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Mg Substitution Improves the Surface Stability of
High-Voltage Spinel Cathodes under Accelerated Aging
Conditions

Beth E. Murdock, Liang Zhao, Ashok S. Menon, Samuel G. Booth, Jack Fitzpatrick,
Li Zhang, Louis F. J. Piper, Serena A. Cussen, and Nuria Tapia-Ruiz*

LiNi0.5Mn1.5O4 (LNMO) cathodes offer a cobalt-free, high-voltage alternative
to current state-of-the-art Li-ion battery cathodes, and are particularly
well-suited for high-power applications due to their 3D lithium-ion pathways
and structural stability. However, degradation of commercial electrolytes at
high voltages exacerbates capacity decay, as instability at the cathode surface
causes active material loss, surface reconstructions, thickening surface layers,
and increases in internal cell resistance. Cationic substitution has been
proposed to enhance surface stability, thus limiting capacity decay. Here, we
demonstrate the stabilizing effect of Mg on the LNMO cathode surface, which
is most evident during the early stages of cycling. This study indicates that
improved O 2p-TM 3d hybridization in Mg-substituted LNMO, facilitated by
Li-site defects, leads to the formation of a stable surface layer that is
corrosion-resistant at high voltage. Examination of Fe-substituted and
unsubstituted LNMO further confirms that the surface stability is uniquely
enabled by Mg substitution. This work offers valuable insights into surface
design for reducing degradation in high-voltage spinel cathodes.

1. Introduction

Future energy storage demands require the development of re-
liable, high-energy-density Li-ion batteries. As a result, next-
generation cathode materials are seeing a push toward higher
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voltage operation, allowing for higher
energy densities. By extending the upper
voltage limit of the cathode, however,
we also push the limits of conventional
carbonate-based electrolytes, which are
known to degrade at V > 4.2 V vs. Li+/Li.[1]

This is a cause for concern for high-
voltage spinel cathodes (LiNi0.5Mn1.5O4,
LNMO) with redox reactions occurring
as high as 4.75 V, which, despite their
high theoretical energy density (650 Wh
kg−1), experience poor cycling stability.[2]

This poor cycling stability of LNMO cath-
odes is attributed to electrolyte degradation
at high voltages: a complex phenomenon
that coincides with the dissolution of ac-
tive transition metal (TM) ions from the
cathode particles. For example, dissolution
of Ni2+ and Mn2+ ions has been observed
after both storage and cycling of LNMO
cells.[3] This not only results in the loss of
cathode active material, but the dissolution

of Mn2+ ions is particularly problematic in destabilizing the an-
ode surface layer, causing capacity decay.[3] Studies have shown
that the high-voltage surface reconstruction of LNMO occurs
when reduced transitionmetalsmigrate into the delithiated tetra-
hedral sites, forming a Mn3O4-like surface and thus a source of
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Mn3+ ions.[4,5] Surface Mn3+ ions can then undergo HF-driven
disproportionation to form surface 𝜆-MnO2 and dissolved Mn2+

ions. This is consistent with reports indicating the presence of
HF in the electrolyte (at V ≈ 4.68 V vs. Li+/Li) before the detec-
tion of Mn2+ ions.[4]

Electrolyte degradation at the cathode is strongly influenced by
the oxidative stability of the electrolyte solvent. In a conventional
Li-ion cell, carbonate-based solvents such as ethylene carbonate
(EC) typically oxidize at V > 4.2 V.[1] Such an oxidation reaction
produces a series of organic oligomers (e.g., polycarbonates and
polyethylene oxide moieties) and organofluorine species, along-
side H2O and other highly acidic species.[6,7] This causes the hy-
drolysis of the LiPF6 salt, forming HF, LiF, POF3, and various
LixPOyFz species via subsequent reactions.

[6,7] HF formation is
followed by HF-etching of the cathode surface, resulting in the
loss of active material and the subsequent production of addi-
tional H2O, perpetuating a continuous cycle of degradation, as
outlined above.[7] A build-up of degradation species at the cathode
surface forms a surface layer known as the cathode-electrolyte in-
terphase (CEI). In some cases, the presence of a stable CEI on the
surface can help prevent continuous electrolyte degradation.[8,9]

However, the CEI layer formed on the LNMO surface is typically
unstable, resulting in CEI thickening, impeded Li+ diffusion, and
progressive active material depletion.[8,9] HF is also problematic
for the stability of aluminum current collectors, as HF corro-
sion, particularly during high-voltage operation, has been shown
to form an insulating layer of AlF3. Although this layer can ini-
tially passivate the current collector, excessive growth increases
the contact resistance between the cathode and current collector,
increasing cell impedance.[10]

Many studies on LNMO cathodes focus on reducing degra-
dation and dissolution at the electrode surface at high volt-
ages using strategies such as surface coatings, high-voltage
electrolytes/additives, particle engineering, and elemental
substitution.[2,11,12] Among these, cationic substitution on the
Ni site with inexpensive and Earth-abundant elements, such as
Fe and Mg, has the potential to improve performance, increase
structural stability, and lower overall cathode costs.
Previous studies have demonstrated that replacing Ni with Fe

orMg ions can improve the cycling stability of LNMO, with some
reports hypothesizing that the migration of substituent ions to
the surface contributes to increased stability by facilitating the
formation of a more robust and stable cathode–electrolyte inter-
phase (CEI).[13–15] Mg substitution has been shown to suppress
Mn2+ dissolution at high voltages, which is a critical degrada-
tion mechanism for LNMO cathodes. This suppression has been
attributed to the presence of Li-site defects in Mg-substituted
LNMO, which help prevent the high-voltage surface reconstruc-
tion that typically leads to Mn dissolution.[13]

Our earlier work confirmed the presence of Li-site defects in
Mg-substituted LNMO.[16] In comparison, Fe substitution pro-
duces fewer Li-site defects, while unsubstituted LNMO has neg-
ligible defect concentrations. Despite differences in defect chem-
istry, initial cycling tests under ambient conditions showed com-
parable capacity retention for Mg- and Fe-substituted, and un-
substituted LNMO samples (96% after 300 cycles, 1C, 3.5–4.9
V, half-cell vs. Li+/Li).[16] To assess the effect of substitution
on surface stability, accelerated aging conditions are therefore
required.

