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ternal resistance in high-voltage
graphite‖LiNi0.5Mn1.5O4 cells: sulfolane vs.
carbonate-based electrolytes

Clément Pechberty, *a Eric Pui Lam Tam, b Julia Maibach a

and Patrik Johansson ac

High-voltage cathode active materials such as LiNi0.5Mn1.5O4 offer promises of high-energy density

lithium-ion batteries (LIBs), but their implementation is hindered by electrolyte instability and cross-talk

phenomena that compromise cycling performance. This study presents a comprehensive investigation of

interfacial degradation mechanisms in graphite‖LNMO full cells, comparing a conventional carbonate-

based electrolyte (1.0 M LiPF6 in EC/DEC + 1 wt% LiBOB) with a sulfolane (SL)-based alternative (0.7 M

LiBOB in SL + 0.2 M LiTFSI). Using the latter electrolyte results in reduced transition metal dissolution,

but significant graphite coulombic efficiency degradation persists, as shown by a holistic assessment

using graphite-limited cell configurations, post mortem analysis, and intermittent current interruption

measurements. The cells with the SL-based electrolyte exhibit lower initial discharge capacities, reduced

average coulombic efficiencies, and substantially higher LNMO interfacial resistances. They also produce

organic rich interphases and soluble oxidation products affecting the anode performance, which rather

than transition metal dissolution alone, constitute the dominant degradation pathway. Overall, the

revealed complex interplay between electrolyte formulation, interfacial chemistry, and cross-talk

mechanisms offers valuable insights for rational design of a next generation of electrolytes capable of

supporting stable high-voltage LIB operation.
Introduction

High-voltage cathode active materials (CAMs) capable of
enabling high-energy density lithium-ion batteries (LIBs) have
attracted considerable interest in recent years.1–5 LiNi0.5Mn1.5O4

(LNMO), with an operating voltage of ca. 4.7 V vs. Li+/Li and
a theoretical capacity of 147 mA h g−1, stands out as an excep-
tional candidate, capable of delivering LIB cells with an energy
density of ca. 350 Wh L−1.6 The cobalt-free composition of
LNMO also addresses the many concerns related to cost and
unethical mining practices. In addition, LNMO exhibits excel-
lent rate capability due to its three-dimensional Li+ diffusion
pathways and fast solid-state kinetics, enabling high-power
operation without signicant polarisation. This makes LNMO
a very suitable and cost-effective CAM choice for high-power
and high-energy density applications, such as electric vehi-
cles.4 Despite these principal benets, LNMO faces signicant
challenges in practice; the high operating voltage induces
of Technology, 412 96 Göteborg, Sweden.

ence, Chalmers University of Technology,

CNRS 3104, Hub de L’Energie, Amiens

f Chemistry 2026
severe anodic instability using conventional carbonate-based
electrolytes. Furthermore, the interactions between LNMO
and graphite—commonly referred to as cross-talk—result in
additional degradation mechanisms, such as transition metal
dissolution, leading to rapid capacity fading.7

In this context, alternative electrolytes based on more
oxidation-resistant solvents are of interest, such as sulfones
with their high dielectric permittivity and low ammability, but
these face three key challenges: high melting points, high
viscosities, and poor compatibility with graphite.8 To address
the latter, the use of alternative salts to lithium hexa-
uorophosphate (LiPF6), as well as dual salt formulations, has
been proposed.9,10 Zhang et al.10 studied the effect of various
lithium salts on the electrochemical performance of ethylene
sulfone-based electrolytes. Notably, those based on lithium di-
uoro(oxalato)borate (LiDFOB) exhibited the highest cycling
stability, outperforming the commercial 1.0 M LiPF6 in ethylene
carbonate (EC)/diethyl carbonate (DEC) (3 : 7 w/w) electrolyte.
Additionally, Salian et al.11 demonstrated excellent performance
of lithium bis(uorosulfonyl)imide (LiFSI) in sulfolane (SL) in
graphite‖LNMO full cells. However, they also found that their
SL-based electrolyte suffered from a higher degree of decom-
position at high voltages as compared to carbonate-based
electrolytes.12
J. Mater. Chem. A, 2026, 14, 11651–11662 | 11651
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While recent studies have focused on improving the
electrochemical stability of SL-based electrolytes in graph-
ite‖LNMO cells, a comprehensive understanding of the associ-
ated degradation mechanisms is still lacking. In particular, the
compatibility of SL-based electrolytes with LNMO cathodes,
their long-term interfacial evolution, including solid electrolyte
interphase (SEI) and cathode electrolyte interphase (CEI)
formation, and the impact of oxidative decomposition byprod-
ucts generated at high voltages on anode passivation and
coulombic efficiency (C.E.) remain underexplored. Tracking e.g.
the internal resistance (IR) can provide insight into the mech-
anisms underlying capacity fading.5,11

