Open Access Article. Published on 15 December 2025. Downloaded on 1/10/2026 9:59:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
Journal of OF CHEMISTRY

™
Materials Chemistry A -

View Article Online

View Journal

Decoupling the capacity fade contributions in
polymer electrolyte-based high-voltage solid-state
batteries

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d5ta07799k

® Michael J. Zachman, &2 ¢ Andrew M. Ullman,?
*a and Ritu Sahore (2 *@

Ji-young Ock, (& *2 Sergiy Kalnaus,
Kyra D. Owensby,?® Oliver Long,? Xi Chelsea Chen

Polymer electrolyte (PE)-based solid-state batteries (PE-SSBs) made with high-voltage cathodes are known
to suffer from severe capacity fade, stemming primarily from the poor oxidative stability of most PEs under
high-voltage cycling conditions. PEs also suffer from greater ion-transport limitations compared to liquid or
solid electrolytes. However, often, these limitations are collectively stated to be responsible for the
observed capacity fade, and it is challenging to decouple the contributions of different factors. Herein,
a tunable cell fabrication platform was developed to systematically investigate and decouple the two
primary capacity fade drivers (cell impedance growth and kinetic limitations), while keeping the other cell
parameters constant. Three PE types with distinct transport characteristics were compared. By utilizing

a voltage profile analysis method, the contribution of the cell's internal impedance growth was
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Accepted 26th November 2025 quantitatively decoupled from the kinetic limitations stemming from the high concentration gradient in

the polymer catholyte and slow charge transfer reactions. We demonstrate that the high interfacial

DOI: 10.1039/d5ta07799k impedance did not necessarily correlate with the high capacity fade rate. Kinetic limitations that are not

rsc.li/materials-a

1. Introduction

Demand for batteries with higher energy density and safety has
revitalized solid-state battery (SSB) research.*? Polymer elec-
trolyte (PE)-based SSBs (PE-SSBs) are promising candidates
because of their processibility and the potential to address the
low-pressure requirements of all-inorganic solid-state batteries
(SSBs).** The elastic and adhesive properties of PEs can help
maintain electrode/electrolyte interfacial contacts during low-
pressure cycling.”® However, the low room temperature (RT)
ionic conductivity, low Li* transference number (), and low
oxidative stability of most PEs remain their significant
drawbacks.®** Poor bulk ion-transport kinetics hampers the
rate capability of cells, especially with thick (practical) cathodes.
Poor oxidative stability leads to fast impedance growth at the
cathode-electrolyte interface (CEI) when paired with energy-
dense, high-voltage cathodes, causing a dramatic capacity
fade of such PE-SSBs.">**
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reflected by impedance measurements can play a dominant role in causing cumulative capacity decay.

In addition to poor rate capability, ion-transport limitations
also result in accelerated capacity fade. For example, in lithium-
ion batteries with liquid electrolytes, where transport limita-
tions become relevant at high C-rates (0.5-5 C), faster capacity
fade has been shown to occur as the cathode thickness
increases.’*"” The Li" ion diffusion limitation within the
cathode leads to uneven utilization of cathode active materials
across the coating thickness which in turn causes inhomoge-
neous CEI resistance growth across the electrode thickness.
This generates a negative feedback loop that worsens the reac-
tion inhomogeneity with each cycle, resulting in capacity
fading.’'* Even in lithium iron phosphate (LFP)-based
batteries, where CEI impedance remains stable because of its
low voltage operation, thicker cathodes show faster capacity
fade. Li-ion conductivity (a product of total ionic conductivity
and tt+) of most PEs are 1-2 orders of magnitude lower than
liquid electrolytes, even at an elevated testing temperature (50-
80 °C). Therefore, the diffusion-limitation-induced capacity
fade will be expected at much smaller C-rates. Despite several
reports on PE-SSBs, it is unclear to what extent the PE transport
limitations also contribute to the dramatic capacity decay
observed in LiNi,Mn,Co;_,_,O, (NMC)-based PE-SSBs. Most of
the reports on PE-SSBs focus on mitigating the high-voltage
stability issues at the CEL"*>°

Contact loss at electrolyte-electrode interfaces is an addi-
tional factor that can add to the capacity fade of PE-SSBs. To the
authors' knowledge, this issue has not been well investigated in
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the literature for PE-SSBs. Altogether, cycling performance of
a PE-SSB will be a complex function of the PE's (1) bulk ion-
transport properties, (2) ion-transport properties of their inter-
phase layers, (3) mechanical properties and interfacial adhesion
with the electrodes, as well as (4) evolution of these properties
with cycling, for a given anode-cathode combination. Diag-
nosing a cell's capacity fade requires systematic detangling of
these various contributions, which has been missing for PE-
SSBs. The development of cell platforms and analysis work-
flows to systematically evaluate the cell-level performance of
various PEs can help inform materials development.

In this study, we (1) utilized a tunable SSB fabrication plat-
form to systematically evaluate three types of PEs with widely
different transport properties when paired with a high-voltage
cathode (NMC622) and (2) quantitatively decoupled the contri-
butions of kinetic limitations (concentration gradients and
charge transfer reaction) towards capacity fade, from the IR
growth induced capacity fade, which primarily stems from CEI
impedance growth. Through a decoupling analysis, we
demonstrate that the internal cell resistance growth rate does
not necessarily correlate with the capacity fade rate; i.e., the cell
with the highest internal resistance did not show the fastest
capacity decay. Kinetic limitations dominated the internal cell
resistance in all the PEs investigated. The kinetic limitations, as
defined here, originate from a combination of two factors: the
high concentration gradient in the PE phase and slow charge
transfer reactions at the NMC-catholyte interface. The former
cannot be assessed by impedance spectroscopy, which typically
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employs small alternating current perturbations. No evidence of
contact loss at the catholyte/cathode interface after cycling was
found via ex situ scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) analyses. Unlike the
bulk of related work in this field, which primarily focuses on
improving the electrolyte's intrinsic properties, this work
employs an in-depth cell-level analysis to reveal degradation
mechanisms. The diagnosis methodology implemented herein
can provide critical insights that will guide the future develop-
ment of polymer electrolytes and electrolyte-electrode inter-
faces for next-generation solid-state batteries.

