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LiMn,Fe;_,PO, (LMFP) is a promising high-voltage, thermally stable, and earth-abundant cathode material,
yet its practical application is limited by interphase instability and Mn dissolution. In this work, we systema-
tically evaluate LiMnggFeq4PO4/graphite pouch cells using three electrolyte formulations including
control carbonate electrolyte, control + 2 wt% vinylene carbonate (VC), and control + 2 wt% VC + 1 wt%
1,3,2-dioxathiolane 2,2-dioxide (DTD), to establish how electrolyte composition governs interphase
chemistry and long-term degradation. Electrochemical testing shows that both additives are preferentially
reduced prior to ethylene carbonate (EC) during cell formation, generating robust cathode-electrolyte
interphase (CEIl) and solid-electrolyte interphase (SEl) layers that suppress gas evolution and raise the first-
cycle coulombic efficiency to 89.3%. Additionally, the dual-additive electrolyte delivers the most stable
performance, retaining over 85% capacity after 600 cycles while minimizing impedance growth under
long-term cycling at C/3 and 40 °C. Soft X-ray absorption spectroscopy confirms that VC + DTD effec-
tively suppresses electrolyte oxidation at the cathode surface, and micro-X-ray fluorescence shows sub-
stantially reduced Mn dissolution and deposition on the graphite anode. Density functional theory simu-
lations further provided insights into the structural and energetic influences of alkoxide species on the
cathode surface, proposing a Mn?* extraction mechanism. The combined experimental and compu-
tational findings establish a mechanistic link between electrolyte composition and interphase evolution,
highlighting the effectiveness of electrolyte engineering for extending the operational lifetime of LMFP-
based lithium-ion batteries.

As demand grows for safe, durable, and resource-sustainable lithium-ion batteries, LiMn,Fe;_,PO, (LMFP) has emerged as an attractive high-voltage, earth-
abundant cathode material that avoids reliance on nickel and cobalt. Yet, its practical deployment is constrained by Mn dissolution and unstable electrode-
electrolyte interphases (EEIs) that accelerate performance degradation. Although electrolyte additives such as vinylene carbonate (VC) and 1,3,2-dioxathiolane
2,2-dioxide (DTD) have shown promise in stabilizing these interphases and suppressing parasitic reactions, the mechanistic basis of these improvements in

LMFP systems remains insufficiently resolved. By integrating long-term cycling with advanced X-ray spectroscopy and theoretical modeling analysis, this

study uncovers how electrolyte composition governs interphase chemistry and Mn-dissolution pathways in LMFP/graphite cells, providing fundamental

insight into degradation of their effectiveness and demonstrating how targeted electrolyte modification can strengthen interphase stability and enhance

cycling resilience.

“Department of Applied Physical Sciences, University of North Carolina at Chapel

1. Introduction

Lithium-ion batteries (LIBs) power a broad range of appli-
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cations, from portable electronics to emerging sectors such as
electric vehicles, drones, and energy-intensive Al data centers,
driving the global transition toward electrification." Among
LIB cathode chemistries, LiFePO, (LFP) has gained promi-
nence for large-scale deployments, particularly in applications
involving human proximity, owing to its exceptional safety,
and long cycle lifetime. However, its relatively low operating
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voltage (~3.5 V vs. Li/Li")*> and modest theoretical specific
capacity (170 mAh g™, practically 120-160 mAh g™') impose
fundamental limitations on energy density.

LiMn,Fe; ,PO, (LMFP), which retains the robust olivine
structure of LFP, has emerged as a highly promising next-gene-
ration phosphate cathode. By partially substituting Fe with
Mn, LMFP activates the Mn**/Mn>" redox couple at ~4.1 V vs. Li/
Li* in addition to the Fe*'/Fe*" couple at ~3.5 V vs. Li/Li*, deli-
vering 10-20% higher energy density while preserving compar-
able thermal stability and intrinsic safety.>* Moreover, LMFP
eliminates reliance on scarce and costly nickel and cobalt,
instead leveraging earth-abundant, low-cost, and environmen-
tally benign iron and manganese, making it particularly attrac-
tive for sustainable, gigawatt-scale manufacturing. Despite these
advantages, widespread commercialization of LMFP remains
hindered by several critical challenges. Chief among them is
accelerated capacity fade caused by disproportionate Jahn-Teller
distortion of Mn**, which induces lattice strain and micro-crack-
ing during cycling.” Mn dissolution, driven by the dispropor-
tionate reaction 2Mn** — Mn*" + Mn®" and subsequent Mn**
leaching into the electrolyte, further exacerbates transition-
metal loss, triggering parasitic side reactions and degradation of
the anode solid-electrolyte interphase (SEI).

Electrolyte engineering represents one of the most effective
strategies for enhancing the electrochemical stability and cycle
life of LIBs by precisely tailoring the electrode-electrolyte inter-
phase (EEI). Recent advances in electrolyte design have lever-
aged tailored salt formulations and solvation structures to
enable moisture-tolerant, high-voltage (up to 4.6 V) and wide-
temperature electrolytes;® ultralow-temperature performance
through tailored anion-solvent interactions in lithium metal
batteries;” and synergistic cation-anion solvation engineering
for reliable operation across extreme temperatures in high-
voltage LIBs.® At the anode interphase, Azam et al.® demon-
strated that high concentrations of vinylene carbonate (VC)
effectively passivate graphite anode, suppress linear carbonate
reduction and lithium alkoxide (LiOR) formation, and dramati-
cally extend the lifetime of LFP/graphite pouch cells even at
70 °C. Building on this, Harlow et al.'® further showed that a
synergistic 2 wt% VC + 1 wt% 1,3,2-dioxathiolane 2,2-dioxide
(DTD) additive blend forms robust, benign SEI and cathode-
electrolyte interphase (CEI) layers capable of achieving LIB life-
times exceeding two decades under aggressive conditions.
More recently, Leslie et al.'* reported that blended LiPF¢/LiFSI
salts at reduced concentration significantly mitigate Mn depo-
sition on graphite and improve the high-temperature stability
of LiMn, gFe,,PO,/graphite cells by slowing Mn dissolution
kinetics. Despite these advances, systematic studies elucidat-
ing the failure mechanisms of LMFP/graphite pouch cells, par-
ticularly the role of interphase composition in governing Mn
dissolution, remain scarce.