This study evaluates the electrochemical performance of
LiNi0.5−xMxMn1.5O4 (M = Fe and Mg; x = 0–0.05) at ele-
vated cycling temperatures (50 °C). The CEI of unsubstituted,
Mg-substituted, and Fe-substituted LNMO is investigated us-
ing a combination of synchrotron hard X-ray photoelectron
spectroscopy (HAXPES) and soft X-ray absorption spectroscopy
(sXAS) collected in the total electron yield (TEY) mode, while
changes in cell impedance are tracked using electrochemical
impedance spectroscopy (EIS). Our findings from experiments
on Mg- and Fe-substituted LNMO demonstrate the stabilizing
effect of Mg on the cathode surface, allowing for improved per-
formance under accelerated aging conditions. Fe, on the other
hand, leads to minimal improvements in both capacity retention
and surface stability.

2. Electrochemical Performance

As reported in our earlier work, LNMO prepared using a co-
precipitation method with oxalic acid shows high rate perfor-
mance and capacity retention under ambient conditions of≈ 96%
in a half-cell after 300 cycles at 1C (28 °C, 3.5–4.9 V).[16] After an
initial increase in capacity, LNMO achieves a peak capacity of ≈

125 mAh g−1. At elevated temperatures, which are used to accel-
erate aging, the capacity retention decreases to ≈ 86% after 300
cycles (50 °C, 1C, 3.5–4.9 V, Figure 1a).
To improve the high-temperature capacity retention of

LNMO, several substituted spinel samples of composition
LiNi0.5−xMxMn1.5O4 (M = Fe and Mg; x = 0–0.2) were pre-
pared (Figure S1, Supporting Information). While all substi-
tuted samples showed improvements in high-temperature ca-
pacity retention, only those with low substituent concentrations
provided improvements without a substantial loss of initial ca-
pacity (i.e., x = 0.05, Figure S1a–c, Supporting Information). As
a result, this work focuses on understanding the performance
of LiNi0.5Mn1.5O4 (LNMO), LiNi0.45Fe0.05Mn1.5O4 (Fe0.05), and
LiNi0.45Mg0.05Mn1.5O4 (Mg0.05) at 50 °C.
At 50 °C, the initial discharge capacities of LNMO, Fe0.05, and

Mg0.05 are comparable (≈ 130 mAh g−1, Figure 1a). However,
Mg0.05 shows improved capacity retention after 300 cycles when
compared to Fe0.05 and LNMO (94%, 88%, and 86%, respec-
tively) (Figure 1a). Spinel/graphite full-cells were cycled at 50 °C
to further validate the improvement provided by Mg substitu-
tion (Figure S2, Supporting Information, 1C, 2.9–4.75 V, 30 cy-
cles). In a full-cell, Mg0.05 has higher capacity retention (88%)
than LNMO (84%) and Fe0.05 (82%), which is consistent with
the trends in half-cell data, indicating that the stabilization effect
persists undermore realistic operating conditions.While full-cell
data confirm that Mg substitution enhances capacity retention,
half-cell testing is still necessary for identifying cathode-specific
effects. As a result, we concentrated on half-cell data to further
investigate the mechanisms underlying improved performance.
To gain a better understanding of the rate at which the capacity

degrades, the capacity retention (CR) from cycle to cycle is shown
(Equation 1, Figure 1c), with insets highlighting the differences
observed during initial cycling (cycles 1–50) and long cycling (cy-
cles 200–300).

CR =
(
Cn+1

Cn

)
× 100 (1)
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Figure 1. Long-term cycling performance of spinel/Li half-cells at 50 °C (1C, 3.5–4.9 V): a) cycling stability and b) corresponding coulombic efficiency
values of LNMO (grey), Mg0.05 (orange), and Fe0.05 (blue) over 300 cycles; and c) average cycle-to-cycle variations in capacity retention (CR = ( Cn+1

Cn
) ×

100), calculated from a minimum of 3 cells. Insets highlight the different rates of degradation from cycles 1–50 and 200–300.

All samples have initial CR values > 100%, indicating a slight
increase in capacity over the first 5 cycles: a result of half-cell
cycling in this system, which allows for gradual activation of
lithium storage sites (Note S1, Supporting Information). After
activation, capacity starts to degrade (CR < 100%). From cycles
10‒50, the CR is highest for Mg0.05 (≈ 99.97%), followed by
Fe0.05 (≈ 99.95%) and LNMO (≈ 99.92%). While these differ-
ences may appear minor, capacity loss increases exponentially
with cycle number, since the total capacity retention is the prod-
uct of CR from cycle 1 to cycle n (Equation 2).

∏n

i=1
CRi (2)

This suggests that the rate of capacity degradation increases
from Mg0.05 < Fe0.05 < LNMO. However, after initial cycling
(i.e., > 50 cycles), the cycle-to-cycle variation in capacity is com-
parable across all three samples. We, therefore, attribute the en-
hanced long-term performance of Mg0.05 to the improved stabil-
ity during the first 50 cycles. This suggests that Mg substitution
in LNMO can partially alleviate degradation processes, which are
most severe during the initial stages of cycling.
To understand the role of unwanted oxidation processes in

the observed differences in cycling stability, we compared the
coulombic efficiency values (CE) of these materials. Low CE in

LNMO-based full-cells is linked to the loss of cyclable Li due to
anode interphase instability caused by dissolved Mn2+ ions.[17,18]

However, unlike full-cells, half-cells have a large Li inventory pro-
vided by the lithium counter electrode. As a result, spinel/Li half-
cells are limited by cathode sites rather than lithium inventory.[19]

