instead much broader dQ/dV peaks
observed at two locations of 2.25 V and 2.00 V. The experi-
mental peak at 2.25 V was attributed to the high overpotential
from the low electronic conductivity in the LMO phase, which
the electrons have to pass through before arriving to the LCO
layer. The lower experimental dQ/dV peak at 2.00 V was not
likely to be from overlithiation of LMO to the Li;+,Mn,0, phase
because such capacity was not expected until below ~1.3 V,
and thus this capacity was also attributed to the LCO phase.
It is speculated that the capacity at 2.00 V resulted from
additional overpotential from a sudden drop in the electronic
conductivity of the LMO phase. This may have been due to the
Jahn-Teller effect from an induced tetragonal phase, which
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could be potentially more than one order of magnitude lower
electronic conductivity than the spinel phase.>™>’

The P2D simulation used an electronic conductivity function
that had a decrease near the state of full lithiation of LMO
(Fig. S7a, ESIT). This decrease in LMO electronic conductivity
shifted the LCO capacity down and resulted in a dQ/dV peak at
2.14 V; however, a second lower dQ/dV peak such as that
observed experimentally at 2.00 V was not observed in the
simulation. To further explore the possibility of the LCO lithia-
tion resulting in two dQ/dV peaks due to changes in LMO
electronic conductivity, the discharge simulations were con-
ducted again with an alternative function for LMO electronic
conductivity (for a plot of this function, see Fig. S9a, ESI{). A
change was made where the conductivity at near full lithiation
of LMO was reduced to a much lower value of 0.012 mS cm™*
(for modified electronic conductivity function, see Table S1,
ESIT). With the modified electronic conductivity function for
LMO, the simulated voltage had a plateau at 2.0 V, consistent
with the experimental outcome (Fig. S9b, ESIT). Although the
simulation with the modified LMO electronic conductivity did
not perfectly match the experimental discharge profile and dQ/
dV, qualitatively the P2D simulation result supported a more
dramatic and sudden drop in LMO electronic conductivity at
nearly full lithiation during discharge.

The experimental lowest voltage dQ/dV peak provided
further insights by monitoring its progression with continued
cycling. dQ/dV for the first 5 discharge cycles can be found in
Fig. S10a (ESIT). With each cycle the capacity above ~2.2 V
decreased, and the capacity associated with the lowest voltage
dQ/dV peak region increased and shifted to lower voltages with
each cycle. Each successive discharge proceeded down to 1 V
(~2.65 V vs. Li/Li"), which could have provided sufficient
potential to convert some small amount of LMO to the tetra-
gonal Li,Mn,0, phase (which would be expected at ~1.2 V; e.g.
~2.8 Vvs. Li/Li"). Formation of this phase would result in Mn
valence closer to 3+, where the Jahn-Teller effect becomes more
pronounced.®*””>® Thus, the degradation of LMO would be
consistent with even lower electronic conductivity from the
LMO layer in the electrode, which would result in more and
more capacity in the lowest dQ/dV peak region.

Although obtaining the most accurate electronic conductiv-
ity as a function of lithiation for LMO was a challenge, the
lithium intercalation position during simulations was expected
to be semi-quantitatively or at least qualitatively reflective of the
experimental system, because a major determining factor of the
electrochemical reaction was the OCV difference of the electro-
active materials. Fig. 4c displays the P2D simulated capacity
delivered as a function of the depth in the two-layer electrode
during different amounts of total capacity delivered from dis-
charge (e.g., as the discharge proceeded). The solid purple curve
was when most (93%) of the LMO capacity had been delivered
and was a total of 88 mA h g~ ' cathode. The other purple
dashed lines represent 25%, 50%, and 75% of that 88 mAh g™ *
cathode capacity, or correspondingly that percentage progression
of the LMO discharge process (though some LCO discharge
occurs during this time as well). The green lines then represent
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25%, 50%, 75%, and 100% of the remaining capacity delivered in
the electrode from 88 mA h g~ cathode to 130 mA h g~ cathode,
when nearly all the capacity came from the LCO layer. Thus, the
discharge was split into the process with LMO discharge (purple)
and without LMO discharge (green).