This study aims to clarify the origins and roles of interfacial
degradation and cross-talk comparing two electrolytes;
a conventional carbonate-based electrolyte: 1.0 M LiPF6 in EC/
DEC (1 : 1) + 1% lithium bis(oxalato)borate (LiBOB) (as an
additive to reduce the transition metal dissolution),10–13 and
a SL-based electrolyte: 0.7 M LiBOB in SL + 0.2 M lithium bi-
s(triuoromethanesulfonyl)imide (LiTFSI). The SL-based elec-
trolyte was specically formulated to avoid the use of LiPF6,
thereby eliminating pathways for HF generation, while
leveraging a dual-salt + sulfone strategy to enhance high-voltage
stability.
Results and discussion

First, to assess the effect of LNMO-driven cross-talk on the C.E.
of the graphite, full cells were assembled to be either LNMO-
limited or graphite-limited w.r.t. capacity.5,13 Second, post mor-
tem characterisation of aged electrodes was carried out using
several experimental techniques in order to gain a comprehen-
sive understanding of the electrode interphases/interfaces
created. Finally, we track the IR evolution using the intermit-
tent current interruption (ICI) technique, which also enables us
to indirectly and electrochemically monitor the evolution of the
interphases/interfaces.
Cross-talk and C.E. by electrochemistry and analytic
techniques

By using galvanostatic cycling of graphite‖LNMO-limited full
cells we can assess the difference in capacity retention and the
LNMO C.E. between the SL- and carbonate-based electrolytes
(Fig. 1a–c), which provides insight into the oxidative stability
difference. Despite similar long-term stabilities, the two elec-
trolytes exhibit distinctly different behaviours; aer two
formation cycles, the cell with the carbonate-based electrolyte
delivers a higher discharge capacity (∼120 mA h g−1) than the
SL-based one (∼100mA h g−1), reecting lower initial interfacial
losses. This is consistent with the differences in C.E.: 85.3% and
97.1% vs. 76.8% and 96.8%, indicative of more parasitic reac-
tions and a slower interphase stabilisation, in agreement with
the literature.11 Hence we obtain a more reactive interface using
the SL-based electrolyte, likely driven by earlier on-set of
oxidative decomposition of SL, LiBOB and LiTFSI.

At a C/3 rate, the cells with the SL-based electrolyte show
greater polarisation, with larger charge/discharge
11652 | J. Mater. Chem. A, 2026, 14, 11651–11662
overpotentials, indicative of larger interfacial resistances and
slower charge-transfer kinetics. The high viscosity of SL14,15

reduces the ionic conductivity and Li+ mobility, while the
inherently lower ionic conductivity of LiBOB-based electrolytes
as compared to LiPF6-based ones further amplies these
transport limitations.16–18 As a result, concentration gradients
and overpotentials are exacerbated, particularly at high volt-
ages.19 Consistently, aer 150 cycles, the cells with the SL-based
electrolyte deliver a lower average C.E. than the cells with the
carbonate-based electrolyte, reecting more irreversible lithium
consumption (Table 1). Interestingly, the former show gradual
C.E. recovery aer ∼60 cycles, coinciding with capacity fading,
suggesting that as reactive components decompose and accu-
mulate at the interfaces, a progressively thicker, more stable
interphase forms, enhancing the C.E. at the expense of capacity
retention. However, this increase in C.E. may be attributed to
the shorter cycle durations caused by the reduced capacity: less
time spent at high voltages inherently limits exposure to
oxidative conditions, thereby reducing the decomposition per
cycle. Long-term cycling (Fig. S1) conrms faster capacity decay
using the SL-based electrolyte. Chronoamperometry was per-
formed at 4.9 V vs. Li+/Li to directly assess the oxidation stability
of both electrolytes vs. carbon-coated aluminium. Despite its
lower C.E., the SL-based electrolyte exhibits lower oxidation
currents than the carbonate-based electrolyte aer 50 h (addi-
tional oxidation test, Fig. S15 and S16). This behaviour may
result from the absence of porous carbon and transition metals,
which can act as catalytic sites for electrolyte oxidation.