In other words, the capacity is primarily determined by the
amount of lithium that can be inserted into the cathode rather
than the loss of Li. As outlined by Tornheim et al., coulombic
efficiency in site-limited cells is influenced by the oxidation cur-
rent, Iox, where increases in Iox (through electrolyte oxidation, O2
loss, or current collector corrosion) can contribute to an increase
in charge capacity and a decrease in discharge capacity.[19] This
results in lower CE at any given cycle.
All samples have low initial CE, indicating that the cathode ex-

periences a significant amount of unwanted oxidation during the
first cycle. However, initial CE is marginally higher for Mg0.05
(≈87%)when compared to LNMOand Fe0.05 (≈ 86%, Figure 1b).
Despite low initial CE values, all samples show an increase in CE
over the first 20 cycles, leveling off at 99.2% forMg0.05 and 98.8%
for both LNMO and Fe0.05. This demonstrates that unwanted
oxidation processes at the cathode surface are most severe dur-
ing initial cycling, which could explain the faster rate of capac-
ity degradation observed during the first 50 cycles (Figure 1c).
Furthermore, by the 300th cycle, the CE for Mg0.05 is only 0.4%

Adv. Funct. Mater. 2025, e01660 e01660 (3 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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higher than in LNMO, compared to a 1% improvement on the
first cycle, indicating that the presence of Mg in LNMO has the
greatest influence during initial cycling. Despite improvements,
both half-cell and full-cell CEs for all samples remain lower than
those required tomeet full-cell industry standards (>99.96%, full-
cell, Figure S2, Supporting Information).[20] While the use of el-
evated temperatures in this work is expected to accelerate pro-
cesses that contribute to Iox, resulting in lower CE, half-cell CE
values at ambient temperatures are still less than ideal (99.1–
99.6%, Figure S1d, Supporting Information).
The charge/discharge voltage profiles provide insight into the

degradation of LNMO, Fe0.05, andMg0.05, with two high-voltage
charge plateaux at ≈ 4.7 and 4.75 V, and a lower voltage charge
plateau at ≈ 4 V (Figure 2a–c). These plateaux correspond to re-
dox reactions related to the Ni2+/3+, Ni3+/4+, and Mn3+/4+ redox
couples, respectively.[21] The concentration of Mn3+ ions in these
samples increases with Fe and Mg concentration, resulting in
unit cell expansion, as confirmed by diffraction data from our
previous work.[16]

Increased Mn3+ ion concentrations are expected for Fe-
substituted LNMO samples to maintain charge neutrality when
Ni2+ ions are replaced with Fe3+ ions. Conversely, when Ni2+

ions are replaced with Mg2+ ions, Mn3+ ions are not expected
since the charge distribution remains unchanged. However,
our previous work revealed that Mn3+ ions in Mg-substituted
LNMO samples charge balance cation deficiencies in the main
spinel phase caused by impurity phase formation. Furthermore,
we found a strong correlation between the formation of Li-
containing impurity phases and the formation of Li-site defects
(Mg or Fe on the Li site), the concentration of which was higher
in Mg-substituted samples than in analogous Fe-substituted
samples.[16] The presence of Li-site defects has been shown to
prevent surface reconstruction.[13] Despite the larger concentra-
tion of Li-site defects in Mg0.05, Fe0.05 has a higher concen-
tration of Mn3+ ions than Mg0.05, as evidenced by the longer
4 V plateau. High concentrations of Mn3+ ions are frequently re-
ported to have adverse effects on cycling stability due to the in-
famous Mn3+ ion disproportionation and subsequent Mn2+ ion
dissolution, which could explain why Fe0.05 has the lowest capac-
ity retention in a full-cell (Figure S2, Supporting Information).[22]

Differential capacity plots show well-defined peaks at 4, 4.7,
and 4.75 V, which correspond to the plateaux observed in the volt-
age profiles (Figure 2d–i). Differential capacity in the 4 V region
can be used to identify differences in Mn redox behavior. The
4 V discharge peak for LNMO and Fe0.05 increases from cycles
1–50, while the 4 V charge peak decreases (Figure 2g,h). This can
be attributed to Mn3+ ion disproportionation, which can result
in the formation of electrochemically active Mn4+ ions (e.g., as
MnO2 phases) and soluble Mn2+ ions, the latter of which dis-
solves into the electrolyte and is irreversibly lost. As a result, the
redox-active Mn3+ centres are depleted, explaining the dimin-
ishing charge peak, while the newly formed MnO2 continues to
contribute to the discharge process, leading to the increased dis-
charge peak. From cycles 50–300, the 4 V peak intensities for
LNMOandFe0.05 remain relatively constant, suggesting that dis-
proportionation is most severe during the first 50 cycles. In con-
trast, forMg0.05, both the 4 V charge and discharge peaks show a
subtle decrease in intensity. This simultaneous decrease in inten-
sity in both the charge and discharge peaks indicates that electro-

chemically active Mn4+ ions are not formed to the same extent,
implying that Mn3+ disproportionation is less pronounced. Loss
of intensity may be better correlated with a subtle loss of active
Li. Suppressed Mn3+ ion disproportionation is expected to con-
tribute to the improved cycling stability of Mg0.05, particularly in
full-cells (Figure S2, Supporting Information).
The high-voltage peaks at 4.7 and 4.75 V also experience a loss

in intensity after 300 cycles, and may be explained by i) loss of ac-
tiveNi/Li ions through dissolution and parasitic surface reactions
or ii) inhibited Li+ transport, preventing full oxidation/reduction
of Ni.[17,18] In addition to intensity changes, all three samples ex-
hibit voltage polarization, as evidenced by shifts in peak posi-
tions relative to those observed in cycle 1. Such voltage polariza-
tion indicates an increase in internal cell resistance, which could
be caused by a combination of surface layer resistance, charge-
transfer resistance, and contact resistance, all of which can lead
to poor electrode kinetics.[23] While all samples experience volt-
age polarization and changes in peak intensity, the LNMOsample
exhibits the most significant changes. Polarization in Fe0.05, on
the other hand, is reduced, while Mg0.05 shows greater stabil-
ity in both voltage and capacity. The improved stability of Mg0.05
suggests thatMg substitution can prevent capacity fadewhile also
mitigating voltage decay and increases in cell impedance.
The compiled electrochemical characterization suggests that

the Mg0.05 sample may experience less electrolyte degradation,
loss of activematerial, and changes in internal cell resistance dur-
ing prolonged cycling under accelerated aging conditions. The
electrochemical evaluations of Fe0.05, on the other hand, sug-
gest that it degrades similarly to LNMO. To further investigate
these differences, ex situ surface analysis and electrochemical
impedance spectroscopy were used.