In this work, we investigate the degradation pathways of
LiMn, ¢Fe, 4PO,/graphite pouch cells by systematically compar-
ing three electrolyte formulations: (1) a carbonate-based
control electrolyte, (2) the control with 2 wt% VC, and (3) the
control with 2 wt% VC + 1 wt% DTD. The LiMn, ¢Fe, PO,
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composition was deliberately selected because it provides an
optimal balance between higher operating voltage and struc-
tural stability, with partial Fe substitution stabilizing the
olivine lattice while maintaining high Mn content for
increased energy density. Using a combination of long-term
cycling tests, electrochemical diagnostics, advanced X-ray spec-
troscopy, and density functional theory (DFT) calculations, we
elucidate how electrolyte composition modulates CEI and SEI
evolution and directly influences Mn dissolution behavior. Our
results reveal that the VC + DTD synergistic additive package
dramatically suppresses solvent decomposition and transition-
metal leaching by forming resilient interphases on both elec-
trodes. This study establishes an interphase-centric framework
for understanding LMFP failure modes and demonstrates that
targeted electrolyte engineering is a powerful, practical route
to achieving ultra-long cycle life in high-energy-density, safe
LMFP-based LIBs.

2. Experimental

Pouch cells and electrolyte preparation

Machine-fabricated 250 mAh LiMn, ¢Fe, 4PO4/graphite pouch
cells without electrolyte (dry) were acquired by Lifun
Technology (Hunan, China). The LiMn,¢Fe, PO, cathode
active material was carbon-coated and contained 1.72 wt%
carbon to enhance electronic conductivity. The cathode elec-
trode consisted of 93 wt% carbon-coated LiMn, ¢Fe, PO,
active material, 2.6 wt% carbon black, and 4.4 wt% PVDF
binder, while the graphite anode was composed of 95.7 wt%
graphite active material, 3.0 wt% carboxymethyl cellulose/
styrene-butadiene rubber (CMC/SBR) binder, and 1.3 wt%
carbon black. The areal loadings of the cathode and anode
were 13.53 mg cm~ > and 6.05 mg cm™ >, respectively. Copper
foil served as the anode current collector, and aluminum foil
as the cathode current collector, with an active electrode area
of 146 cm®. The separator was a 16 um polyethylene (PE) mem-
brane coated with a 4 um ceramic layer. Electrolytes were pre-
pared in an argon-filled glovebox (O, and H,O < 0.01 ppm),
using molality as the concentration unit. All electrolyte com-
ponents were obtained from Shenzhen CapChem (China). The
control (CTRL) electrolyte consisted of 1.2 m LiPF¢ (purity
>99.0%) dissolved in a mixture of ethylene carbonate (EC),
ethyl methyl carbonate (EMC), and dimethyl carbonate (DMC)
in a 25:5:70 volume ratio. Additive-containing electrolytes
were formulated by adding 2 wt% VC (H,O < 20 ppm) to the
CTRL electrolyte (denoted CTRL + 2VC) and subsequently
incorporating 1 wt% DTD (H,O < 20 ppm) into the CTRL +
2VC formulation to obtain CTRL + 2VC1DTD.

Formation and cycling

Pouch cells were filled with 1.0 g of electrolyte in an Ar-filled
glovebox and vacuum-sealed using a compact vacuum sealer
(MSK-115A-111, MTI Corp.) under a pressure of —90 kPa. The
sealing process was conducted at 165 °C for 5 s. After electro-
Iyte filling, the pouch cells were externally clamped to ensure

© 2026 The Author(s). Published by the Royal Society of Chemistry
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uniform pressure on the electrode stack and transferred to a
temperature-controlled chamber (Neware Battery Testing
System, Shenzhen, China) maintained at 40 + 0.1 °C. A single
formation cycle was performed on a Neware Battery Testing
system (Shenzhen, China), where the cells were initially rested
for 12 hours to ensure complete wetting. This was followed by
a C/20 charge to 4.0 V, and a subsequent C/20 discharge to 1.5
V. After formation, the cells were degassed and re-sealed
inside the argon-filled glovebox. Long-term cycling tests were
then performed at 40 °C within a voltage window of 3-4.2
V. Cells were cycled under constant current-constant voltage
(CCCV) charging and constant current (CC) discharging at a C/
3 rate, with a C/10 cut-off current during the CV step. A C/20
check-up cycle was conducted every 50 cycles.

Gas volume measurement

The amount of gas generated in the pouch cells was deter-
mined through the application of Archimedes’ principle, as
detailed in the work by Aiken et al."?

Half-coin cells

To evaluate the specific capacity of the active materials, half-
coin cells were prepared. Dry pouch cells were carefully
opened, and the jelly roll was extracted and unrolled to separ-
ate the cathode and anode. Single-side coated electrodes were
obtained by removing the electrode material from the current
collectors using N-methyl-2-pyrrolidone (NMP) inside an Ar-
filled glovebox."® Coin cell-sized electrodes (0.95 cm?®) were
punched out and assembled into 2032-coin cells with Li metal
as the counter electrode, a single polypropylene blown microfi-
ber (BMF, 3M Co.) separator, and a 16 um trilayer polypropyl-
ene-polyethylene-polypropylene (PP-PE-PP) membrane
(Celgard). Approximately 100 pL of CTRL electrolyte was added
to each cell. Half-coin cells were tested at 25 + 0.1 °C in a temp-
erature-controlled chamber. LiMn, ¢Fe, 4PO4/Li and graphite/
Li cells were cycled at C/20 within voltage ranges of 3-4.3 V
and 0.005-1.5 V, respectively.