In order to quantify the metal cross talk contamination from
the LNMO to the graphite electrode, ICP-MS was conducted on
graphite anodes recovered aer 150 discharges vs. LNMO
(Fig. 1d and e). Despite the presence of 1 wt% of LiBOB in the
carbonate-based electrolyte, the SL-based electrolyte results in
less Mn accumulation (in agreement with the X-ray photoelec-
tron spectroscopy (XPS) elemental analysis and energy disper-
sion X-ray spectroscopy (EDX) analysis: Fig. S2 and S3) as well as
a lower Al concentration. The absence of any PF6

−-based
hydrolysis and HF generation, which would lead to acidication
of the electrolyte, might explain the reduced leaching. However,
the non-negligible concentration of Mn could imply another
source of acidication, potentially from oxalic and/or boric acid
produced by LiBOB decomposition.20 The higher lithium
content in the SL-based electrolyte indicates a larger
consumption due to either SEI-formation or more lithium being
kinetically trapped in the graphite. Both electrolytes show very
low levels of Ni and Cu contents below the detection limit, the
latter implying negligible anode current collector corrosion.

To further elucidate the structural degradation of LNMO
upon cycling, X-ray diffraction (XRD) was performed on pristine
electrodes and those recovered aer 150 cycles versus graphite
with both electrolytes (Fig. 1f and g; prole matching in Fig. S4).
All samples retained the disordered spinel structure (Fd�3m)
without detectable secondary phases. However, the cycled
electrodes exhibit a clear shi of the diffraction peaks toward
higher angles and noticeable peak broadening. The rened
lattice parameters (Table S1) reveal a contraction of approxi-
mately 0.80% ± 0.01% and 1.21% ± 0.01% for the carbonate-
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Galvanostatic charge–discharge profiles of Graphite‖LNMO cells using (a) the carbonate-based electrolyte and (b) the SL-based elec-
trolyte. (c) Cycling stability and C.E. Concentrations of Li, Al, Mn, Ni, and Cu in the graphite electrode after 150 cycles vs. LNMO using (d) the SL-
based and (e) the carbonate-based electrolytes (error bars represent the standard deviation from three samples). (f) XRD patterns of pristine
LNMO and after 150 cycles vs. graphite using the carbonate- and SL-based electrolytes. (g) Magnified view of the (111) reflection. (h) Chro-
noamperometry at 4.9 V vs. Li+/Li of the carbonate- and SL-based electrolyte using carbon coated Al working electrode.

Table 1 Average C.E. at constant C-rate for LNMO-limited cells
(graphite as counter electrode) and graphite-limited cells (either LFP or
LNMO as counter electrode), using carbonate-based and SL-based
electrolytes

Cell

C.E. (%)
carbonate-based
electrolyte

C.E. (%)
SL-based
electrolyte

LNMO-limited vs.
graphite

99.5 98.9

Graphite-limited vs. LFP 99.6 99.5
Graphite-limited vs.
LNMO

99.2 98.8
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and SL-based electrolytes, respectively, compared to the pristine
LNMO. This lattice shrinkage is attributed to partial delithia-
tion caused by the loss of cyclable lithium through parasitic
reactions, consistent with the lower coulombic efficiency and
This journal is © The Royal Society of Chemistry 2026
faster capacity fading observed for the SL-based electrolyte.3,21

The larger peak broadening observed using the SL-based elec-
trolyte aer cycling is consistent with the accumulation of
microstrain and particle cracking within the LNMO structure,
reecting increased structural damage despite the reduced Mn
dissolution.22