2. Results and discussion
2.1 Tunable cell platform for assembling PE-based SSBs

The cell making process is schematically illustrated in Fig. 1a.
Crosslinkable liquid precursors of the PEs were drop-cast onto
a standard slurry-cast, porous NMC622 (LiNiy sMng ,C0020,)
electrode. A freestanding, pre-cured PE membrane disc of the
same formulation was then placed on top. The entire stack was
thermally cured to polymerize the infiltrated precursors within
the cathode. The cured stack was assembled into a coin cell with
a Li metal anode. This fabrication platform can be adapted to
any crosslinkable PE while maintaining a consistent cathode
microstructure.

Three different PEs with distinct ion-transport properties
were investigated here: a crosslinked dual-ion conducting PE
(‘xPEO’) with a ¢, of 0.05,>* a crosslinked ‘single-ion’ conducting

Assemble
== Li//NMC622
Coin Cell
In-situ
Polymerization

70VEC-SIC - no crosslinker
("single-ion")

(a) Schematic showing the infiltration procedure of a polymer electrolyte (PE) into a porous NMC622 cathode and (b) simplified polymer

architectures of the three PEs utilized for this study. Li cations are shown as red circles, and anions (free or tethered to the polymer chains) are

shown as blue circles. Polymer chains are shown as black lines.
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Table 1 lon transport properties of the three polymer electrolytes measured @70 °C

S. No. Polymer electrolyte Total conductivity (S cm ™) Li* conductivity (S cm ™) it

1 XPEO 2.6 x 107* 1.3 x107° 0.05

2 70VEC-SIC 31x10°° 2.3 x10°° 0.75

3 70VEC-SIC - no crosslinker 1.4 x 10 1.0 x 107 0.75
a) As-made b) Infiltrated 0) Infiltrated

70VEC-SIC

/OVEC-SIC

Fig. 2 Schematics and SEM images of the cross-sections of (a) an uncalendered, as-made cathode with PVDF binder, (b) a calendered cathode
that was infiltrated with xPEO with a xPEO membrane on top, or alternatively, (c) infiltrated with 70VEC-SIC with a 70VEC-SIC membrane on top.
All cross-sections were prepared using a cryomicrotome. Note that in the schematics in (b and c), the PE in the cathode vs. the PE membrane are
shown in slightly different shades to emphasize the unfused/non-covalently bonded nature of this interface, even though the two PEs are

identical in chemical composition.

PE (‘70VEC-SIC’) with a much higher ¢, of 0.75,” and the same
single-ion PE without the crosslinker in the precursor solution
(7O0VEC-SIC - no crosslinker’). After curing, XPEO and 70VEC-
SIC became solids, while 70VEC-SIC - no crosslinker resulted
in a lower molecular weight viscous gel. Simplified polymer
architectures of the PEs are schematically shown in Fig. 1b. In
XPEO, both the Li cations and anions are untethered to the
polymer chains and therefore mobile, resulting in its low tt+.
For the other two PEs, the anions are covalently tethered to the
polymer backbone. The immobilization of the anions promotes
Li-ion selective motion, leading to a high tt+. The chemical
structures of all precursor compounds are provided in Fig. S1.
The ion transport properties of the three PEs, measured at 70 °C
(same as the cycling temperature), are summarized in Table 1

This journal is © The Royal Society of Chemistry 2025

and Fig. S2. xPEO had low ¢, and low Li* conductivity (total ionic
conductivity multiplied by the ¢,). 70VEC-SIC had low Li"
conductivity but a high transference number. 70VEC-SIC - no
crosslinker had both high Li" conductivity as well as high
transference number.

To confirm infiltration of the PE precursors into the porous
cathode after curing, cross-section SEM images were obtained
(Fig. 2). Uninfiltrated cathode's cross-section shows the typical
microstructure of a slurry-cast electrode, where NMC622 parti-
cles are loosely connected via a carbon black and PVDF network,
to generate significant porosity (Fig. 2a). The as-made cathodes
were calendered prior to infiltration to reduce thickness and
facilitate ion transport within the composite cathode.”
Complete infiltration occurred throughout the cathode

J. Mater. Chem. A


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta07799k

Open Access Article. Published on 15 December 2025. Downloaded on 1/10/2026 9:59:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry A Paper

a) xPEO b) 70VEC-SIC c) 70VEC-SIC

4.25¢ 4257 4.25 1\ _no crosslinker

4.00 ¢ 4.00 4.00 ¢
> > >
<375} <375 <375}
[o)] (o)) (o))
) 2 )
>° 3.50 | >° 3.50¢ 20 3.50 |
® ] ]
Oa25] 3251 \‘ Oazs|

3.00 | 3.00 | \ 3.00 |

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Specific Capacity (mAh/g) Specific Capacity (mAh/g) Specific Capacity (mAh/g)
d) e) f)
- = After 20 cycles XxPEO
g E 400
< e s b
E150f E G000 £ 70VEC-SIC - no crosslinker
2 (<} i
] Py 8
) S 6000 55 200
O © o)
Q100 ¢ kS =
B E £ 200}
& £ 4000 £
= = (0]
a S 3
3 507 xPEO B ®
e 3 2000 2 100
& 70VEC-SIC - no cross-linker e and
o~ 0

5 10 15 20
Cycle Number

0
xPEO 70VEC-SIC 70VEC-SIC- 5 10 15 20

no crosslinker Cycle Number

Fig.3 (a—c) Charge/discharge voltage profiles of the first 10 cycles of the three PE types cycled at 50 uA cm~2 and 70 °C. (d) Specific discharge
capacity vs. cycle number. (e) Total cell impedance after 20 cycles, measured via EIS. (f) IR drop overpotentials (OPpcjr) measured from voltage

profiles at the beginning of charge steps over 20 cycles.