During the process with LMO discharge (purple in Fig. 4c),
during the first 25% of delivered capacity roughly the same
capacity was delivered from the LCO and LMO layers. This was
in part because the highest voltage capacity comes from the
LCO phase until the LMO first plateau reaction can proceed.
The LMO layer dominates the capacity delivered from the cell
as the discharge proceeds through both LMO reaction plateau
regions. The LMO layer capacity tended to be delivered first
from the current collector region and then propagate towards
the separator. This outcome reflected the low electronic con-
ductivity of the LMO, where the most favorable overpotential
was generally closer to the current collector. There are two
“waves” of the LMO reaction being selectively near the current
collector at 25% and 75% of the purple region, where at 50%
the separator region caught up due to the more favorable OCV
of the higher voltage plateau reaction proceeding nearer the
separator region and driving the capacity to catch up near the
separator. At the end of the LMO discharge process (purple),
the LMO layer had delivered ~120 mA h g~ while the LCO
layer had only delivered about one third of its capacity. The
LCO lithiation profile was more uniform and gradual through-
out the LCO layer depth. This more uniform lithiation in the
LCO layer was due to the more sloped OCV as a function of
lithiation for LCO relative to LMO, where if a region had
favorable overpotential and started to react more the OCV
driving force of the less reacted LCO regions tended to flatten
out the capacity delivered as a function of depth. This capacity
delivered as a function of depth from the LCO remained
relatively uniform even when the capacity was delivered without
LMO (green), although during this part of the discharge process
the overpotential of the capacity delivered from the LCO region
was very high due to the low electronic conductivity of the
nearly fully lithiated LMO phase that the electrons have to
traverse before arriving at the LCO layer.

3.3.2 CC:LCO:LMO. For the CC:LCO:LMO two-layer electrode,
at C/50 discharge rate, the simulated and experimental profiles
matched well for the first 115 mA h g~ ' cathode (Fig. 5a), but the
final predicted capacity was slightly greater than that of the experi-
ment (127 mA h g~ " cathode experimental vs. 130 mA h g~ " cathode
simulated). At the higher rate of discharge of C/20, the experimental
discharge curve deviated from the simulated outcome at the begin-
ning of the discharge, but the deviation compared to the
CC:LMO:LCO case was much smaller. The final experimental
capacity was 101 mA h g~* cathode, and the simulated capacity
was 130 mA h g~ cathode. At such low rate and with the more
resistive LMO layer no longer between LCO and the current
collector, for the simulation the discharge capacity was nearly the
same for C/50 and C/20 (with less than 1 mA h g~ * cathode decrease
at C/20), although the voltage was slightly lower.

dQ/dV analysis was also performed for the CC:LMO:LCO
two-layer electrode and can be found in Fig. 5b. The first
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Fig. 5 The CC:LCO:LMO case: (a) discharge voltage profile comparison
between P2D simulation (dashed) and experimental (solid) at C/50 (black)
and C/20 (orange). (b) dQ/dV curves from P2D simulation (black dashed),
OCV calculation (red dashed), and experimental (black solid) discharge at
C/50. (c) Simulated Li intercalation position across the cathode depth. The
purple solid line was chosen as the end of most of the LMO capacity during
discharge, and the green dashed line represents the end of the discharge
simulation. There are four curves corresponding to 25%, 50%, 75%, and
100% capacity delivered for the components of the discharge with most of
the LMO capacity (purple) and with minimal LMO capacity (green).

experimental discharge cycle at C/50 and the corresponding
simulation was represented by black solid and dashed curves,
respectively. An identical overpotential-free calculated dQ/dV
curve was used as discussed for the previous two-layer case
since this curve was independent of the relative position of the
LMO and LCO and only reflected the thermodynamic potentials
of two materials.