3. Surface Analysis

Ex situ surface analyses were carried out on spinel electrodes ex-
tracted from spinel/Li half-cells to determine the effect of Fe and
Mg substitution on electrolyte degradation and surface stability
of LNMO. The half-cell configuration allows for a more direct as-
sessment of cathode-specific degradationmechanisms by remov-
ing effects caused by anode-side reactions. The spinel electrode
surfaces were analyzed at various stages of cycling: in the pristine
state (P); after soaking in the electrolyte for 12 h (OCV); and at the
end of cycles 1, 150, and 300. Electrodesmade of carbon black and
PVDF (CB/PVDF) soaked in the electrolyte were also analyzed to
elucidate the role of inactive components in the chemical degra-
dation of the electrolyte. Samples are labelled using the notation
S-C (sample-charge state), where S = CB/PVDF, LNMO, Fe0.05,
or Mg0.05, and C = P, OCV, 1, 150, or 300. Each electrode was
analyzed using both soft X-ray absorption spectroscopy in total
electron yield mode (sXAS-TEY, < 1 keV) and hard X-ray photo-
electron spectroscopy (HAXPES, 2.2 keV).

3.1. Hard X-Ray Photoelectron Spectroscopy

In the C 1s, O 1s, and F 1sHAXPES spectra, the CB/PVDF-P elec-
trode shows peaks characteristic of both CB and PVDF (Figure
S3, Supporting Information). The C 1s peak at 284.4 eV can be

Adv. Funct. Mater. 2025, e01660 e01660 (4 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Voltage profiles of the first (solid) and 300th cycle (dashed) for a) LNMO, b) Fe0.05, and c) Mg0.05, obtained at 50 °C (1C, 3.5–4.9 V; dQ/dV vs.
V plots corresponding to cycles 1 and 300 for d) LNMO, e) Fe0.05, and f) Mg0.05); enlarged dQ/dV vs. V plot in the 4 V region, mapping the evolution
of Mn3+/4+-related capacity from cycles 1–300 for g) LNMO, h) Fe0.05, and i) Mg0.05.

attributed to the sp2 carbon of CB.[24] As expected, the CB sur-
face is slightly oxidized, with corresponding peaks in the C 1s
and O 1s spectra at 287.5 and 531.5 eV (C═O) and 286 and 532.5
eV (C─O/O─H). Additional C 1s peaks at 286.2 and 290.8 eV are
attributed to the CH2 and CF2 groups of the PVDF binder, re-

spectively, and the presence of the peak at 687.8 eV indicates the
C─F bonding in the F 1s spectra.[25]

LNMO-P, Fe0.05-P, and Mg0.05-P show peaks consistent with
PVDF and oxidized CB, as well as some noteworthy changes
in the spectra. The electrodes with active material show a lower

Adv. Funct. Mater. 2025, e01660 e01660 (5 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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intensity C─C (sp2) peak in the C 1s spectra due to the lower con-
centration of CB in the electrode formulation than that of the
CB/PVDF-P electrode (10% vs. 90%). The C 1s spectra are oth-
erwise comparable, suggesting that CB on the surface of each
electrode is oxidized to a similar extent. As a result, similarities
in the O 1s spectra at 531.5 and 532.5 eV are expected. However,
the peak at 532.5 eV is more intense for electrodes containing ac-
tive material, indicating the presence of a non-carbon functional
group. The TM─OH terminating group on the cathode surface
is more likely responsible for the increase in peak intensity, as
reported elsewhere.[4] While surface hydroxyl groups can accel-
erate the production of HF, the hydroxyl concentration is similar
across all samples.[26] In addition to TM─OH bonding, TM─O
bonding from the spinel lattice is also observed in the O 1s spec-
tra at ≈ 529 eV.[27] Finally, the F 1s spectra indicate slight dehy-
drofluorination of the PVDF binder during the slurry preparation
process, where the released HF can further react with surface Li
from the samples to form LiF (684.5 eV).[28] However, there is no
significant difference between the surfaces of LNMO-P, Mg0.05-
P, and Fe0.05-P before electrolyte exposure.
Following electrolyte exposure, LNMO-OCV, Fe0.05-OCV, and

Mg0.05-OCV show additional surface species indicating elec-
trolyte decomposition (Figure 3). Increases in sp3 carbon (285
eV), C─O (286 eV), O─C─O/C═O (287.8 eV), O─C═O (288.5
eV), and CO3

2− (290.2 eV) are observed in the C 1s spectra, where
such organic surface species originate from the decomposition
of the electrolyte solvent.[27,29,30] Electrolyte salt decomposition is
also observed: LiPF6 hydrolyzes in the presence of trace water, re-
sulting in the formation of Li/TM fluorides (LiF/TMF, 684.5 eV),
LixPOyFz (534.5 eV and 686.5 eV), and LixPFy species (688.5 eV),
as well as an unidentified F 1s peak above 688 eV (Note S2, Sup-
porting Information).[27,29,30] Such organic and inorganic species
can also be found on the CB/PVDF-OCV electrode (Figure 3d),
indicating that chemical degradation of the electrolyte occurs at
the surface of CB and/or PVDF in the absence of active material
or an applied current.
Carbon additives are often found to be unstable in the pres-

ence of organic electrolytes.[31–33] In this work, the CB/PVDF-
OCV electrode shows a higher intensity of the LiF peak relative to
the CF2 peak when compared to LNMO-OCV, Mg0.05-OCV, and
Fe0.05-OCV, which have significantly lower CB content. Since the
PVDF content is the same across all electrodes, this implies that
CB in the electrode promotes LiF formation/deposition. In con-
trast, electrodes with active material have a higher concentration
of organic species, relative to the C─C(sp2) and TM─O peaks.
This suggests that the presence of active material can facilitate
the degradation of the electrolyte solvent, where H2O formed
as a by-product can facilitate further hydrolysis of LiPF6.