To investigate the effect of cross-talk on the graphite C.E.,
graphite-limited full cells were assembled in three-electrode
congurations, using either LFP or LNMO as counter elec-
trodes (Fig. 2), enabling direct monitoring of the graphite
potential within the 0.01–1.00 V vs. Li+/Li window, which is
critical as it minimizes the risk of SEI breakdown induced by the
high operating voltage of LNMO, as highlighted by Michalak
et al.23 Furthermore, maintaining the graphite potential above
0 V vs. Li+/Li effectively eliminates the risk of Li plating. Under
these conditions, the differences in C.E. can be attributed
primarily to cathode-to-anode cross-talk. When LFP was used as
the counter electrode, the graphite average C.E. remained
J. Mater. Chem. A, 2026, 14, 11651–11662 | 11653
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Fig. 2 Galvanostatic profile for the graphite side of three electrode graphite-limited‖LNMO cells for: (a) the carbonate-based electrolyte, and (b)
the SL-based electrolyte. C.E. of graphite using LFP (blue) or LNMO (red) as a counter electrode for: (c) the carbonate-based electrolyte, and (d)
the SL-based electrolyte.
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similar for both electrolytes, but when LNMO was used both
cells exhibited lower C.E. (Table 1). Despite lower transition
metal contamination using the SL-based electrolyte, a more
pronounced decline in graphite C.E. was observed, in accor-
dance with the higher concentration of Li detected in the ICP-
MS measurement (Fig. 1). This indicates that, in addition to
transition metal dissolution, other degradation mechanisms
associated with the high-voltage cathode inuence the graphite
C.E. Previous studies have demonstrated that SL-based elec-
trolytes generate less gas in graphite‖LNMO cells as compared
to when using a LiPF6/carbonate-based electrolyte.11,24,25 LiBOB
decomposition has been linked to gas evolution (CO2) on the
LNMO side,5,24,26,27 which also could possibly contribute to
clogging of electrode and separator pores.28 Furthermore,
gaseous or dissolved CO2 can diffuse to the graphite and
undergo reduction to form lithium oxalate and/or lithium
carbonate, thereby consuming lithium.23,27 Other oxidation
byproducts might dissolve in the electrolyte and react at the
graphite anode, forming parasitic SEI components that also
11654 | J. Mater. Chem. A, 2026, 14, 11651–11662
consume lithium. Altogether, these observations support the
hypothesis that, although the SL-based electrolyte reduces
transition metal leaching and minimises current collector
corrosion, it promotes irreversible lithium losses through cross-
talk mediated by soluble or gaseous degradation byproducts.
Surface analysis of LNMO electrodes

To investigate the composition of the CEI formed using the two
electrolytes, XPS was performed on LNMO electrodes cycled for
100 discharges vs. graphite, as shown in Fig. 3, and compared
with a pristine LNMO electrode. The C 1s spectra of the pristine
electrode shows clear signals from sp2 carbon (conductive
carbon) and the CH2/CF2 groups from the polyvinylidene uo-
ride (PVDF) binder, along with minor contributions attributed
to adsorbed species. The C 1s spectra for the cell cycled with the
carbonate-based electrolyte shows signals from conductive
carbon, hydrocarbon (C–H), alkoxy carbons (C–O), and
carbonates (CO3

2−), characteristic of a mixed organic/inorganic
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 XPS analysis of the C 1s and O 1s spectra for pristine LNMO and LNMO electrodes collected after 100 discharges using the carbonate-
based and SL-based electrolytes.
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CEI, formed by carbonate solvent and LiPF6 decomposition into
organic carbons and Li2CO3.29 Additional smaller contributions
could include carboxylates (COO−, from EC ring-opening and
LiBOB decomposition) and carbonyl species (C]O) from
solvent breakdown.

In contrast, the LNMO electrode cycled using the SL-based
electrolyte shows XPS spectra with more COO− and C–H
components and less CO3

2−, C–O and C]O contributions. This
indicates a CEI dominated by carboxylates species (R-COO−)
from SL and LiBOB oxidation. The S 2p spectra show only trace
amounts of sulfuric species (from TFSI and SL decomposition),
but the B 1s spectra show no boron-containing species for either
electrolyte, suggesting boron-based LiBOB degradation prod-
ucts to be soluble rather than accumulating on the LNMO
surface (Fig. S5).5,26 The O 1s spectra further conrm this trend.
Both samples display a sharpMetal–O signal from LNMO, along
with additional C]O, C–O, and R–OH species, consistent with
a complex mixture of organic products. While the CEI formed in
the carbonate-based electrolyte shows a dominant C–O contri-
bution with additional signal from P–F–O/P–O and R–OH, the
CEI from the SL-based electrolyte exhibits a more pronounced
C]O signal and a low R–OH contribution. Moreover, the rela-
tive intensity of the M–O peak to surface-related species is lower
This journal is © The Royal Society of Chemistry 2026
using the SL-based electrolyte, implying a slightly thicker CEI
within the XPS probing depth (∼8–9 nm).30