Symmetric cells

Cathode and anode materials from after-formation and after-
long-term-cycling pouch cells were carefully extracted and
unrolled in an Ar-filled glovebox. Single-side coated electrodes
were prepared using NMP, and coin cell-sized disks (0.95 cm?)
were punched out. Symmetric 2032-coin cells were assembled
using the same electrolyte as in the parent pouch cells, with a
single BMF separator and approximately 150 pL of electrolyte
per cell. A detailed description of the symmetric cell assembly
process can be found in Petibon et al.**

Electrochemical impedance spectroscopy (EIS) test

The EIS measurements were performed using a BioLogic
VMP3 potentiostat. Each spectrum contained ten data points
per decade within a frequency range of 100 kHz to 100 mHz,
with a signal amplitude of 10 mV. Measurements were con-
ducted at 10 °C, and each spectrum represents the average of
two tests. The equivalent circuit models used for fitting are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. S1, and all fittings were carried out using ZFit
software (BioLogic). Both blocking and non-blocking electro-
des were employed to differentiate the contributions of charge-
transfer resistance (R.) and contact resistance (Reontact). At 0%
state of charge (SOC), blocking electrodes prevent Li" intercala-
tion into the electrode material, thereby suppressing faradaic
reactions.”® " The Reontact Of the LiMn, ¢Fe, ,PO, cathode and
graphite anode were determined to be 4.53 Q cm® and 14.05 Q
cm?, respectively (Fig. S2).

Scanning electron microscopy (SEM)

SEM imaging was performed using a JEOL JSM-6480 micro-
scope (JEOL, Japan) equipped with a tungsten (W) filament.
The instrument was operated in secondary electron mode at
an accelerating voltage of 20 kV.

X-ray diffraction (XRD)

XRD analysis was conducted using a Rigaku Miniflex
Diffractometer equipped with Cu Ko radiation (wavelength of
1.5406 A) over a 26 range of 10-80° on fresh LiMn, ¢Fe, ,PO,
and graphite electrodes.

Soft X-ray absorption spectroscopy (Soft XAS)

Soft XAS measurements were conducted at the Stanford
Synchrotron Radiation Light source (SSRL) on beamline 8-2 at
a 55° incidence angle (magic angle) of X-ray incidence. The
spectra were recorded using the 1000 lines per mm grating
operated with 60*60 pm slits for the Ni L-edge data (~0.35 eV
resolution). The spot size at the interaction point was around 1
x 1 mm? and the total flux was in the order of 10'® photons
per s for which beam damage was not noticeable even for
extended exposure. The data were collected both in the total
electron yield (TEY) and fluorescence yield (FY) modes using
the drain current (amplified by a Keithley picoammeter) for
TEY and a Silicon Diode (IRD AXUV-1000) for FY. The incom-
ing flux was recorded using a nickel grid with an Au sputtered
film (i), collected in TEY, mounted upstream of the end
station. Powder or electrode samples were loaded on carbon
tape and then stuck to an aluminum sample holder. XAS
samples were mounted on an aluminum holder with double-
sided carbon tape in an Ar-filled glovebox and transferred to
the load-lock chamber in a double-contained, argon-purged
glove bag. Data was normalized using PyMCA software.

X-ray absorption spectroscopy (XAS)

XAS measurements for the Mn (6539 eV) and Fe (7112 eV)
K-edges were performed at the 7-BM (QAS) beamline of the
National Synchrotron Light Source II (Brookhaven National
Laboratory, USA) in transmission mode. Mn and Fe metal foils
were used as standard references to calibrate energy shifts.
Reference compounds for transition metal oxidation states
included MnSO,-H,O (purity >99%, Thermo Fisher Scientific),
MnO, (purity >99.9%, Thermo Fisher Scientific), FeSO,-7H,0
(purity >98%, Thermo Fisher Scientific), and Fe,O; (purity
>99.9%, Thermo Fisher Scientific). Each reference was mixed
with sucrose (C;,H,,014) to achieve a 5 wt% metal content,
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pelletized (0.1 g), and sealed in Kapton film to prevent air
exposure. Three LiMn, ¢Fe, 4PO,/Li half-cells were charged to
3.65 and 4.2 V and discharged to 3.0 V (after charging to 4.2 V)
vs. Li/Li" in CC(C/20)-CV(C/100) mode. The charged
LiMn, ¢Fe, ,PO, electrodes were then recovered from these
half-coin cells in an Ar-filled glovebox, washed by DMC, dried,
and sealed in Kapton film. Four spectra were collected for each
K-edge and merged to improve the signal-to-noise ratio. The
X-ray absorption near edge structure (XANES) spectra was ana-
lyzed using the Athena software package, with background,
pre-edge, and post-edge lines defined for normalization. The
extended X-ray absorption fine structure (EXAFS) spectra were
Fourier transformed into the 3.0-13.7 A™" k-range and fitted in
the 1.0-4.5 A R-range using Artemis. The fitting parameters
included the passive electron reduction factor (S,>), Debye-
Waller factor (6°), scattering distances (R), and AE,. To simplify
the model, only the core element was considered for calculat-
ing TM-O, TM-P, and TM-TM single scattering paths, as well as
selected double scattering paths.