[7] This
may explain the higher concentration of LixPOyFz on the LNMO-
OCV, Fe0.05-OCV, and Mg0.05-OCV surfaces when compared to
CB/PVDF-OCV, since LixPOyFz is formed through more exten-
sive hydrolysis of the electrolyte salt than LiF. These results show
that both the CB additive and the active material contribute to
electrolyte degradation. The influence of CB, however, is expected
to be similar for LNMO, Fe0.05, and Mg0.05.
Although salt hydrolysis occurs at each of the cathode surfaces,

the LixPOyFz content differs among LNMO, Fe0.05, and Mg0.05:
the LixPOyFz peak area (F 1s spectra) increases from LNMO-OCV
< Fe0.05-OCV < Mg0.05-OCV, relative to CF2. LixPOyFz species

may improve cycling stability by scavenging dissolved TM ions
and thus suppressing electrode cross-talk.[34] Such benefits to
cycling performance have been demonstrated in several studies
that use LiPO2F2-forming additives.[12,34] However, Li-containing
additives are typically prohibitively expensive, so the ability to
formLixPOyFz preferentially in theMg0.05 sample would be ben-
eficial for reducing cell costs. Nevertheless, cross-talk effects are
not always obvious in LNMO|Li half-cells that have a large Li in-
ventory, masking capacity loss caused by dissolution of activema-
terial. The direct impact of LixPOyFz concentrations on the cy-
cling stability shown in Figure 1 is, therefore, unclear. However,
monitoring their relative peak intensity during cycling may shed
light on the degradation differences observed at each surface of
the different samples.
Differences in LixPOyFz relative peak intensity, as well as other

inorganic species, are observed not only at OCV but also after
the first cycle. For example, from Mg0.05-OCV to Mg0.05-1, the
LixPOyFz peak area relative to CF2 decreases by ≈ 40%. This
decrease, however, is more significant for LNMO (≈ 70%) and
Fe0.05 (≈ 80%). LNMO and Fe0.05 also show a notable decrease
in peak intensity for LiF and LixPFy species when compared to
the CF2 peak. Such dissolution of inorganic species can result
from HF attack, where an increase in HF concentration is an-
ticipated during the high-voltage operation, as demonstrated by
Hestenes et al.[4,35] Greater retention of inorganic LixPOyFz on
the Mg0.05-1 surface, therefore, suggests that HF attack may be
partially suppressed, which, in turn, could be linked to less elec-
trolyte degradation at high voltage.
Suppression of electrolyte degradation during the first cycle in

the Mg0.05 sample is corroborated by comparing the C 1s and
O 1s spectra of Mg0.05-OCV and Mg0.05-1. After the first cycle,
very minor differences in the organic surface layer are observed,
indicating that i) the surface layer formed at OCV is stable under
high-voltage operation and ii) no further degradation at the elec-
trode surface occurs. For Fe0.05 and LNMO, on the other hand,
the concentration of organic surface species decreases relative to
CB (C─C, sp2) and TM─O from OCV to the first cycle. LNMO
and Fe0.05, therefore, appear to form an unstable surface layer at
OCV that is partially stripped after the first cycle.
Differences in surface layer stability may be linked to differ-

ences in the composition of the surface layer itself, as LNMO-
OCV and Fe0.05-OCV have a surface layer rich in carbonates and
sp3 C─C functionality, whereas Mg0.05-OCV has an organic sur-
face layer rich in C─O. This suggests that the electrolyte decom-
position pathway on the Mg0.05 surface differs from that of the
LNMO and Fe0.05 samples. The benefit of a C─O-rich surface
has been demonstrated in other high-voltage systems. For exam-
ple, Markevich et al. investigated the use of an EC-based elec-
trolyte with and without an FEC additive in combination with
a high-voltage LiCoPO4 cathode (C/5, 3.5–5.2 V, 30 °C).[29] They
showed that without FEC, the cathode surface was rich in carbon-
ates, while the incorporation of FEC resulted in better capacity
retention, attributed to a surface layer rich in C─O functionality.
While consistent with our findings, the improved oxidative stabil-
ity observed in the Mg0.05 sample is somewhat surprising, given
that ethers have lower oxidative stability than carbonates.[36] The
C─O-rich surface, may instead highlight the absence of reactive
carbonate species such as Li2CO3 (section 3.2), which can pro-
mote further electrolyte degradation.

Adv. Funct. Mater. 2025, e01660 e01660 (6 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. C 1s, O 1s, and F 1s HAXPES spectra, collected using an incident X-ray energy of 2.2 keV, for a) LNMO, b) Fe0.05, and c) Mg0.05 at various
points of cycling as well as d) CB/PVDF at OCV (50 °C, 1C, 3.5–4.9 V). Electrodes for ex situ characterization were extracted before cycling (OCV) and at
the end of cycles 1, 150, and 300. Spectra are area-normalized to help visualize changes in relative intensity.

Adv. Funct. Mater. 2025, e01660 e01660 (7 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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The instability of the CEI layer is problematic for cycling sta-
bility because it exposes the electrode surface, allowing for con-
tinuous degradation and increase of degradation products. This
is evident when tracking the surface layer evolution of LNMO
and Fe0.05, which show a significant decrease in C─C (sp2, C
1s) and TM─O (O 1s) peak intensities in comparison to the ob-
served surface species. With prolonged cycling, there is a signifi-
cant build-up of degradation products on the surface of LNMO
and Fe0.05. In contrast, the relative intensity of the C─C (sp2,
C 1s) and TM─O (O 1s) peaks remains constant from Mg0.05-
OCV to Mg0.05-150, with a slight decrease from Mg0.05-150 to
Mg0.05-300. This suggests that more electrolyte degradation and
CEI formation occurs at the surface of LNMO and Fe0.05 after
300 cycles at elevated temperatures, owing to the formation of
an unstable surface layer that allows for continuous degradation.
After prolonged cycling, the CEI layer composition is compara-
ble across all three samples. This suggests that while the com-
position of the Mg0.05 surface varies during initial cycling, the
processes that contribute to CEI layer thickening after long cy-
cling are similar. This is consistent with the electrochemical anal-
ysis presented previously (Figure 1), in which the rate of capacity
degradation was improved for Mg0.05 during the initial cycling
but was comparable to LNMO and Fe0.05 after long cycling.
In summary, based on the HAXPES data presented, LNMO