Above 2.6 V, the experimental dQ/dV curve resembled the
OCV dQ/dV curve. The experimental would be expected to have
slightly lower voltages because even if the LCO had minimal
electronic resistance, the cell voltage should be smaller due to
the overpotentials from the ionic resistance of the cathode and
overpotentials contributed from anode. It was speculated this
relatively high voltage discharge capacity resulted as a conse-
quence of the LCO in the sintered electrode being charged to
2.8 V (~4.36 V vs. Li/Li"), because the OCV function did not

© 2022 The Author(s). Published by the Royal Society of Chemistry
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access above 4.3 Vvs. Li/Li" and thus did not have capacity at as
high of a potential as the sintered electrode cell likely experi-
enced experimentally (Fig. S8, ESIt). This speculation was also
consistent with the observation of a small amount of capacity
below 1.2 V, where LCO may have underwent mild irreversible
structural collapse at the higher potential the sintered cathode
was subjected to relative to the composite cathodes.**>°

The first experimental dQ/dV peak was at 2.52 V, which was
lower than the OCV calculation (2.57 V) and the discrepancy
was attributed to the electronically resistive Li; sMn,0, phase.
The first experimental dQ/dV peak position was slightly higher
than that of experimental dQ/dV of the CC:LMO:LCO case
(2.50 V), which possibly originated from the reduced ionic over-
potential from a reduced ionic path with LMO being next to
separator. The corresponding P2D simulated dQ/dV peak had a
much greater peak magnitude but initiated later than the first
experimental dQ/dV peak, suggesting an underestimated electro-
nic conductivity of A-MnO, phase and overestimated electronic
conductivity from Lis sMn,0, phase, which was consistent with
the trend observed from the CC:LMO:LCO simulation.

The second experimental dQ/dV peak had an onset at
~2.45 V, but a peak position was difficult to define and was
possibly overlapped with capacity contributed from LCO at
lower voltage, and the capacity was delivered at a much lower
voltage than the OCV calculation (2.44 V). This observation was
consistent with the CC:LMO:LCO case and a previous sintered
LMO report where the Li;Mn,0, phase was suggested to be
even more electronically resistive than the values in the electro-
nic conductivity function (Fig. S9, ESIf). The P2D simulated
dQ/dv had much greater capacity and more pronounced peak
in this voltage region compared to experiment, suggesting an
overestimated Li;Mn,0, phase electronic conductivity in simu-
lations consistent with the CC:LMO:LCO observations.

The experimental LCO peak was assigned at 2.29 V, which had
a much greater magnitude, sharper profile, and closer agreement
with the corresponding voltage from the OCV calculation (2.34 V)
than for the CC:LMO:LCO case. This result suggested the electro-
nic conductivity overpotential contributing to the location of this
peak was much smaller, as expected due to the absence of an LMO
layer in between the LCO and current collector. The simulated dQ/
dV peak position matched the experimental well, suggesting that
the LCO electronic conductivity used in the simulation was a more
accurate reflection of the LCO material within the cell.'>**

Examining the progression of the first five discharge experi-
mental dQ/dV curves (Fig. S10b, ESIT), the peak at below 2.2 V
was not observed for the case where LCO was the layer in
contact with the current collector. The LMO did still undergo
some mild capacity fade, which may have been due to factors such
as Mn dissolution or Jahn-Teller distortion.?° For LCO, from the
first cycle until the fifth one, the peak shifted from 2.30 V to
2.29 V, the intensity decreased from ~480 mA h ¢ * V! to
~380 mAh g 'V and the peak became broader. Such capacity
fading was consistent with previous reports for structural collapse
of the LCO due to overcharge, which could have resulted due to
the relatively high potential experienced by the cathodes in the
sintered electrode cell.**°
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Analysis of lithium intercalation as a function of cell depth
was also extracted from simulations of the CC:LCO:LMO case
and can be found in Fig. 5c. The solid purple curve corre-
sponded to when most (~94%) of the LMO capacity had been
delivered and was a total of 118 mA h g~ ' cathode. Compared to
the CC:LMO:LCO case, 30 mA h g~ ' cathode more capacity was
discharged, primarily from the LCO layer, due to the absence of
electronically resistive LMO layer between the LCO and current
collector. Similar to the CC:LMO:LCO case, the LMO had two
waves of lithiation/capacity that propagated from the region
closest to the current collector towards the region closest to the
separator and corresponded to when capacity was extracted
from the two different voltage plateaus of the LMO phase. Also
consistent with the previous case, the LCO lithiation/capacity
was fairly uniform as a function of depth within the LCO layer
during all the capacity delivered regions during discharge.