thickness (Fig. 2b, ¢ and S3). The 70VEC-SIC-infiltrated cathode
is microstructurally similar to the xPEO-infiltrated cathode. A
seamless interface of the composite cathode with the free-
standing PE membrane can also be seen. This is likely due to
the presence of a thin layer of excessive PE at the cathode
surface after infiltration. Such seamless contact with the PE
membrane not only facilitates efficient ion transport across the
cell but also improves electrolyte/electrode interfacial adhesion,
which is necessary for achieving reversibility in PE-SSBs.>*

2.2 Quantitative analysis of capacity fade drivers

Using this cell fabrication method, three types of Li||[NMC622
coin-cells were assembled corresponding to the three PE cath-
olyte types (‘xPEO’, ‘7OVEC-SIC’, and ‘70VEC-SIC - no cross-
linker’). In each cell, the catholyte and separator PEs were of the
same formulation, except for the cell with the 70VEC-SIC - no
crosslinker catholyte, where 70VEC-SIC was used as the sepa-
rator. All cells underwent 20 charge/discharge cycles between
4.3 and 2.9 V vs. Li/Li" at 50 pA cm ™2 and 70 °C. Fig. 3a-c show
charge/discharge voltage profiles of each cell type's first 10
cycles. Specific discharge capacity (DC) vs. cycle number is
compared in Fig. 3d. Repeat data obtained for one of the cell
types showed good reproducibility of the capacity fade rate (Fig.
S4). For the same cathode active material (NMC622), a large
variability in both the achievable discharge capacity (DC) and
capacity fade rate can be seen depending on the PE type. The

J. Mater. Chem. A

70VEC-SIC - no crosslinker catholyte, which has the best
transport properties (high ¢ and high Li" conductivity), out-
performed the other two catholytes in both achievable DC and
capacity retention. The XxPEO catholyte, which has the worst
transport properties, showed the lowest achievable DC and
capacity retention. This indicates the role of the PEs' ion
transport properties in determining the capacity fade in these
cells. Interestingly, despite the similar Li* conductivities of
XPEO and 70VEC-SIC, a large difference in both achievable
capacity and capacity fade was observed between the two.

To understand capacity fade, internal resistance growth of
the three cells was first compared. Electrochemical impedance
spectroscopy (EIS) was conducted before and after 20 cycles, in
the discharged state. As expected, cell impedance grew in all
three cells after 20 cycles (Fig. S5). The total cell impedance for
the three cell types after 20 cycles is compared in Fig. 3e. The
highest impedance growth was observed for the 70VEC-SIC cell,
followed by 70VEC-SIC - no crosslinker and xPEO cells. This is
consistent with the growth rates of IR drop overpotentials
(OPpcir) Observed in the three cells (observed at the beginning
of a charge/discharge voltage profile as a step-like feature and
a measure of the cell's direct current internal resistance (DCIR))
(Fig. 3f). The difference in the impedance trend compared to the
capacity fade trend suggested that while the impedance growth
likely contributed to the overall capacity fade, the internal cell
resistance alone does not explain observed capacity fade trends.
Additional factors - such as kinetic limitations (defined

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Breakdown analysis of EIS Nyquist plots of Li||[NMC622 cells made with the three types of PEs: 'xPEO’, 70VEC-SIC’, and "70VEC-SIC — no
crosslinker” into (a) bulk impedance, (b) SElp + CElp impedance, and (c) rock-salt layer's impedance (CElgs). (d) Total interfacial impedance,
calculated by adding (b) and (c) values. The “before cycling” data were obtained at 70 °C before the start of cycling, and the “after cycling” data
were obtained after 20 cycles at 50 A cm ™2 and 70 °C and after discharging to 2.9 V vs. Li/Li*.

previously) - are playing an unignorable role towards capacity
fade in these cells. Then, the question becomes - how can we
quantify the contribution of each factor towards capacity fade?
The method to decouple these contributing factors will be
introduced shortly after a breakdown analysis of the total cell
impedance.

To identify the source/s of impedance growth, the total cell
impedance was broken into three components (Fig. 4 and Table
2): (1) bulk ion-transport impedance, assigned primarily to the
ionic conductivity of the PE phase (separator + catholyte) as
measured under small alternating current perturbations, (2)
total ion-transport impedance of the PE decomposition layers at
the electrode interfaces (SEIp, + CEIp), assumed to be of ohmic
character, and (3) impedance of the rock-salt layer formed at the
surface of cathode particles during cycling (CEIgs) (a non-ohmic
diffusion resistance and dependent on cathode's state-of-charge
(SOC)), coupled with charge transfer impedance at the CEI
(Butler-Volmer rate law; a non-ohmic component).>® The bulk
impedance growth of the PE phase was small in all cells and

This journal is © The Royal Society of Chemistry 2025

grew in insignificant amounts compared to total cell impedance
(Fig. 4a). The combined SEIy, + CEIp, impedance grew signifi-
cantly only for the ‘7OVEC-SIC’ cells (Fig. 4b). However, the
largest contribution to the total cell impedance in all cases
originated from the restructured rock-salt layer at the NMC622
surface (CElgs) (Fig. 4c). The total interfacial impedance (SEIp +
CEI, + CElgs) was therefore highest for 70VEC-SIC cells
(Fig. 4d), consistent with the highest contributions of OPp ¢y for
these cells. For XPEO and 70VEC-SIC - no crosslinker cells, the
total interfacial impedance was smaller, although still in the
range of multiple 1000s of Q cm®. Further EIS analysis details
can be found in Note S1, Fig. S6.