and Fe0.05 form an unstable, carbonate-rich surface layer at OCV
that is partially stripped after the first cycle, most likely due to the
formation of acidic species during the initial charging process.
This exposes the electrode surface, allowing the CEI to continu-
ously build up over time, consuming active material and poten-
tially impeding Li+ diffusion to the electrode. CEI build-up at the
Fe0.05 surface is less severe, which could explain the slight im-
provement in capacity retention. In contrast, the formation of a
stable surface layer on Mg0.05-OCV protects the surface during
initial cycling, resulting in a thinner surface layer after long-term
cycling. The degradation that occurs in the later cycles, however,
is expected to be similar for all samples. Mg0.05 may therefore
delay degradation rather than completely prevent it. This could
help to explain the improved cycling stability of Mg0.05 under ac-
celerated aging conditions, which is most notable during initial
cycling. The reason for differences in surface layer composition
and formation mechanisms, however, remains unclear.
Despite literature reports demonstrating improved cycling sta-

bility with Fe-substitution in LNMO, our results show onlyminor
improvements in capacity retention and surface stability, even at
elevated temperatures. These limited improvements could be at-
tributed to differences in syntheticmethods and the resulting par-
ticle morphology. Fe-substituted materials reported in the litera-
ture typically show polycrystalline morphology (PC).[37,38] In con-
trast, the method adopted herein produces materials that resem-
ble a single crystal (SC)morphology.[16] The stability of PC LNMO
particles is significantly influenced by the anisotropic phase tran-
sitions that occur during cycling, which can cause particle crack-
ing at the grain boundaries, revealing fresh surfaces and con-
tributing to surface-related degradation mechanisms.[39] Fe sub-
stitution in PC LNMO may, therefore, alleviate particle fracture
rather than electrolyte degradation, thereby indirectly limiting
the extent of degradation observed. SC particles, on the other
hand, are more fracture-resistant, which may limit the improve-
ment provided by Fe in this work. Understanding how substi-

tution influences particle fracture is an interesting direction for
future investigations to understand the synthesis dependence of
the enabled improvements.

3.2. Soft X-Ray Photoelectron Spectroscopy

Surface-sensitive total-electron-yieldmode (TEY) with a detection
depth of< 10 nmwas used to investigate the evolution of the tran-
sition metal oxidation state at the surface. Throughout all stages
of cycling investigated, LNMO, Fe0.05, and Mg0.05 exhibit Ni
L-edge spectra that are consistent with that of Ni2+ (Figure S4,
Supporting Information). The Mn L-edge spectra, on the other
hand, have complex peak shapes that indicate the presence of
Mn2+, Mn3+, and Mn4+ species (Figure 4b–d). The relative inten-
sities of the Mn2+--, Mn3+-, and Mn4+- related peaks are identical
for all three samples at OCV, with a dominant 2+/3+ redox char-
acter. This suggests that, before electrochemical cycling, transi-
tion metal oxidation states at the surface are similar, despite the
known differences in bulk Mn3+ ion content.[16]

Transition metal oxidation states are often correlated with the
O K-edge spectra, which consist of two key features: the pre-edge
(< 535 eV, peaks A and B in Figure 4a) and a broad feature above
535 eV, arising from the hybridized O 2p-TM 4sp orbitals.[40]

Figure 4a shows an additional feature at 534 eV (peak C) for
LNMO and Fe0.05, which is attributed to surface Li2CO3.

[41] Its
absence in Mg0.05 may be attributed to the presence of Li-site
defects, which limit the concentration of Li on the surface to sub-
sequently form Li2CO3.

[16] The absence of Li2CO3 is likely to con-
tribute to the improved capacity retention of Mg0.05, as Li2CO3
on the cathode surface has been shown to enhance electrolyte
degradation.[42]

The pre-edge is caused by electrons that are excited from the
O 1s orbital to the unoccupied O 2p-TM 3d hybridized orbitals.[40]

In LNMO spinel materials, the pre-edge represents a convolution
of peaks associated with Mn─O and Ni─O bonding. As a result,
the intensity of the pre-edge peaks can be affected by TM oxi-
dation states and TM─O covalency/O 2p-TM 3d hybridization.
Greater O 2p-TM 3d hybridization and orbital overlap indicate
that more transitions from the O 1s to unoccupied O 2p-TM 3d
hybridized orbitals are possible, resulting in a higher pre-edge
peak intensity.[40] Higher TM oxidation states lead to more un-
occupied O 2p-TM 3d hybridized orbitals, resulting in increased
pre-edge peak intensity.[40]

The pre-edge of Mg0.05-OCV resembles that of anMn3O4-like
surface, which correlates well with the dominant Mn2+/3+ peaks
observed in the corresponding Mn L-edge spectrum.[4] Mn3O4-
like surfaces are often reported to appear during the delithiation
process in LNMOmaterials as TMs migrate into the empty tetra-
hedral sites.[4,5] Recent works, however, demonstrate the pres-
ence of a Mn3O4-like surface in pristine LNMO samples, which
can result from lithium/oxygen deficiencies that occur during
synthesis.[43] Previous structural characterization of our spinel
samples revealed the presence of Li deficiencies.[16] These Li de-
ficiencies were most prominent in Mg-substituted samples due
to the formation of Li-site defects (e.g., Mg on the Li site, MgLi).
The presence of a Mn3O4-like surface at OCV is, therefore, most
likely caused by lithium deficiencies in the Mg0.05 sample. Al-
though all three samples have identical Mn electronic structures

Adv. Funct. Mater. 2025, e01660 e01660 (8 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) O K-edge spectra of ex situ LNMO (grey), Fe0.05 (blue), and Mg0.05 (orange) electrodes at different cycling points (50 °C, 1C, 3.5–4.9 V):
before cycling (OCV) and after cycles 1, 150, and 300. Intensity-normalized Mn L-edge spectra to highlight changes in relative intensity of b) LNMO,
c) Fe0.05, and d) Mg0.05.