Overall, the CEI formed using the SL-based electrolyte is
dominated by carboxylate species resulting mostly from the
concurrent oxidation of the SL solvent and the LiBOB salt.
While the specic contribution of the solvent versus the salt to
these degradation products is difficult to decouple, the spectra
are consistent with the accumulation of oxidation products
potentially as R-COO− species. The relatively low C.E. of LNMO
with the SL-based electrolyte (Fig. 1), combined with the pres-
ence of a thin CEI, suggests the possible generation of gaseous
byproducts such as CO2,5,24,27,28 as well as soluble R-COO− and
boron-containing fragments. These species, together with CO2,
may diffuse toward the graphite electrode, promote cross-talk
reactions, and ultimately lower the C.E of graphite.
Surface analysis of graphite electrodes

To probe the SEI composition, XPS was also performed on
graphite electrodes, recovered aer 1 and 100 discharges vs.
LNMO and compared to a pristine LNMO electrode to directly
evidence cross talk species (Fig. 4). The C 1s spectrum of the
pristine electrode shows an intense sp2 carbon signal attributed
to graphitic carbon accompanied by a C–H peak. Additional
J. Mater. Chem. A, 2026, 14, 11651–11662 | 11655
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Fig. 4 XPS analysis of C 1s and O 1s for pristine graphite and graphite electrodes collected after 1 and 100 discharges with the carbonate-based
electrolyte and the SL-based electrolyte.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

9:
34

:2
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
weak signals can be attributed to oxidised carbon likely due to
the carboxymethyl cellulose (CMC) binder and adsorbed
species. Aer 1 cycle with the carbonate-based electrolyte XPS
analysis renders a C 1s spectrum with dominant contributions
from C–H, along with C–O, and COO− signals consistent with
an SEI rich in alkoxy and carboxylate species. Additional weaker
feature corresponding to CO3

2−, C]O and sp2-C from graphite
were also detected.30 From 1 to 100 cycles, all contributions
11656 | J. Mater. Chem. A, 2026, 14, 11651–11662
except the C–H increase in intensity, while the graphite peak
has disappeared, indicating a thickening of the SEI.

In contrast, aer 1 cycle with the SL-based electrolyte, the C
1s spectrum displays dominant C–H and COO− peaks with
minor contributions from C]O, C–O and CO3

2− species. Part of
the COO− signal can be attributed to lithium oxalate forma-
tion,20,31 likely originating from LiBOB reduction during the
initial cycle, as indicated by the plateau at 1.8 V vs. Li+/Li
This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Internal resistance tracking of 18 mm LNMO electrode during charging in three-electrode cells using either the carbonate-based or the
SL-based electrolyte.
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(Fig. 2).31 From the 1st to the 100th cycle, a C–F3 component
appears, indicating TFSI decomposition, accompanied by an
overall increase in all oxidised carbon peaks. Markedly, the
COO− signal greatly increases. This likely reects the contri-
bution from the reduction of species produced at the cathode
side, such as CO2 or R-COO− fragments. Additionally, the sp2-
carbon peak from the underlying graphite, still visible aer 1
cycle, becomes fully attenuated by the overlying SEI. The O 1s
spectra further differentiate the SEIs; using the SL-based elec-
trolyte, the SEI exhibits a dominant C–O contribution, consis-
tent with alkoxy, borate-ester and sulfonyl fragments. In
contrast, using the carbonate-based electrolyte shows larger
C]O and P–O/R–OH contributions. Minor features at 535.3 eV
on the O 1s and 291.4 eV on the C 1s (indicated with a *)
possibly due to important charging effects can be observed. An
extra peak is also visible both on the C 1s and O 1s spectra. As
opposed to LNMO and its visible M–O peak in the O 1s spectra,
the SEI on graphite appears substantially thicker than the CEI
on LNMO, exceeding the XPS probing depth (∼8–9 nm) with
both electrolytes. Boron was clearly identied in the B 1s
spectrum with both electrolyte (Fig. S7) to a greater extent with
This journal is © The Royal Society of Chemistry 2026
the SL-based electrolyte, conrming incorporation of LiBOB-
derived B-Ox decomposition products into the SEI through
local reduction, possibly as cross-linked oligomeric borates.20

However, LiF was only observed with the carbonate-based
electrolyte from the rst cycle (Fig. S7). Using the carbonate-
based electrolyte, Mn signals were detected in the Mn 2p and
Mn 3p spectra on the graphite electrodes (Fig. S7), suggesting
transition metal dissolution from LNMO and deposition on
graphite.29 In contrast, the graphite electrodes cycled using the
SL-based electrolyte showed no Mn signal. Only aer sputtering
did a weak Mn signal emerge (Fig. S2), in agreement with ICP-
MS results and indicating reduced, yet measurable, Mn depo-
sition buried beneath the surface of the SEI.