To quantitatively determine the relative contributions of the
two capacity fade drivers, a methodology proposed by Zhang
et al.*® for failure analysis of liquid electrolyte-based Li metal
cells was adapted here. This method involves decoupling the
various OPs present in a charge/discharge voltage profile by
comparing it with a thermodynamic reference voltage profile of
the same cathode. Herein, a Li|NMC622 cell made with

J. Mater. Chem. A
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Table 2 Circuit parameter fits of all six cells' EIS spectra, obtained before cycling and after 20 cycles (NA = not applicable). The area of cathode is

0.97 cm?
PE bulk SEI, + CEI, Rock-salt layer Total interfacial Total cell Frequency range (bulk, SEI,, + CEIp, and
(Ohm)  (Ohm) (CEIgs) (Ohm) impedance (Ohm) impedance (Ohm) rock-salt layer (CEIgs))
XPEO (before) 56 175 NA >200 kHz, 200 kHz-2 Hz, and <2 Hz
XPEO (after) 52 454 2064* 2518 2570 >200 kHz, 200 kHz-1 Hz, and <1 Hz
70VEC-SIC (before) 254 292 NA >6 kHz, 5 kHz-1 Hz, and <1 Hz
70VEC-SIC (after) 402 3808 5458 9266 9668 >15 kHz, 15 kHz-1 Hz, and <1 Hz
70VEC-SIC - no 154 193 NA >30 kHz, 30 kHz-3 Hz, and <3 Hz
crosslinker (before)
70VEC-SIC - no 275 340 4119* 4459 4734 >7.5 kHz, 7.5 kHz-1 Hz, and <1 Hz

crosslinker (after)

a standard liquid electrolyte and cycled @~C/100, 70 °C was
used as the near-thermodynamic reference because of minimal
kinetic barriers expected under these cycling conditions. The
analysis method can be broken into three steps (Fig. S7). First,
the IR potential drop (OPpcrr) is noted from the charge/
discharge voltage profile (Fig. S7a). This OP origination
primarily corresponds to the total cell impedance (PE bulk
impedance + SEI, + CEI, + CElgg impedance (SOC dependent;
coupled with charge-transfer impedance). Second, OPpcr is
subtracted from the entire corresponding charge/discharge
voltage profiles (Fig. S7b). Third, the after-subtraction voltage
profile is shifted along the x-axis (capacity), such that the
starting cell voltage lies on the thermodynamic reference
voltage profile (Fig. S7c). After this step, deviation of the cell
voltage profile w.r.t. the reference profile is noted. These addi-
tional OPs primarily stem from concentration gradients within
the PE phase (referred to as OPpg), coupled with their impact of
the charge-transfer reaction impedance at the CEI (OPcr). We
bundle these two kinetic OPs as ‘OPpg,cr’. The Li* concentra-
tion gradients are generated within the PE phase due to their
less than unity ¢,.2® Thus, PE's Li" concentration will change at
the particle surface as the cycle progresses, depending on the
severity of Li* concentration gradients. In the cathode, the bulk
Li" diffusivity of NMCs decreases dramatically near the high
depth of discharge (DOD) after being roughly constant over the
rest of the SOC.”>* This would decrease the charge transfer
reaction rates near the high DOD. Altogether, these changes
with the passage of direct current (charge/discharge) will impact
the OPpg cr-

Thus, this analysis method decouples the kinetic limitation-
induced OPs (OPpg.cr) from the OPpgr. This in turn can be
used to quantify their individual contributions to capacity loss
(discussed next in Fig. 5). The effect of internal cell resistance
(OPpcir) on the cathode's true state-of-charge at the beginning
of a charge/discharge step and the corresponding capacity loss
is shaded in blue in Fig. 5d-f. More importantly, the effect
OPpg.cr Or kinetic limitation-induced capacity loss as the cell is
charged/discharged is shaded in orange in Fig. 5d-f.

Fig. 5a-f show the unprocessed and processed voltage
profiles of first 5 cycles. Reference cell's five cycles are shown in
red. After data processing, removal of the OPpcr caused the
voltage profiles of the ‘70VEC-SIC - no crosslinker’ cell to nearly

J. Mater. Chem. A

overlap with the reference, with the least amount of OPpg,cr.
Similarly, the processed voltage profile was significantly closer
to the reference profile in the ‘7ZOVEC-SIC’ cell, although rela-
tively higher OPpg,cr were observed. In contrast, in the ‘XPEO’
cell, large OPpg.cr remained throughout the discharge step.
Each cycle's cumulative discharge capacity loss was broken into
two components corresponding to the two types of OPs
described above. Component 1: OPpcr growth-driven capacity
loss; Component 2: OPpg.cr growth-driven capacity loss. The
former was obtained by reading the specific capacity value at the
start of each processed profile (highlighted for the 5th discharge
via a blue shaded box). The latter was obtained by reading the
specific capacity at the end of each processed profile, followed
by subtracting this value from the reference cell's near-
theoretical discharged capacity (highlighted for the 5th
discharge via orange shaded boxes). Altogether, these two
constituted 100% of capacity loss in our analysis. The growth of
these components determined the capacity fade rate.

The contribution of OPpcr growth and OPpg,cr growth to
capacity fade is quantified by the bar charts shown in Fig. 5g-i.
For the xPEO cell, OPpg.cr growth-driven capacity loss was at
least a factor of two larger than the two 70VEC-SIC cells. For the
crosslinked 70VEC-SIC cell, a significant source of capacity fade
was its OPpcrr growth. At cycle 5, the growth of OPpcrr
accounted for nearly 40% of its total capacity loss. For the
70VEC-SIC - no crosslinker cell, OPpcrg was the smallest
amongst the three cells; however, its OPpg.cr Was not signifi-
cantly different from that of the crosslinked 70VEC-SIC cell.