at OCV (Figure S4b, Supporting Information), the pre-edge of
LNMO-OCV and Fe0.05-OCV shows a reduced intensity for peak
A (530 eV).[4] This lower intensity of peak A suggests that the
overlap between the O 2p and TM 3d orbitals may be limited by
factors such as local structure environment, bond strength, and
covalency.
ImprovedO 2p-TM 3d orbital overlap inMg0.05may be related

to the presence of Li-site defects, which are thought to prevent
Mn migration into the tetrahedral sites.[16] The orbital overlap
in MnO6 octahedra is generally stronger than in MnO4 tetrahe-
dra since the octahedral geometry allows the eg orbitals of Mn to
point directly at the oxygen atoms, allowing for strong 𝜎-bonding
with the oxygen p orbitals. In contrast, the eg and t2g orbitals of
Mn in the tetrahedral environment do not overlap as effectively,
resulting in weaker bonding interactions. As a result, we expect
lower pre-edge intensity. The lower pre-edge intensity of LNMO-
OCV and Fe0.05-OCV may thus indicate some migration of Mn
fromoctahedral to tetrahedral sites, reducing the overall O 2p-TM
3d hybridization. Furthermore, previous computational work on
isostructural LiMn2O4 has shown that the presence of bulk MnLi
defects (i.e.,Mn on the tetrahedral site) does not impact the oxida-
tion state of Mn but decreases the charge localized on oxygen.[44]

This supports our observation that changes in the oxygen elec-

tronic structure and TMOx geometry can occur without changing
the TM oxidation state.
Insufficient overlap of the O 2p and TM 3d orbitals is thought

to limit the stability of the TM─O bonding in LNMO, allowing
TM migration and dissolution.[45,46] To mitigate these processes,
previous studies have successfully adopted doping strategies that
aim to promote TM─O orbital hybridization in LNMO.[45,46]

Liang et al. observed minimal changes in the pre-edge features
(O K-edge) with cycling after Ge doping, whereas the pre-edge
of LNMO changed in intensity.[46] A similar scenario is observed
for Mg0.05, which shows consistent pre-edge features through-
out cycling, with slight variations in relative intensity reflecting
subtle changes in the Mn oxidation state (Figure 4). Compared to
Mg0.05, LNMO and Fe0.05 show significant differences in pre-
edge features fromOCV to cycle 1. This indicates that changes in
the oxygen environment at the surface of LNMO and Fe0.05 are
induced during the first cycle.
While enhanced O 2p-TM 3d hybridization is expected to

improve the stability of the LNMO surface structure, it may
also increase the nucleophilicity and thus reactivity of the sur-
face oxygen.[47] This is evidenced by the known ability of Mg
to promote oxygen redox reactions in other reported cathode
materials.[48] In this work, the increased reactivity of the surface

Adv. Funct. Mater. 2025, e01660 e01660 (9 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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oxygen in the Mg-substituted samples may explain the ability of
the Mg0.05 sample to form a stable surface layer at OCV, where
oxygen at the electrode surfacemay interactmore readily with the
electrolyte in the absence of an applied current. In the literature,
electrolyte additives that provide nucleophilic oxygen centers are
shown to promote the ring-opening polymerization of EC, form-
ing a stable surface layer in situ.[49,50] It is therefore possible that
the increased nucleophilicity of the surface oxygen in Mg0.05 fa-
cilitates the polymerization of EC to produce a PEO-like surface
layer at OCV. In this scenario, the PEO-like surface species would
be covalently bonded to surface oxygen (TM─O─C), resulting in
increased stability.
In addition to a stable oxygen environment, we observe that

the Mn oxidation state in Mg0.05 remains stable from Mg0.05-
OCV toMg0.05-1, with negligible variation in relative peak inten-
sity (Figure 4d). LNMO exhibits similar stability, whereas Fe0.05
shows an increase in Mn2+ ions during cycling (Figure 4b,c).
The higher concentration of Mn2+ ions correlates with the in-
creased concentration of Mn3+ ions in the Fe0.05 structure, as re-
ported in our previous work and observed in the voltage profiles
(Figure 2).[16] As a result, higher Mn3+ ion concentration con-
tributes to greater Mn3+ ion disproportionation andMn2+ ion de-
position on the surface.[4] After 300 cycles, all samples have a sim-
ilar distribution of Mn oxidation state with a relative increase in
Mn4+ ion contribution (Figure 4b–d). Mn4+ ions could be formed
i) to charge balance loss of active material or ii) as a product of
Mn3+ disproportionation, forming soluble Mn2+ species along-
side MnO2 at the surface.

[4] The similarity in the distribution of
Mn2+, Mn3+, and Mn4+ ions after 300 cycles indicates that the
Mn species in all three samples experience similar degradation.
The intensity of the Mn L-edge spectral peaks (I/I0, without

intensity normalization) for Mg0.05 is almost constant after 300
cycles (Figure S4f, Supporting Information). LNMO and Fe0.05,
on the other hand, show an increase in I/Io after the first cycle,
followed by a significant decrease after 300 cycles (Figure S4d,e,
Supporting Information). This is consistent with the HAXPES
results (Figure 3), which show an increase in peak intensity af-
ter the first cycle due to the partial stripping of the surface layer,
allowing Mn within the electrode to contribute more to the ob-
served spectra. The thick CEI layer formed after extended cycling
reduces the intensity of the Mn L-edge spectra. In contrast, the
stable surface layer onMg0.05 is reflected by the stableMn L-edge
intensity. Similar changes in I/I0 are observed in the respective
Ni L-edge spectra (Figure S4g–i, Supporting Information), indi-
cating that both Ni and Mn at the surfaces of LNMO and Fe0.05
become buried.