X-ray photoelectron spectroscopy (XPS)

Electrodes were extracted from pouch cells in an argon-filled
glovebox, rinsed with anhydrous DMC, dried under vacuum in
an antechamber overnight, and transferred to a PHI
Versaprobe III via a sealed vacuum setup. XPS data were col-
lected using a survey scan (pass energy 224 eV, step size 0.5
eV) and high-resolution scans (pass energy 25 eV, step size
0.05 eV), with surface neutralization achieved via low-energy
Ar-ion flow and an electron neutralizer. The X-ray (25 W) was
focused on a 100 pm spot. XPS spectra were fitted with SGL
(50) line shapes on a Shirley background using CasaXPS soft-
ware (v. 2.3.27PR4.8), with peaks adjusted to the Cl1s sp3
binding energy (284.8 eV) to correct for surface charging.

Micro-X-ray fluorescence (uXRF)

The graphite electrodes were extracted from the pouch cells
after long-term cycling. Scanning pXRF measurements were
conducted using a Bruker M4 Tornado pXRF system (Madison,
WI, USA). All measurements were taken under a He atmo-
sphere using a Rh X-ray tube, a 0-50 keV range and a 200 pA
tube current. Sample scanning to obtain complete elemental
analysis was done at a speed of 4.00 mm s~ with a 25 pm spot
size and either a 45 or 100 pm step size.

Density functional theory (DFT) calculation

All simulations in this study were carried out using the
ABACUS open-source DFT software.'®>° Within this software,
we employed the semi-local Perdew-Burke-Ernzerhof (PBE)**
functional, the localized atomic orbital (LCAO) basis set, and
the Schlipf-Gygi norm-conserving pseudopotential.*®> In
addition, the Grimme’s DFTD3(BJ)** dispersion energy
method was used to supplement necessary van der Waals
(vdW) interactions, the DFT + U method** was used on tran-
sition metal (Fe and Mn with Hubbard U value 4.0 and 4.5 for
d electrons®®) species, and single-point implicit solvent energy
correction®® was added after the geometry relaxation of iso-
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lated complex system. Proper Gamma-centered k-grid settings
were adjusted according to the unit cell sizes for energy
convergence.

3. Results and discussion

The structure and morphology of cathode and anode electrode
materials were characterized by XRD and SEM, respectively.
Both electrodes were extracted from fresh dry pouch cells. The
XRD pattern of the LiMn, ¢Fe, 4,PO, cathode (Fig. 1a) matched
well with the standard LiFePO, diffraction pattern,”” confirm-
ing an orthorhombic olivine structure with Pmnb (62) space
group (JCPDS card number: 83-2092). A minor peak at ~27°
arose from a carbon-related (002) reflection due to the conduc-
tive carbon black additive in the cathode formulation as well
as the carbon-coating on the LiMn, ¢Fe, 4PO, particle.>®*° SEM
analysis (Fig. 1b) revealed that the LiMn,¢Fe, PO, particles
were uniformly distributed nanoparticles with an average dia-
meter of approximately 100 nm. The XRD pattern of the graph-
ite anode (Fig. S3a) displayed characteristic (002) and (004)
reflections near 27° and 54°, respectively. Peaks corresponding
to Cu (111), Cu (200), and Cu (220) at 43°, 51°, and 74° origi-
nated from the Cu current collector. SEM images of the graph-
ite anode (Fig. S3b) showed flat particles with a broad size dis-
tribution ranging from 10 to 30 pm.

To examine the electrochemical behavior of these electrode
materials, galvanostatic charge-discharge tests were conducted
on LiMny¢Fe,,PO,/Li and graphite/Li half-coin cells
assembled with the CTRL electrolyte. Both electrodes were
punched directly from the fresh pouch cells. The
LiMn, ¢Fe, 4PO,/Li half-coin cells, cycled between 3 and 4.3 V
(Fig. 1c), delivered a specific charge capacity of approximately
160 mAh g, featuring two distinct voltage plateaus near 3.5
and 4.1 V, corresponding to the Fe*'/Fe’” and Mn**/Mn**
redox couples, respectively.”® The corresponding differential
capacity (dQ/dV) plots (Fig. 1d) exhibited two pairs of peaks at
similar potentials, consistent with the Li" intercalation/de-
intercalation processes. Meanwhile, graphite/Li half-coin cells
(Fig. S3c), cycled between 0.005 and 1.5 V, showed the typical
graphite feature during lithiation/de-lithiation.

To understand the charge compensation mechanisms at
different SOCs in LiMng¢Fe, 4PO, cathode materials, ex situ
XANES measurements were performed on fresh electrodes and
those charged to 3.65 V, 4.2 V, and discharged back to 3.0 V
during the first cycle at C/20 and 25 °C, along with reference
compounds. The Fe K-edge spectra (Fig. 1e) showed that the
main edge positions for samples charged to 3.65 V and 4.2 V
closely matched that of Fe,O;, indicating that Fe predomi-
nantly existed as Fe®* within this voltage range. The fresh
LiMn, ¢Fe, 4PO, electrode exhibited a main edge position con-
sistent with FeSO,, corresponding to Fe**, while a slight posi-
tive shift was observed upon discharge to 3.0 V, suggesting a
partial increase in Fe valence. The Mn K-edge spectra (Fig. 1f)
exhibited main edge positions similar to MnSO, for the fresh,
3.65 V charged, and 3.0 V discharged samples, confirming that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterizations of LiMng gFeo 4PO,4 cathode material. (a) XRD pattern and (b) SEM image of fresh LiMng ¢Fep 4PO, electrode. (c) Voltage vs.
specific capacity and (d) corresponding dQ/dV vs. voltage curves of LiMng ¢Fep 4PO4/Li half-coin cells cycled at C/20 and 25 °C. Ex situ XANES
spectra of (e) Fe K-edge and (f) Mn K-edge in LiMng ¢Fe 4PO4 electrode at different voltages compared with reference samples.