We highlight two observations from the decoupling analysis:
first, despite the similar Li" conductivities of the xPEQ’ and
‘7OVEC-SIC’ PEs (1.3 x 10> S em ™" and 2.3 x 107> S cm ™,
respectively), their OPpg.cr were significantly different. In other
words, although EIS-measured static bulk resistances are
similar between these two catholytes, their kinetic limitations
are vastly different. The OPpg, of the XPEO cell is expected to be
significantly larger than the OPpg of the 70VEC-SIC cell, due to
its much smaller transference number (0.05 vs. 0.75). To
confirm the presence of OPpr under the mild cycling conditions
employed here (70 °C and ~C/50), numerical simulations were
performed using the actual electrolyte, cell, and cycling
parameters (complete details are provided in the Experimental
section). Briefly, the NMC622 single crystal particles were

This journal is © The Royal Society of Chemistry 2025
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(a—c) Charge/discharge voltage profiles of the three types of cells (xPEO’, 70VEC-SIC’, and "70VEC-SIC — no crosslinker’), obtained for

the first 5 cycles (50 pA cm~2 and 70 °C). A comparison with a reference cell made with a liquid electrolyte and cycled @ ~C/100 is included to get
a close to thermodynamic voltage profile (5 cycles are shown). Dots correspond to the cells’ OCV values obtained after 1-hour of rest following
each charge/discharge. (d—f) The voltage profiles shown in (a—c) after processing (only the first cycle of the liquid reference cell is shown). The
dashed lines are included to highlight the deviations of OCV as a function of cell type and cycle number w.r.t. the reference cell. Blue and orange
shaded regions correspond to the blue and orange portions of the bar graph in (g—i), respectively. (g—i) Bar graphs showing the breakdown of
capacity loss observed in each of the five cycles into IR-growth-driven capacity loss and kinetic limitation-driven capacity loss for the three cell

types.

approximated in 2D as rectangles with the particle size and
aspect ratio distribution representing the actual cathode. The
NMC electrode was taken to be 50 um thick to match the actual
electrode’s thickness. The NMC particles were surrounded by
a porous binder/carbon black foam filled with the PE and thus
capable of conducting both electrons and ions. The rest of the
geometry was represented by an 80 um thick layer of PE (again
close to the actual cell separator thicknesses), and the counter

This journal is © The Royal Society of Chemistry 2025

electrode was modeled as a Li electrode surface. An equivalent
2 was
applied to the current collector surface, and the cell charging
was simulated until 4.3 V as a stop condition. The results after
a single charge to 4.3 V vs. Li/Li" are shown in Fig. 6. As ex-
pected, the highest concentration gradient built up in the PE

phase was observed in the XPEO cell, resulting in a significantly

of the current density used in the experiments, 32 pA cm™

larger NMC particle's Li" concentration (i.e. smaller achievable
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Fig. 6 Simulated concentration of Li* in the PE phase, and the

cathode active material after charging to 4.3 V vs. Li/Li* under 32 pA
cm™2 current. The scale for the electrolyte concentration (normalized
to the initial concentration) is kept the same for both scenarios. The
concentration of Liin NMC is represented by individual scales for each
simulation.

charge capacity) compared to the two 70VEC-SIC cells. Note
that, for simplicity, the charge transfer impedance at the CEI
was assumed to be zero, and the SOC-dependence of NMC's
bulk Li* diffusivity was omitted. Overall, these results imply that
¢, is playing an important role in not only the achievable
capacity*** but also the capacity retention of PE-SSBs. The OPpg
is not reflected in the static impedance measurements. This is
why internal cell resistance did not predict the capacity fade
rate. Decoupling analysis introduced in this work effectively
revealed the impact of bulk ion transport properties of the PE
catholyte on cumulative capacity fade.

Second, we observed that although Li" conductivity for
‘7OVEC-SIC - no crosslinker’ was 1.0 x 10> S cm™*, close to 2
orders of magnitude higher than that for ‘70VEC-SIC’ (2.3 X
107> S em ™), yet after removal of OPpcyr, their OPpg.cr was not
significantly different. For these cells with high ¢, PEs, OPp is
relatively small, according to the numerical simulations shown
in Fig. 5. Therefore, OPcr growth was likely the main contrib-
utor to capacity fade. This point is strengthened by Fig. 7, where
we tested a Li||LFP cell that was prepared using the infiltration
method with 70VEC-SIC - no crosslinker PE. LFP as a low-
voltage cathode does not form a rock-salt layer during cycling,
and PE decomposition is not expected. Indeed, the cell
impedance remained very stable during cycling (Fig. S8). The
cell was cycled at increasing current densities, with 5 cycles at
each current density. As can be seen, the cell showed no capacity
fade over the first 15 cycles. In the LFP cell, both OPpg and OPcr
were small and stable. The LFP results combined with numer-
ical simulations strongly suggest that a growing OPcr was the
main driver for capacity fade in the two 70VEC-SIC NMC cells.

Note that the impact of the Li anode on capacity fade was
deemed not a significant factor and was excluded in this
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Fig. 7 Specific discharge capacity vs. cycle number of a Li||LFP cell
made via the same infiltration method as Fig. 1, using 70VEC-SIC — no
crosslinker PE. Discharge current was increased every 5 cycles, while the
charge current was fixed at 0.05 mA cm™2. Cycling occurred at 70 °C.

analysis for the following reasons: (1) the use of 600 pm thick Li
anodes avoided Li inventory loss. (2) High temperatures (70 °C)
and low currents utilized for cycling improved the contact at the
anode interface and minimized Li loss due to voiding. (3) The
relatively small role of the Li anode in capacity fade in the initial
cycles of Li|PE[NMC622 cells was shown in our recent work.*

2.3 Characterization of the cathode/PE interface after
cycling

The cycled NMC622|PE interface as well as the bulk PE phase
were further examined using cryo-STEM (Fig. 8). Thin sections
(~100 nm thick) of the NMC|PE cell stack (minus the Li anode)
were prepared using a cryo-microtome. Core-loss electron
energy-loss spectroscopy (EELS) mapping was performed at the
NMC|PE interface as well as in the bulk PE region. The oxygen
bonding environment as a function of distance from the
cathode particle surface was analyzed. Profiles averaging the
oxygen K-edge signal along the particle surfaces were generated,
and representative EELS spectra (color-coded to correspond to
the colors of the surface profiles) are shown in Fig. 8a and b. To
prevent significant decomposition of the PE structure due to
electron beam damage, the electron dose applied was set to ~2
x 10% e~ A7, which limited the spatial resolution of these
measurements to ~20 nm. Going from the PE phase to the
NMC622 phase, the O K-edge changed from one prominent
peak at 537 eV and a broad peak to two prominent peaks,
labeled P1 and P2. These are the representative peaks seen in
pristine NMC particles.*® The P1 peak corresponds to O 1s
excitations to unoccupied hybridized transition metal 3d/
oxygen 2p states.** Importantly, the rock-salt layer typically
features a significantly decreased P1 peak intensity.** In Fig. 8c,
we show the P1 peak intensity fraction as a function of distance
from the interface, for both XxPEO and 70VEC-SIC cells. We
found the thickness of the O-deficient rock-salt layer at the NMC