Overall, using the SL-based electrolyte appears to mitigate
Mn cross-talk. However, the marked decline in graphite C.E.
(Fig. 2). suggests a cross-talk mechanism possibly driven by the
diffusion and reduction of CO2 and other soluble oxidative
byproducts, such as R-COO− fragments, forming most likely
lithium oxalate on the graphite surface.
J. Mater. Chem. A, 2026, 14, 11651–11662 | 11657
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Fig. 6 Internal resistance tracking of 18 mm graphite electrode during charging in three-electrode cells using either the carbonate-based or the
SL-based electrolyte.
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Internal resistance tracking for LNMO electrodes

To better understand the inuence of electrolyte composition
on interfacial properties and especially the evolution of the IR,
graphite‖LNMO three electrode cells were cycled using the ICI
protocol (Fig. 5 and 6) (see Experimental section and Fig. S10
and S11).

Measurements were performed using a three-electrode cell
conguration to isolate the contribution of the anode and the
cathode. The IR was calculated from the voltage drop 1 second
aer current interruption. This value represents a summation
of the ohmic resistance (ionic resistance of the bulk electrolyte
as well as the electronic resistance of the electrodes and the
current collectors), the charge transfer resistance (Rct) associ-
ated with interfacial kinetics (including overpotential caused by
the redox reaction), the electrodes lm resistance (Rlm) and
a limited contribution from diffusion resistance due to the 1
second timescale. While the absolute value of the ohmic resis-
tance typically remain stable in early cycles, the signicant
variations observed in the IR are primarily driven by the
evolution of the interfacial resistances (Rct and Rlm). However,
as it is difficult to precisely segregate which specic interface
11658 | J. Mater. Chem. A, 2026, 14, 11651–11662
phenomenon is responsible for the increase in IR, this
measurement serves as an indicator of the global interface
stability.11,32,33 For the carbonate-based electrolyte, the IR of the
LNMO cathode remained relatively stable across the full state of
charge (SOC) range during both charging (Fig. 5) and di-
scharging (Fig. S13). In contrast, the SL-based electrolyte
induced markedly different IR behaviour (Fig. 5); during the
rst formation cycle it rose sharply at ∼60% SOC (80 mA h g−1;
>4.7 V vs. Li+/Li), followed by a short plateau, and in subsequent
cycles, the increase became more gradual and consistently
relaxed during the discharge (Fig. S13). The former could
correspond to the onset of CEI formation via oxidative decom-
position of LiBOB, SL, and residual impurities. The IR build-up,
on the other hand, might suggests an incomplete and poorly
passivating CEI growth, likely due to the dominance of organic
species. The large solubility of oxidation products at the LNMO
interface may further hinder stable CEI formation, as well as
possible gas evolution (e.g., CO2) could clog the electrode and
separator pores resulting in increased IR by blocking active
surface sites.27,28,34 As a result, the interphase remains highly
voltage-sensitive, leading to increased overpotentials, reduced
This journal is © The Royal Society of Chemistry 2026
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rate capability, and accelerated capacity fade, all relative to the
carbonate-based electrolyte.

Aer 50 cycles, the carbonate-based electrolyte showed
a slight increase in LNMO IR. The three-electrode cycling
proles (Fig. S12) conrm that the maximum voltage on the
cathode side remained constant, ruling out increased IR due to
any rising cathode potential, thus the minor IR increase could
be attributed to a gradual interphase growth and/or increased
bulk electrolyte resistance. In contrast, the cells using the SL-
based electrolyte exhibited a markedly different behaviour;
a slight decrease in IR while the three-electrode cycling prole
(Fig. S11) showed a stable maximum cathode voltage. This may
reect a slow reorganisation or densication of the CEI,
potentially due to the continued dissolution of surface oxida-
tion products and delayed accumulation of poorly passivating
organic species. Yet, the median IR of LNMO using the SL-based
electrolyte is approximately ve times that of using the
carbonate-based electrolyte (Fig. S14).
Internal resistance tracking for graphite electrodes