Mn remained largely in the Mn>" state up to 3.65 V. However, a
noticeable shift toward higher energy was observed at 4.2 V,
indicating partial oxidation of Mn** to Mn®* at higher poten-
tial. These XANES results are consistent with the electro-
chemical data (Fig. 1c and d), confirming that Fe and Mn
underwent sequential Fe>*/Fe** and Mn**/Mn>" redox reactions
during charge and discharge.

Further insight into local structural changes was obtained
from the corresponding ex situ EXAFS spectra at Fe and Mn
K-edges, as shown in Fig. S4. The Fe K-edge EXAFS Fourier
transformed spectra (Fig. S4a) revealed that the Fe-O, Fe-P,
and Fe-TM bond lengths remained largely unchanged
between the fresh and 3.0 V discharged samples. However, a
distinct contraction of the Fe-O bond was observed upon char-
ging to higher voltages, consistent with Fe oxidation (Tables
S1-4). Similarly, the Mn K-edge EXAFS Fourier transformed
spectra (Fig. S4b) showed that the Mn-O, Mn-P, and Mn-TM
bond lengths were stable for the fresh, 3.65 V charged, and 3.0
V discharged electrodes, while splitting and decrease in inten-
sity of the first Mn-O shell occurred upon charging to 4.2V.
This behavior is typical for Jahn-Teller distortion, where short-
ening of some Mn-O bonds and lengthening of other Mn-O
bonds distort [MnOg| octahedra with increasing of repulsion
between Mn and P (Tables $5-8).>°> These EXAFS findings
further corroborate the XANES results, confirming the revers-
ible Fe**/Fe** and Mn**/Mn>" redox processes during electro-
chemical cycling.

Using LiMng e¢Feq 4PO,/graphite jelly-roll pouch cells
(Fig. S5a) with N/P ratio of 1.23 (Fig. S5b), the effect of electro-

© 2026 The Author(s). Published by the Royal Society of Chemistry

Iyte formulation on cell failure mechanisms was evaluated.
Three electrolyte formulations were selected including CTRL,
CTRL + 2VC, and CTRL + 2VC1DTD. Formation process was
conducted at 40 °C by charging the cells to 4.2 V at a C/20
current rate (Fig. 2a). The additive-containing electrolytes
yielded higher first-cycle coulombic efficiencies (FCEs) of
89.1% for CTRL + 2VC and 89.3% for CTRL + 2VC1DTD, com-
pared with 85.8% for the CTRL cell (Fig. S5c), indicating
improved EEI during formation. The dQ/dV profiles during the
early stage of the formation cycle (Fig. 2b) revealed the poten-
tial at which the additives were initially reduced on the surface
of lithiated graphite to form the SEI. The CTRL cell exhibited a
pronounced peak at ~2.8 V, corresponding to EC reduction on
the graphite surface.’*?* With 2% VC addition, this peak
shifted to ~2.65 V, indicating VC reduction.***> When 1%
DTD was added alongside 2% VC, two distinct peaks appeared
at ~2.4 Vand ~2.65 V, corresponding to the reduction of DTD
and VC.**?° These results indicate that both VC and DTD are
reduced prior to EC, forming protective interphases that influ-
ence SEI composition and stability. Gas evolution, quantified
using Archimedes’ principle, was normalized by the cell’s
capacity (~250 mAh) as shown in Fig. 2c. The presence of VC
significantly mitigated gas generation. The CTRL electrolyte
produced the highest gas volume exceeding 7.34 mL Ah™',
while CTRL + 2VC exhibited minimal gas evolution below
0.23 mL Ah™', and CTRL + 2VC1DTD showed a moderate
amount of about 2.64 mL Ah™".

To further elucidate the electrochemical characteristics
associated with these electrolyte formulations, EIS measure-
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Fig. 2 Evaluation of the effects of electrolyte composition on the formation process of LiMnggFeq 4PO4/graphite pouch cells. (a) Voltage vs.

capacity profiles, (b) dQ/dV vs. voltage curves during the early stages, and

(c) capacity-normalized gas evolution of LiMng ¢Feg 4PO4/graphite pouch

cells during formation. (d) Nyquist plot of the area specific impedance of LiMng ¢Feq 4PO4/graphite pouch cells at 3.9 V after cell formation. Nyquist
plot of the area specific impedance of (e) LiMnggFeg4PO4/LiMNnggFeq4PO4 and (f) graphite/graphite symmetric cells reconstructed from
LiMng gFeq 4PO4/graphite pouch cells at 3.9 V after formation. All impedance measurements were performed at 10 °C. Experimental data are shown
as solid line and fitted data are shown as cross symbols. Each spectrum is the average results of two cells measurement. Soft XAS spectra of
LiMng gFeo 4PO,4 cathode: Fe L-edge in (g) TEY and (h) FY mode, and Mn L-edge in (i) TEY and (j) FY mode, corresponding to (e).

ments were performed at 10 °C to evaluate charge-transfer re-
sistance (R, Fig. 2d-f). This parameter reflected the resistance
to electrochemical reactions occurring at the EEI, where Li* or
Li either gained or lost electrons to form neutral Li or reverted
to Li", enabling their insertion into or extraction from the elec-
trode material.’’*® According to the Nyquist plots of the
pouch cells (Fig. 2d) and equivalent circuit fitting (Table S9),
cells containing electrolyte additives exhibited higher R
values than those with the CTRL electrolyte after formation. To
determine whether the increase in R, originated primarily
from the cathode or anode, EIS measurements with equivalent
circuit fitting were performed on symmetric cells (Fig. 2e, f
and Table S9). The results showed that adding 2 wt% VC pri-
marily increases R, at the graphite anode side, whereas the

EES Batteries

combination of 2 wt% VC and 1 wt% DTD mainly increased
R, at the LiMn, ¢Fe, 4PO, cathode side. The CTRL electrolyte
showed comparable R. values to CTRL + 2VC on the
LiMn, ¢Fe, PO, cathode side and to CTRL + 2VC1DTD on the
graphite anode side.