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Cryo-STEM EELS oxygen bonding environment and cathode
particle surface profile analysis of xPEO and 70VEC-SIC cells. (a)
Annular dark-field (ADF) image of NMC622|xPEQ interfaces (top left),
surface profiles (bottom left), and corresponding averaged O K-edge
spectra (right). (b) ADF image of NMC622|70VEC-SIC interfaces (top
left), surface profiles (bottom left), and corresponding averaged O K-
edge spectra (right). (a and b) The colors of the EELS spectra corre-
spond to the colors of the surface profiles. (c) Average intensity of the
P1 peak (O 1s to TM 3d/O 2p excitations) normalized to integrated
intensities of P1 and P2. It shows decreased Pl intensity near the
particle surfaces, consistent with a rock-salt layer, and little difference
between the cells on the scale of tens of nanometers.
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surface to be similar in these two samples, within the resolution
of EELS mapping. We note that extreme beam sensitivity of the
PE phase was still present even under such mild imaging
conditions (cryotemperature + low dose); therefore, beam
modifications of local bonding environments were not totally
avoided, and this may also have obscured differences in the
rock-salt layer thickness at very small scales. Given the signifi-
cant CEI impedance growth observed from EIS analysis, we
suggest that the rock-salt layers may be present but thinner than
20 nm. This thickness range is reasonable, as for NMC cathodes
cycled with liquid electrolytes, this high-impedance layer is
typically detected to be <20 nm.?*3¢

The PE decomposition layer thickness was not determined
using this method due to the PE phase's beam sensitivity. The O
K-edge spectra of the PE phase near the interface and those in
the bulk PE separator region did not show differences. However,
at least one of the two PEs (xPEO) is known to decompose when
operated in NMC622 cathodes. Beam-induced modification of
the PE phase may have wiped out the differences between the
PE decomposition layer and the bulk. Another possibility is that
the thickness of the PE decomposition layer is also very small,
<20 nm.

Little physical contact loss at the NMC622|PE interface was
observed in any of the cycled cathode datasets (data not shown)
and that it may have been due to the ultramicrotomy prepara-
tion. Cross-sectional SEM images (Fig. S9) also suggest the
absence of any significant contact-loss issue in these cells. Intra-
particle cracking is also not expected in these cells because of
the use of single-crystalline NMC622 particles.*”** Therefore,
these effects were considered minimal when explaining the
capacity fade trends.

Broadly, the results obtained here demonstrate that even at
an elevated cycling temperature (70 °C) and a low cycling
current density (50 pA em~> or ~C/50) (both of which should
alleviate transport limitations), significant ion-transport limi-
tations are still at play in impacting the capacity fade of these
cells. These limitations are expected to worsen at room
temperature and will be dictated by their PE-specific drops in
ionic conductivity and transference number. Similarly, at
higher cycling currents, all the ohmic overpotentials will
increase linearly in proportion to the current increase, while the
non-ohmic overpotentials will increase non-linearly according
to their individual current-dependence relationships.

3. Conclusions

We conducted a quantitative analysis of the capacity fade of
polymer electrolyte (PE)-based solid-state batteries (SSBs) con-
taining a high-voltage NMC cathode by decoupling their
primary capacity fade contributors: cell's internal resistance
growth (primarily from the cathode electrolyte interface (CEI))
and kinetic limitations stemming from the high concentration
gradient in the catholyte and slow charge transfer reactions at
the cathode particle-PE interface. A modular cell-fabrication
platform to assemble PE-based SSBs was developed, involving
infiltration and curing of solvent-free polymer electrolyte (PE)
precursors. This platform was utilized to independently change
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the PE type while keeping the remaining cell aspects the same -
an easy task with liquid-electrolyte-based batteries, but non-
trivial with SSBs. Three different PE types were compared:
a low ionic conductivity and low ¢, PE, XPEO, a low ionic
conductivity and high ¢, PE, 70VEC-SIC, and a high ionic
conductivity and high ¢, PE, 70VEC-SIC - no crosslinker.

A voltage profile analysis methodology was utilized to
distinguish and quantify the two types of capacity fade drivers —
cell's internal impedance induced overpotential, OPpcr, and
kinetic limitation induced overpotential, OPpgicr- OPpcir
growth induced capacity fade correlates well with the cell's
internal impedance growth, with cathode interfacial impedance
as its main contributor. OPpcr is the largest and grew the
fastest in the 70VEC-SIC cell. However, this cell did not show the
highest capacity fade rate. OPpg.cr dominated the capacity fade.
The XxPEO cell, whose OPpg was the largest (lowest ¢,), had the
fastest capacity fade, demonstrating the importance of ¢,
towards capacity fade. In other words, the concentration
gradient induced kinetic limitations are not reflected in the
static impedance measurements, and thus these alone cannot
predict capacity fade. The methodology presented here effec-
tively revealed the impact of catholyte's ion transport properties
on capacity fade. A comparison with a similar PE-SSB employing
an LFP cathode confirms that the adverse impact of transport
limitations on the capacity fade of NMC-based cells is amplified
by their high CEI impedance growth.

Cryo-STEM-EELS analyses indicate the thickness of the rock-
salt layer as well as any PE decomposition layer at the CEI to be
less than 20 nm thick, for both XPEO and 70VEC-SIC cells. The
impact of any contact loss at the PE|NMC622 interface was
excluded in this study's capacity fade analysis as it was not
observed by both TEM and SEM.