For both electrolytes, the graphite IR remained relatively stable
across the full SOC range during the formation charge (Fig. 6)
and discharge cycle (Fig. S13), besides from an initial sharp
peak attributed to SEI formation by LiBOB decomposition.11

Aer 50 cycles, the IR of graphite using the carbonate-based
electrolyte slightly increases, likely due to gradual interphase
growth or increased bulk electrolyte resistance. In contrast,
using the SL-based electrolyte the IR remained essentially
constant. However, the C.E. assessment (Fig. 2) indicated
a poorer SEI in the cell with the SL-based electrolyte and thus
the absence of any IR increase may therefore reect masking
effects from elevated polarisation or interfacial overpotentials
that are not fully captured in the analysis.
Conclusion

Revealing the degradation mechanisms in high-voltage graph-
ite‖LNMO cells provides key insights into the origins of the
contrasting behaviour resulting from using conventional
carbonate- vs. alternative SL-based electrolytes. The electrolyte
composition governs the interfacial stability; while the SL-based
electrolyte reduces transition metal dissolution and current
collector corrosion, it also introduces degradation pathways
that compromise overall cell performance by creating abundant
soluble or gaseous byproducts. The diffusion of these species to
the graphite anode leads to further parasitic reactions. These
ndings challenge the prevailing view that cross-talk in high-
voltage cells is dominated by transition metal dissolution and
highlights the need for a more holistic electrolyte design
strategy that simultaneously addresses oxidative stability,
interfacial passivation, and electrolyte byproduct solubility.

Future electrolyte development efforts should thus prioritise
formulations that minimise both transition metal dissolution
and soluble oxidation product formation. Here additives that
promote inorganic CEI formation, alongside a controlled
viscosity modulation to balance transport properties with
This journal is © The Royal Society of Chemistry 2026
interfacial stability can be one path, together with salt combi-
nations that synergistically enhance passivation while main-
taining electrochemical stability.
Experimental methods
Electrode preparation

LNMO and graphite electrodes were provided by MORROW
Batteries (Norway). They contained 97% and 96% of active
material, respectively, for areal capacities of 1.41 and
1.76 mA h cm−2 (10.5 and 5.03 mgAM cm−2 corresponding to
a N/P ratio of about 1.25). The binder used for the LNMO
electrodes was PVDF while, a mix of CMC and Styrene-
Butadiene Rubber (SBR) was used for the graphite electrodes.
Additional 2.42 mA h cm−2 LNMO (MORROW) and
3.5 mA h cm−2 LFP (Custom cell) electrodes were used for the
graphite-limited cells. Reference electrodes were prepared
using either a 0.125 mm Ø polyimide insulated Cu wire
(Goodfellow, 99.99%) or a ring of Li metal (El cell, outer and
inner Ø of 21.6 and 20.6 mm, respectively). For the wire, the
insulation was removed on the rst 2 mm, then a piece of Li was
folded over the tip to form a needle shape reference of about
1 mm width at the base (Fig. S18). All air and moisture sensitive
operation were carried out in a Vigor argon lled glovebox
maintained below 0.5 ppm of O2 and H2O.
Electrolyte preparation

To prepare the electrolytes, SL (Fisher scientic, 99+%) was
maintained liquid at 40 °C in an argon-lled glove box and
dried with molecular sieves for a week. A water content <10 ppm
was determined by Karl Fisher titration. EC and DEC (Sigma
Aldrich, $99%, H2O < 10 ppm) were used as received. LiPF6
(Sigma Aldrich, 99.99%) was dried at 70 °C under vacuum for
24 h. LiBOB (Sigma Aldrich, $98.5%) and LiTFSI (Solvionic,
99.99%) were both dried at 120 °C for 24 h. The carbonate-based
electrolyte was prepared by dissolving 1.0 M of LiPF6 in EC and
DEC 1 : 1 v/v. The SL-based electrolyte was prepared by di-
ssolving 0.7 M of LiBOB and 0.2 M of LiTFSI in SL. Both elec-
trolytes were stirred until clear solutions were obtained.
Cell assembly