The CEI was characterized using ensemble-averaged and
surface-sensitive soft XAS. Fluorescence yield (FY) and total
electron yield (TEY) modes were used to probe subsurface
(50 nm) and surface (10 nm) chemical environments, respect-
ively. Transition metal oxidation states were assessed based on
the intensity ratio of the high- to low-energy shoulders in the
L3-edge spectra, where a higher ratio corresponded to a higher
oxidation state.***° Comparison of FY and TEY spectra
revealed depth-dependent chemical variations influenced by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrolyte composition during formation. The results showed
no significant differences in Fe oxidation states among the
electrolytes in either TEY or FY modes (Fig. 2g and h), and a
similar trend was observed for the Mn oxidation states in both
TEY and FY modes (Fig. 2i and j).

To evaluate the influence of electrolyte formulation on the
cycling lifespan of LiMn, ¢Fe, 4PO,/graphite pouch cells, cells
were cycled at a C/3 rate in CCCV mode with a C/10 cut-off
current, between 3 and 4.2 V at 40 °C, with periodic C/20
check-up cycles every 50 cycles. Fig. 3a showed the discharge
capacity and coulombic efficiency (CE) as a function of cycle
number, while Fig. 3b showed the discharge capacities nor-
malized to the first C/3 discharge vs. cycler numbers. The
CTRL cell exhibited the poorest cycling performance, retaining
only ~80% of its initial capacity after 165 cycles. In contrast,
the addition of 2 wt% VC markedly improved performance,
with the CTRL + 2VC cell maintaining ~87% capacity after 390
cycles. The CTRL + 2VC1DTD cell demonstrated the best per-
formance, retaining ~85% of its capacity even after 610 cycles.
The delta V (Fig. 3c) is the difference between the average
charge and the average discharge voltage, which indicates
voltage polarization growth during cycling. Both additive-con-
taining cells displayed gradual, modest increases in delta V
during cycling, with the CTRL + 2VC1DTD cell showing the
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most stable behavior. Consistent with these trends, gas evol-
ution measurements (Fig. 3d) revealed that the CTRL cell pro-
duced the largest gas volume (~2 mL Ah™') during extended
cycling, while cells containing additives generated significantly
less gas (~0.5 mL Ah™"). These results collectively indicated
that selected electrolyte additives effectively suppressed inter-
phasial degradation, mitigate gas evolution, and improve long-
term cycling stability of LiMn, ¢Fe, 4PO,/graphite pouch cells.

To investigate failure mechanisms in cells with different
electrolyte formulations, an in-depth analysis of electrode mor-
phology, chemical composition, and EEI evolution was con-
ducted using SEM, EIS with equivalent circuit analysis, soft
XAS, and uXRF. Electrode samples were harvested from cycled
cells inside a glovebox to prevent air exposure. The
LiMn, ¢Fe, 4PO, cathodes from the CTRL, CTRL + 2VC, and
CTRL + 2VC1DTD cells (Fig. S6a-c) exhibited similar mor-
phologies across all electrolyte formulations, as did the graph-
ite anodes (Fig. S6d-f).

EIS measurements combined with equivalent circuit fitting
were conducted to track changes in R values during long-
term cycling (Fig. 4a-c and Table S10). According to the
Nyquist plots of the pouch cells (Fig. 4a) and equivalent circuit
fitting (Table S10), all cells exhibited an increase in R values
of ~100 Q ecm?®. To unravel the source of impedance growth,
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Fig. 3 Evaluation of electrochemical performance of LiMng ¢Feq 4PO4/graphite pouch cells with three electrolytes: 1.2 m LiPFg in EC: EMC: DMC
(25:5:70 by vol.) (CTRL), CTRL + 2% VC, and CTRL + 2% VC + 1% DTD. (a) discharge capacity, (b) capacity retention, (c) delta V vs. cycling numbers
during long-term cycling between 3 and 4.2 V at 40 °C with a rate of C/3 in CCCV mode with a C/10 cut-off current. A cycle of C/20 was performed
every 50 cycles. (d) Capacity-normalized gas evolution of LiMng ¢Feg 4PO4/graphite pouch cells after long-term cycling.
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cells after long-term cycling. (a) Nyquist plot of the area specific impe-

dance of LiMng gFeg 4PO4/graphite pouch cells at 3.9 V after long-term cycling. Nyquist plot of the area specific impedance of (b) LiMng gFeq 4PO4/
LiMng ¢Feo 4PO4 and (c) graphite/graphite symmetric cells reconstructed from LiMng ¢Feq 4PO4/graphite pouch cells at 3.9 V after long-term cycling.