4. Experimental section
4.1 Materials

Vinyl ethylene carbonate (VEC, Sigma-Aldrich) was dried over
molecular sieves. Lithium bis(trifluoromethanesulfonyl)imide
(LiSTFSI, SPECIFIC POLYMERS) was used as received. Azobis-
isobutyronitrile (AIBN, Sigma-Aldrich) was recrystallized. Poly-
ethylene glycol dimethacrylate (PEGDMA, average Mn: 1000,
Polysciences) was used as received. Poly(ethylene glycol) di-
glycidyl ether (PEGDGE, average Mn: 500, Sigma-Aldrich) was
used as received. All these chemicals are temperature-sensitive
and were therefore stored in a refrigerator after sealing the
individual containers in an argon glovebox with Parafilm tape.
0,0-Bis(2-aminopropyl)  polypropylene  glycol-block-poly-
ethylene glycol-block-polypropylene glycol (Jeffamine ED-2003,
Huntsman Corporation) was used as received. Lithium bi-
s(trifluoromethane)sulfonimide (LiTFSI, 3 M) was dried under
vacuum at 120 °C for 3 days and stored inside an argon
glovebox.

4.2 Preparation of polymer electrolytes

The compositions and the preparation methods of the 70VEC-
SIC and xPEO polymer electrolytes (PEs) were the same as
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reported before.”* To prepare the single-ion conducing PE
(70VEC-SIC), LiSTFSI, PEGDMA, VEC and AIBN were stirred in
an argon glovebox until fully dissolved. The weight ratio of VEC
to PEGDMA was fixed at 7 : 3. The prepared solution was poured
between two glass plates, separated by cover glass slips, then
cured at 80 °C for 1 hour. The resulting transparent 70VEC-SIC
membrane was punched into 5/8” discs and stored in the argon
glovebox without additional drying. To prepare the dual-ion
conducting PE (xPEO), Jeffamine ED2003, PEGDGE and LiTFSI
were stirred in isopropyl alcohol (IPA, Sigma-Aldrich) at 40 °C in
air until fully dissolved. IPA was then removed using a rotary
evaporator. The resulting solution was poured and blade-cast
onto a Mylar substrate, followed by drying at 60 °C for 2 h,
and subsequently curing at 100 °C for 12 h. Finally, the
membrane was peeled off, punched into 5/8” discs, further
dried in a vacuum oven at 100 °C for 12 h, and stored in an
argon glove box.

4.3 Cathode preparation

All cathodes were prepared inside an argon glove box. For the
polyvinylidene fluoride (PVDF)-based cathodes, the NMC622
single crystal (Targray, 89 wt%) cathode, carbon black (Super
C65 from Timcal, 5 wt%) as a carbon additive, and PVDF
(KYNAR® POWERFLEX LBG powder, Arkema High Perfor-
mance Polymers, 6 wt%) as a binder were mixed using an agate
mortar and dispersed in N-methylpyrrolidone solvent to prepare
a slurry. The obtained slurry was blade-cast on a carbon-coated
Al current collector and dried at 100 °C for over 2 h. Subse-
quently, the cathode sheet was calendered, punched into 7/16”
discs, and vacuum dried at 120 °C overnight. The typical mass

loading of NMC622 on the Al foil was 13 mg cm™>.

4.4 Cell assembly

2032-type coin cells were assembled inside an argon-filled glove
box in two different cell designs focusing on the cathode/
electrolyte interfaces. In all the cells, a freestanding PE
membrane of the same formulation as in the composite
cathode was placed on top of the cathode, followed by a Li
anode (600 pm thick, MTI Corp.). For the infiltrated cells, prior
to coin cell assembly, a PE-integrated cathode was first prepared
using an in situ polymerization method. A punched cathode
(PVDF-based) disc was placed on a stainless-steel spacer. Then,
a droplet of the PE precursor mixture was spread onto the
cathode. Subsequently, it was covered with a freestanding
polymer membrane and in situ polymerized at the designated
temperature (80 °C for 70VEC-SIC and 100 °C for xPEO). The
electrolyte-integrated cathode, PE membrane, and Li metal were
assembled into coin cells. The specific capacity was calculated
based on mass loading of NMC622 in the composite cathode.

4.5 Electrochemical testing

Galvanostatic charge/discharge measurements on Li//NMC622
cells were conducted using an electrochemical analyzer (VSP-
3e, BioLogic) at 70 °C. All the cells were equilibrated at 70 °C
for 2 days before cycling. The cut-off potentials were set at 4.3
2.9 V. In the cycling test, the charge current density was fixed at

This journal is © The Royal Society of Chemistry 2025
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0.05 mA cm . The electrochemical impedance spectra (EIS) of
cells were collected in the frequency range of 1 MHz to 0.1 Hz at
avoltage amplitude of 6 mV, after 2 days of conditioning (before
cycling) and after the 20th discharge.

For the ionic conductivity measurements, XPEO and 70VEC-
SIC membranes were sandwiched between two stainless steel
electrodes, and EIS measurements conducted in
a temperature range from —20 °C to 80 °C using a temperature-
controlled chamber (SU-222, ESPEC) in the frequency range
from 7 MHz to 0.1 Hz with a voltage amplitude of 6 mV. The
uncrosslinked 70VEC-SIC was measured in a custom-made
liquid cell containing two parallel stainless steel disks
(10.2 mm in diameter each) and separated by 0.3 mm.

The Li-ion transference number (tt+) was determined using
the Bruce-Vincent method under anion-blocking condi-
tions.*>** A Li symmetric cell was assembled with the xPEO or
70VEC-SIC membrane sandwiched between two Li electrodes.
The uncrosslinked 70VEC-SIC was templated by two stacked
Mylar washers (outer diameter: 5/8”; inner diameter: 7/16";
thickness ~100 pm) in between the Li electrodes to ensure
containment.

were

4.6 NMR measurements

NMR spectra and diffusion data were recorded using a Bruker
Avance Neo 400 MHz narrow bore spectrometer equipped with
a high gradient "H/X diffusion probe (Bruker Diff50). All NMR
measurements were conducted with temperature control using
the built-in variable temperature module, and samples were
equilibrated for at least 5 minutes at specified temperatures
prior to the collection of data.