Coin cells (2032, Hohsen, 316L, Al coated casing) were assem-
bled in an argon-lled glove box using 10 mm diameter
graphite, LNMO, or LFP electrodes and a single 16 mm glass
bre separator (GF/C) lled with 60 mL of electrolyte. For the
three-electrode graphite-limited cells, a wired Li metal reference
electrode was added between two 16mmGF/C separators before
sealing the cell (Fig. S17). The seal was improved by adding
epoxy resin around the reference wire.35 Pat cells (El cell) used
for ICI were assembled in an argon-lled glove box using 18 mm
diameter electrodes, ring-shaped Li metal reference electrode
and a 21.8 mm diameter glass bre separator (GF/A specic
diameter provided by El cell). Aluminium and stainless-steel
plungers were used for the LNMO and graphite side,
respectively.
J. Mater. Chem. A, 2026, 14, 11651–11662 | 11659
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Electrochemical characterisation

Graphite-limited cells were cycled between 0.01 and 1.00 V vs. Li+/
Li with two formation cycles at C/13.5 followed by a C/4.1 rate. All
two electrode full cells were cycled between 3.50 and 4.85 V with
two formation cycles at C/10 followed by a C/3 rate (1C corre-
sponding to 0.864 mA cm−2). The ICI measurement was per-
formed in a three-electrode Pat cell (Fig. S10) with current
interruptions of 1 s every minute. The calculation of the IR was
made by dividing the voltage drop aer 1 s by DI according to
Ohm's law (R = DE1s/DI) as seen in previous studies.11,36,37 Data
analysis was performed using Python (code available Fig. S12). All
electrochemical characterisations were performed at ambient
temperature and repeated at least two times using a Biologic
VMP3, Biologic MPG2, or Landt potentiostat.
Surface characterisation

Prior to XPS and scanning electron microscopy (SEM) coupled
with EDX analyses, the electrode samples were washed in 1 ml
of dimethyl carbonate (DMC) and dried inside an argon-lled
glove box. The samples were transferred using an airtight
transfer system to avoid any exposure to air. XPS measurements
were performed using a PHI-5000 VersaProbe III instrument
equipped with a monochromatic Al Ka X-ray source (E = 1486.6
eV). The binding energy scale was calibrated with reference to
the characteristic peaks of the sputter-cleaned gold (Au), silver
(Ag) and copper (Cu) foils, which corresponds to 83.96 eV (Au
4f7/2), 368.21 eV (Ag 3d5/2) and 932.62 eV (Cu 2p3/2), respectively,
according to ISO 15472:2010 standard. Prior to analysis, the
data was calibrated by aligning the carbon spectra (C 1s) at
284.8 eV in response to the adventitious carbon. XPS tting was
performed in CasaXPS soware using a Shirley background
function. Due to the complex nature and many different carbon
components in the CEI and SEI, we developed a tting model
based on previously reported peak positions for the individual
carbon components. To ensure a consistent and physically
meaningful deconvolution, a constrained tting model was
developed based on established binding energies. Peak posi-
tions were restricted to characteristic chemical shis relative to
the C–H reference, with a maximum allowed deviation of ±

0.2 eV. Additionally, the separation between the C–H2 and C–F2
peaks of the PVDF binder was constrained to 4.5 eV. For the
graphitic sp2-C signal on the pristine electrode, LA(50) line
shape with asymmetric parameters was applied; for all other
components, the asymmetry parameters were set to their
default values (effectively symmetric). To prevent overtting,
strict constraints were applied: the FWHM of the sp2-C peak was
constrained to 0.8 ± 0.1 eV, while all other carbon components
were constrained to 1.6± 0.2 eV (except for the C]O peak of the
LNMO electrode which was set to 2 eV). SEM and EDX analyses
were conducted on a Tescan GAIA3 operated at an accelerating
voltage of 10 kV and a working distance of 10 mm.
ICP-MS

The graphite electrodes were rst washed with 1 ml of DMC and
dried in the glove box. Then, the coating was removed from the
11660 | J. Mater. Chem. A, 2026, 14, 11651–11662
Cu current collector and digested in 3 ml of 69% HNO3 and
stirred for 6 h at 90 °C. Aer cooling down, 1 ml of H2O2 was
added and the solution was stirred overnight to oxidise
graphite. Finally, the solution was diluted 10 times using
ultrapure water.

XRD

The LNMO electrodes recovered aer 150 cycles were washed
with the same procedure as the for the previous character-
isations. A piece of Kapton lm was used on the XRD holder to
limit contact with air and moisture. XRD measurements were
performed on a Bruker D8 discover diffractometer operating
with Cu Ka radiation. EVA soware was used to rene the lattice
parameter and determine the FWHM.
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