All impedance measurements were performed at 10 °C. Experimental data

are shown as solid line and fitted data are shown as cross symbols. Each

spectrum is the average results of two cells measurement. Soft XAS spectra of LiMng gFeg 4PO4 cathode: Fe L-edge in (d) TEY and (e) FY mode, and
Mn L-edge in (f) TEY and (g) FY mode, corresponding to (b). (h) Total Mn deposition, (i) the Mn deposition rate per cycle, (j) the Mn deposition rate
per hour measured by uXRF on the graphite electrode after long-term cycling. The green dashed line shows the Mn baseline on a fresh graphite

electrode.

symmetric cells were constructed to analyze the changes in R,
values at both LiMn, ¢Fe, 4PO, cathode (Fig. 4b) and graphite
anode (Fig. 4c). The majority of the R, originated from the
LiMn, ¢Fe, 4PO, cathode, while the graphite anode contributed
only about ~10 Q cm” (Table S10). Because the cells reached
different cycle numbers, the R values were normalized by
cycle numbers to allow fair comparison. After normalization
by cycle number (Fig. S7a and Table S11) showed that the
cathode exhibited normalized R. growth rates of 0.6534,
0.2274, and 0.17 Q cm? per cycle for the CTRL, CTRL + 2VC,
and CTRL + 2VC1DTD cells, respectively. These values are
approximately 8-12 times higher than the corresponding
anode contributions (0.0696, 0.02375, and 0.0092 Q cm” per
cycle), unambiguously demonstrating that impedance growth

EES Batteries

is overwhelmingly dominated by degradation processes at the
LiMn, ¢Fe, ,PO, cathode. Moreover, the normalized results
revealed that the CTRL cell exhibited the fastest rate of impe-
dance growth, while the CTRL + 2VC1DTD cell showed the
slowest, demonstrating electrolyte additives, particularly the
combination of VC and DTD, effectively mitigated interphasial
degradation during extended cycling.

To further elucidate how the electrolyte formulations influ-
enced the impedance evolution rate at the LiMn,gFey PO,
cathode, the CEI post-cycling was examined using the soft XAS
employing TEY and FY modes at the Fe and Mn L-edges. The
TEY and FY data highlighted variations in chemical compo-
sition with depth, especially for electrochemically active
species including Fe and Mn, impacted by the electrolyte for-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mulations. For both Fe and Mn, a higher intensity ratio of the
high- to low-energy shoulders in the L3-edge spectra corre-
sponded to a higher oxidation state, where reduction typically
reflects electrolyte oxidation processes. As shown in Fig. 4d and
e, the Fe L3-edge spectra exhibited small differences among the
electrolyte formulations in both TEY and FY modes. The addition
of 2 wt% VC led to a slightly higher Fe oxidation state, while the
combination of 2 wt% VC and 1 wt% DTD produced the highest
oxidation state in both modes (Fig. S7b). In contrast, the CTRL
electrolyte showed the lowest oxidation state. Notably, the FY
mode consistently indicated higher Fe oxidation states than the
TEY mode for all samples, suggesting an oxidation-state gradient
that increased from the surface toward the subsurface region. For
Mn, minimal changes in the L3-edge spectra were observed
among the electrolyte formulations in the TEY mode (Fig. 4f),
whereas small variations were evident in the FY mode (Fig. 4g).
The surface Mn oxidation states appeared similar for all electro-
lytes, but in the subsurface region (FY mode), the CTRL sample
exhibited a slightly lower oxidation state compared with the addi-
tive-containing electrolytes (Fig. S7c). Overall, the Mn oxidation
states obtained from TEY and FY modes were comparable, indi-
cating that no significant oxidation-state gradient existed
between the surface and subsurface regions.

The dominant degradation mechanism of LMFP-based cells
was the rapid loss of Li inventory, catalyzed by Mn dissolution
from the LMFP cathode and subsequent deposition on the
graphite anode.*" Dissolved Mn species migrated to the graph-
ite anode and incorporated into the SEL** This incorporation
destabilized the SEI, leading to its continual breakdown and
reformation, which consumed active Li inventory and acceler-
ated capacity fading."' Reducing the rate of Mn dissolution
and deposition on the graphite anode was therefore critical to
extending the lifespan of LMFP-based cells. Fig. 4h-j showed
the quantified Mn loadings obtained by puXRF analysis. The
total Mn loading (Fig. 4h) was the lowest for the CTRL cell,
whereas the CTRL + 2VC1DTD cell exhibited the highest value,
with the CTRL + 2VC cell slightly exceeding the CTRL cell. To
account for the different cycling durations, Mn deposition was
normalized by cycle number and total cycling time. As shown
in Fig. 4i and j, the CTRL cell exhibited nearly twice the Mn
dissolution rate compared with the additive-containing cells,
while the CTRL + 2VC cell showed a slightly higher rate than
the CTRL + 2VC1DTD cell. These results confirm that the
inclusion of VC and DTD additives effectively suppressed Mn
dissolution and mitigated lithium inventory loss during
extended cycling. Additionally, Fe was not detected on the
graphite anode, consistent with previous reports.'"*! This
selective Mn dissolution, with negligible Fe dissolution, was
characteristic of LMFP cathodes and arose from the pro-
nounced Jahn-Teller distortion of Mn®**, which destabilized
the lattice and facilitated Mn>" release. In contrast, the Fe*'/
Fe’" redox couple induced minimal structural strain and
remained strongly coordinated within the olivine lattice,
resulting in much lower solubility in carbonate electrolytes.
Consequently, transition-metal dissolution in LMFP-based
cells is overwhelmingly Mn-driven rather than Fe-driven.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Although Mn dissolution is well recognized as the primary
degradation mechanism in LMFP-based cells,""*! the atomic-
level pathway governing Mn release remains poorly under-
stood. Recent studies have implicated LiOR, formed via reduc-
tive decomposition of linear carbonate solvents, as key species
responsible for transition-metal dissolution from oxide and
polyanion cathodes.”**** In the present electrolyte solvents
(i.e., 70 vol% DMC + 5 vol% EMC), DMC reduction is the
primary source of lithium methoxide (MeOLi),**™*” whereas
EMC predominantly undergoes transesterification to yield
DMC and diethyl carbonate (DEC).***° Cycling-induced evol-
ution of SEI chemistries, as revealed by ex situ XPS (Fig. S8 and
Table S12), further indicates this ongoing carbonate reduction
and the accumulation of alkoxide species. It should be noted
that Mn-related degradation is expected to be kinetically sup-
pressed at lower temperatures, where performance is limited
primarily by graphite anode kinetics and Li" transport rather
than cathode dissolution. To elucidate whether MeOLi can
thermodynamically drive Mn extraction from the LMFP lattice,
DFT calculations were performed using MeOLi as a representa-
tive alkoxide model.