Self-diffusion coefficients for the Li" cation and the fluorine-
containing anion (STFSI) were obtained using the pulse-
gradient stimulated echo (PGSTE) experiment on “Li and '°F
nuclei. The Stejskal-Tanner equation (eqn (1)) was used to fit
the integrated peak area as a function of the gradient strength

(9).
Alg) = 4y exp< Dy (A - g)) 1)

In eqn (1), Ao is the peak area at zero gradient (g = 0), A(g) is the
peak area at gradient g, v is the gyromagnetic ratio of the
nucleus, ¢ is the gradient pulse duration, A is the diffusion time
between gradient pulses, and D is the self-diffusion coefficient.
The values of the adjustable parameters (g, 6, and A) were
selected to achieve =85% signal attenuation in at least 16
gradient steps. For the samples in this study, 6 was in the range
of 1-2 ms, A was in the range of 7-30 ms, and the max gradient
was 1700 G cm™ . The fits of the signal data were performed
using Bruker's TopSpin, v. 3.6.4 software using the varB func-
tion type with one or two components.

4.7 SEM

Coin cells containing the entire cell stack of NMC622|PE|Li were
opened in an Ar-filled glovebox after completion of cycling. Li
was gently shaved off from the PE using a razor blade. The
NMC622|PE bilayer stack was transferred into a sealed vial and
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loaded quickly into a Leica EM FC7 cryomicrotome cooled to
—80 °C. The cooling chamber of the cryomicrotome was filled
with N,. A flat cross-section was created by microtoming the
bilayer stack at —80 °C, with a sectioning thickness of 100 nm at
0.6 mm s * speed. The flattened cross-section was examined
with a Zeiss Merlin SEM, using an acceleration voltage of 10 kv.

4.8 Cryo-STEM and EELS

Similar to SEM sample preparation, the NMC622|PE bilayer
stack was transferred into a sealed vial and loaded quickly into
a Leica EM FC7 cryomicrotome cooled to —80 °C. Thin sections
with a thickness of approximately 100 nm were collected on
a lacy carbon coated copper grid. The sectioning speed was 0.2
mm s . The thin sections were allowed to warm up to room
temperature in a N, filled chamber, quickly transferred to an Ar-
filled glovebox, and stored in the glovebox prior to TEM
imaging. The TEM samples were quickly transferred into the
TEM sample holder in air and allowed to cool down to near
liquid N, temperature inside the microscope.

Low-dose, high-resolution electron energy-loss spectroscopy
(EELS) was performed on a Thermo Fisher Scientific Titan Krios
G4 operated at 300 kV in STEM mode. Spectrum images (SIs) we
acquired with electron doses between 5 e~ A~ and 2 x 10% e~
A™2. To analyze the SIs, custom Python codes were written that
utilize common packages such as NumPy, SciPy, etc. Standard
power-law background subtraction was performed at each
probe position, and simultaneous dark-field images were used
to generate a binary mask on the NMC particles to establish the
location of their surfaces. These binary masks were then dilated
and eroded, and differences between the resulting masks were
taken to generate new masks that followed the contour of the
NMC particle surfaces but that were located within the particles
and the surrounding polymer. The average EELS spectrum from
each of these areas was then taken to generate a “line profile” of
average spectra as a function of distance from the particle
surfaces. Further analysis of these line profiles to establish
regions with unique spectra was performed by multivariate
curve resolution (MCR), which decomposes the data set into
spatial and spectral components that can reconstruct the orig-
inal data at each probe position through a linear combination
of the resulting components. The results of this process on the
EELS line profiles were then displayed as the spectral compo-
nents and two-dimensional spatial component maps by
appropriately coloring the spectral components and the corre-
sponding surface profiles generated by the binary mask
processes.

4.9 Simulations

The microstructure of the cathode was approximated in the
following way. The NMC622 single crystal particles were
approximated in 2D as rectangles. The values of the long side, a,
and the short side, b, of the rectangles were collected from the
cross-sectional SEM of the cathode using Image] software. The
binned histograms together with the Gaussian fits of the long
side and the ratio of the sides are shown in Fig. S10a and b.
Measuring the two sides as opposed to measuring the diagonal
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of the particle seems more appropriate since the corners of the
particles appear rounded.

The electrode area of 20 x 32 um was seeded with the
particles using the normal probability distribution,

1 G
e~ 202

with the variance, 6%, and mean, u, obtained from the measured
distributions (Fig. S10a and b). The Box-Muller method was
used for normal (Gaussian) distributions symmetric around
zero, which were then transposed into the measured mean and
variance. The particles were randomly placed in the domain
with randomly assigned coordinates of the bottom left corner
and rotation of the rectangles. Overlapping particles were
merged to form larger agglomerates.

The geometry represented the arrangement in the experi-
ments in 2D. The NMC electrodes were 50 pm thick. The NMC
particles were surrounded by a porous binder/carbon black
foam filled with the polymer electrolyte and thus capable of
conducting both electrons and ions. The rest of the geometry
was represented by an 80 pm thick layer of PE, and the counter
electrode was modeled as a Li electrode surface. The resulting
geometry was meshed with tetrahedral elements (Fig. S10c). The
NMC, binder-electrolyte, and electrolyte domains were explicitly
resolved with the charge transfer at the NMC particle/binder—
electrolyte interface following Butler-Volmer kinetics. This way,
the diffusion in the NMC particles as well as diffusion and
migration in the electrolyte can be explicitly visualized. In both
cases, the diffusion was simplified as isotropic. The experi-
mentally measured diffusivity values in various PEs were
utilized (Table S1). Lithium diffusivity in NMC622 was assumed
isotropic, constant, and equal to 4 x 10 "' em?® s .* An
equivalent of the current density used in the experiments, 32 nA
cm 2, was applied to the current collector surface, and the cell
charge was simulated until 4.3 V as a stop condition.
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