3.4. Multicomponent material sintered electrode
considerations

While homogeneously blended composite electrodes with
multiple different electroactive material compositions/phases
have been reported with beneficial properties,'>'”*° sintered
electrodes can be more challenging to implement with multiple
compositions and phases. As demonstrated in this study,
differences in phase and/or concentration can lead to for-
mation of new interfacial regions. In some cases, such a region
could be beneficial if, for example, a third phase with higher
electronic conductivity was formed and the electrochemical
capacity and OCV of the constituent desired phases was not
dramatically impacted. However, in this study and in other
cases interfacial regions tend to result in increased resistances
and/or loss of electrochemical capacity.*>%"%*

Composite electrodes with layers of different materials/
particle sizes/phases have been reported to result in improved
rate capability.®® For sintered electrodes with multiple active
materials in a multiple layer architecture, there are potential
advantages originating from the spatial arrangement of
materials with different potentials associated with their
electrochemical reactions and electronic conductivities. From
an electronic conductivity perspective, a layer with relatively
high electronic conductivity next to the current collector does
not limit the rate capability (e.g., CC:LCO:LMO). However, for
the scenario where a material layer with low electronic con-
ductivity is next to the current collector, the conductivity needs
to approach the same order of magnitude as the ionic
conductivity of the electrolyte used or else the electronic con-
ductivity of this material will limit the rate capability of the cell.
In Fig. S11 (ESIt) discharge simulations can be found for a
CC:LMO:LCO cathode where LMO electronic conductivity was
fixed at a value of 0.5 S m~" (about one order of magnitude
higher than literature). With this higher electronic conductivity,
the rate capability at rates of C/20 and C/50 was no longer limited
by the electronic conductivity of the LMO material layer and
nearly all the electrode capacity was accessed, consistent with
previous analysis.**® This suggests that there may be processing
methods such as the addition of electronically conductive
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coatings to materials such as LMO to aid in achieving higher
utilization of the electrode materials.

When using single materials with relatively high electronic
conductivity in sintered electrodes such as LCO or LTO,>”
lithiation/delithiation tended to initiate from the separator
and propagated towards the current collector side, in some
cases via a front with a pronounced gradient.>”°® Such
electrode depth/position dependence of the electrochemical
reactions may not be desirable. For example, the reaction
selectively occurring near the separator might accelerate
additional cathode-electrolyte interphase (CEI) formation in
this region. The CEI could then potentially impede the pores
and restrict the transport of lithium further towards the current
collector where there would be additional capacity remaining in
the electrode. Also, regardless of CEI complications at high
discharge rates the electrolyte concentration will become
depleted near the current collector side of the cathode due to
ion transport limitations.>*>**®” As a result, electrode regions
with remaining capacity nearer the current collector can have
situations where the electrolyte concentration becomes too low
for Li to continue to intercalate, limiting the voltage and
capacity of the cell.>””'>?>% Thus, electrode designs with
multiple layers may enable strategies to have more capacity
from the current collector regions earlier in the discharge
process to avoid the later ion transport restrictions that can
more severely limit capacity.

4. Conclusions

This study investigated multicomponent sintered electrodes,
where the two materials combined in the cathode architecture
were LCO and LMO. Homogeneous blending of the two material
powders resulted in new interfacial compositions forming
during the thermal processing of the electrode and severe
reductions in electrochemical capacity. This highlights the
importance of considering the formation of new phases during
multicomponent sintered electrode processing. When the LCO
and LMO were processed as two separate layers, the interfacial
component was a relatively small contributor to overall
electrode electrochemical properties. Instead, the electrochemical
properties resulting from the location of the electrodes on either
the current collector or separator side were investigated. Depend-
ing on which layer (LCO or LMO) was near the current collector
dramatically changed electrochemical properties of the cells,
which was attributed to the very different electronic conductivities
of the two materials. Simulations provided further insights into
the progression of the electrochemical reactions in the cell. For
thick sintered electrodes, careful consideration must be given to
the thermodynamics (e.g:, OCV at different locations at any given
point in the discharge progression), and electronic and ionic
transport pathways which dramatically influence the spatial loca-
tion of the lithiation and delithiation reactions. These results
provide insights into the design considerations for multicompo-
nent sintered electrode batteries.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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