Li" diffusion in LMFP cathode materials occurred primarily
along the [010] (b axis) direction.’>*" To model this structure,
a LiMng ¢Feq 4PO, bulk structure without partial atom occu-
pation was first constructed by expanding the unit cell
obtained from X-ray diffraction’® fivefold along the (a, c) lattice
plane (Fig. S9a). After full relaxation, this bulk model was used
to build 2D slab models with (010) lattice plane exposed as the
surface. Four distinct (010) surface terminations were created
while preserving stoichiometry: two with unsaturated Li or
Mn/Fe cations on the surface and two with saturated metal
atoms and dangling O on the surface (named as Li-top, Mn/Fe-
top, Li-O-top, and Mn/Fe-O-top, shown in Fig. S9b-e). Total
energy analysis (Table S13) revealed that the Mn/Fe-top surface
possessed the lowest total energy, indicating it to be the most
stable configuration and thus, the most representative active
surface for subsequent reactivity studies. To investigate the
influence of MeOLi on metal dissolution from LMFP-based
cathode, the Mn/Fe-top (010) surface with different MeOLi
ligand poses were enumerated (Fig. 5). Three adsorption con-
figurations (Pose 1-3) were optimized, yielding total energies
of —102221.483 eV, —102222.284 eV, and —102 222.007 eV,
respectively. Among these, Pose 2 exhibited the lowest total
energy, indicating the most stable configuration for MeOLi
adsorption on the surface. This configuration was sub-
sequently used to model the structure with surface Mn**
removal (marked with an asterisk). After relaxation, the slab
system with one Mn>" loss (at different sites) and two Li* gain
showed total energies of —98237.532 eV and —98 236.009 eV,
while the isolated manganese methoxide (Mn(MeO),) complex
exhibited an energy of —3981.171 eV. These computed energy
values indicate that the MeOLi-assisted surface Mn>" dis-
solution requires at least 3.58 eV of energy. This indicates the
nucleophilic alkoxide species, such as MeOLi generated
during electrolyte reduction at the graphite anode, can poten-
tially interact with surface Mn sites at the LMFP cathode,
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Fig. 5 MeOLi-assisted Mn?* dissolution process investigated by DFT. Three types of MeOLi attaching configurations on the LiMnggFeq4PO4
cathode surface were enumerated. Afterwards, Mn®* from two different types of sites were extracted from the surface together with the MeO~

anions, forming Mn(MeO)..

thereby facilitating Mn dissolution. The atomistic insights
obtained from the DFT calculations provided us an energetic
understanding of the experimentally observed Mn dissolution
and highlight the critical role of electrolyte decomposition pro-
ducts in accelerating capacity fading in LMFP-based lithium-
ion cells.

4. Conclusion

This work provides a comprehensive understanding of the
electrochemical stability and degradation mechanisms in
LiMn, ¢Fe, 4PO,/graphite pouch cells by systematically evaluat-
ing three electrolyte formulations including control carbonate
electrolyte, control + 2 wt% VC, and control + 2 wt% VC +
1 wt% DTD. Through integrated electrochemical testing, sym-
metric-cell impedance analysis, advanced X-ray spectroscopies,
and DFT calculations, we establish an interphase-centered
framework that explains how electrolyte composition dictates
long-term performance and failure.

During formation, both VC and DTD additives are preferen-
tially reduced prior to EC, generating more stable CEI and SEI
layers, suppressing gas evolution, and increasing first-cycle
coulombic efficiency to 89.3%. Long-term cycling at 40 °C
demonstrates that the synergistic VC + DTD electrolyte pro-
duces the most robust interphases, resulting in minimized
impedance growth and markedly improved performance,

EES Batteries

retaining over 85% of its initial capacity after 600 cycles at C/3.
In contrast, the control electrolyte exhibits rapid CEI/SEI degra-
dation, severe Mn dissolution, and accelerated interphasial
impedance growth, collectively driving early cell failure.

Post-mortem spectroscopic analyses corroborate these
electrochemical trends. Soft XAS reveals that the VC + DTD
combination effectively suppresses electrolyte oxidation at the
LiMn, ¢Fe, 4PO, cathode, while pXRF confirms substantially
reduced Mn dissolution relative to the control electrolyte.
Together, these findings confirm that such degradation pro-
cesses were the primary contributors to lithium inventory loss.
Additionally, DFT calculations provide atomistic and energetic
insights into the Mn-dissolution mechanism, demonstrating
that lithium alkoxide species, for example MeOLi, generated
from solvent reduction at imperfectly passivated graphite sur-
faces act as nucleophilic species that facilitate Mn>" extraction.
This mechanistic connection between LiOR formation, inter-
phase breakdown, and transition-metal dissolution explains
the degradation pathways in LMFP/graphite cells.

Overall, this study provides mechanistic insight into LMFP/
graphite cell degradation and demonstrates that the synergistic
use of VC and DTD effectively stabilizes both the CEI and SEI,
thereby mitigating electrolyte decomposition, Mn dissolution,
and LiOR formation. By directly linking electrolyte decompo-
sition pathways to interphase evolution, this work establishes
an interphase-centric framework for understanding failure
mechanisms in LMFP-based pouch cells and clarifies why the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dual-additive electrolyte most effectively suppresses the domi-
nant degradation processes. These insights highlight the
central role of interphase engineering in enabling long-life
LMFP-based batteries and provide guiding principles for the
rational design of future electrolyte formulations aimed at
further suppressing Mn dissolution and enhancing interpha-
sial robustness.
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