4. Contribution of Cell Resistance to Voltage
Polarization

Due to their notable differences in electrochemical performance
and surface stability, LNMO andMg0.05 were selected for further
impedance measurements to better understand the influence of
surface reconstruction and CEI formation on voltage polarization
and cell impedance. EIS was performed at several points during
long cycling of LNMO and Mg0.05.
The typical Nyquist plot of LNMO under non-blocking condi-

tions shows a high-frequency intercept, two semicircles in the

high- to mid-frequency region, and a tail associated with solid-
state diffusion in the bulk of the electrode (Figure S5a, Sup-
porting Information). Several studies of the impedance response
in LNMO have shown that the first high-frequency semicircle,
which is visible at all states of charge, is related to contact re-
sistance. Corrosion of the current collector by HF causes the
formation of insulating AlF3-like species and an increase in
contact resistance during cycling.[10,23,51] Such conclusions have
been reached using two-electrode half-cell and three-electrode
full-cell setups in LiPF6-based electrolytes (LP57 and LP30,
respectively).[10,23,51] The high-frequency intercept of this semi-
circle represents solution resistance (Rsol), which accounts for
the impedance of the electrolyte. The second semicircle, which is
only evident under non-blocking conditions where charge trans-
fer is possible (Figure S5a, Supporting Information), is a con-
volution of electrode pore resistance (Rpore) and charge-transfer
resistance (RCT), and is referred to as Rcathode.

[23]

A procedure for the deconvolution of Rpore from RCT has been
outlined in detail by Pritzl et al.[23] For such deconvolution, EIS
data must be collected at two different points during a given cy-
cle. The first EIS data point is collected under blocking condi-
tions, i.e., where no charge-transfer reactions can occur. LNMO
blocking conditions can be achieved bymeasuring EIS in the fully
delithiated state (e.g., 4.9 V, Figure S5a, Supporting Information).
The second EIS data point is collected under non-blocking con-
ditions, i.e., where charge-transfer reactions can occur (e.g., 4.4
V, ≈ 10% SOC, with low charge-transfer resistance).[23] To allow
the system to reach a steady state, the aforementioned potentials
were held for 1 h before the EIS measurement.
In this study, a simplified program was used in which

EIS for selected cycles was only measured under non-
blocking conditions (4.4 V), reducing the impact of poten-
tial hold at high voltage and ensuring reasonable correla-
tion with surface characterization. As such, an equivalent
circuit model (ECM) fitting was performed with a simple
Rsol(Rcontact/Qcontact)(Rpore+CTnon-blocking/Qpore+CT-non-blocking)Q cir-
cuit (Figure 5d), where the first semicircle represents Rcontact and
the second semicircle represents a convolution of Rpore and RCT,
referred to as Rcathode.
Although the model has been simplified, electrolyte degrada-

tion is expected to contribute to both Rpore and RCT; fragments
from electrolyte degradation will partially block the electrode
pores, reducing the effective electrolyte conductivity (increased
Rpore), and species deposited at the surface will impede charge
transfer (increased RCT). Increases in Rcathode can, therefore, still
provide information about the effects of electrolyte degradation
and CEI build-up on cell impedance and voltage polarization. Fi-
nally, the tail is modeled with a constant phase element (Q) rather
than a Warburg element (W), where W represents semi-infinite
diffusion.[52] This is because the angle of the tail deviates from
the idealized 45° angle. Such deviation in the tail angle indicates
restricted (finite), non-ideal diffusion into the electrode.[52]

To first demonstrate the influence of the impedance program
on the recorded resistances, the simplified program (EIS@4.4 V
for selected cycles) is compared to the detailed program (EIS@4.4
V+4.9 V, every cycle), with LNMO as a case study (see Experimen-
tal Methods in the Supporting Information for full details). Note
that the same ECM is applied to both datasets to compare Rsol,
Rcontact, and Rcathode.

Adv. Funct. Mater. 2025, e01660 e01660 (10 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Resistance evolution in spinel/Li/Li three-electrode half-cells (50 °C, 1C, 3.5–4.9 V) from EIS collected at 4.4 V (discharge) for a) LNMO using
the detailed program, b) LNMO using the simplified program, and c) a comparison of LNMO and Mg0.05 using the simplified program. The detailed
program measures EIS at 4.9 V and 4.4 V (discharge) for each cycle, whereas the simplified program measures EIS at 4.4 V for selected cycles. Although
the detailed program collects multiple datasets per cycle, only data that correspond to those collected by the simplified program are presented in (b).
EIS fitting performed using the equivalent circuit model (d).

Comparing the resistance evolution when using the detailed
vs. simplified program reveals two important findings: the first
observation is the impact of program choice on the dominant
source of resistance. When using the detailed program, the evo-
lution of resistances correlates well with that previously reported
by Pritzl et al.[23] In this case, Rcontact is the dominant source of
resistance, Rcathode increased much less, and Rsol remained con-
stant (Figure 5a). When the program is simplified to limit time
at high voltage, Rcathode dominates the increases in resistance,
while Rcontact increases less and Rsol remains relatively constant
(Figure 5b). This can be explained by the continuous formation of
HF in the high-voltage region, which is known to corrode the cur-
rent collector.[10] This will be more problematic when using the
detailed program, i.e., the longer time spent at high voltage, the
greater Rcontact will be compared to the simplified program. Fur-
thermore, the CEI layer is prone to degradation and is known to
be unstable in the high-voltage region.[35] The longer time spent
at high voltage is therefore expected to result in a lower Rcathode
when using the detailed program, as the CEI degrades. When us-
ing the simplified program, protecting both the current collector
and the CEI from corrosion at high voltage results in inverse con-

tributions to resistance, lowering Rcontact while allowing Rcathode to
make a larger contribution.
The second observation is that the magnitude of total resis-

tance at selected cycles is greater when using the detailed pro-
gram. In this regard, we acknowledge the limitations of using
a simplified program and how protecting the system from the
effects of high-voltage operation will ultimately result in lower
reported resistances. However, we also demonstrate the impor-
tance of matching the time scale of the impedance program to
the time scale used for ex situ characterization.
The simplified program was used to monitor and compare

the evolution of Rsol, Rcontact, and Rcathode for LNMO and Mg0.05
(Figure 5c). Both samples had relatively low and comparable Rsol
and Rcontact. However, notable differences in Rcathode are observed
over 300 cycles. During the first 100 cycles, Mg0.05 has a higher
Rcathode than LNMO, yet the magnitude of the Rcathode for Mg0.05
remains relatively constant. However, with continued cycling,
Mg0.05 experiences a steady increase in Rcathode. LNMO, on the
other hand, shows a significantly lower Rcathode during the initial
100 cycles. However, unlike Mg0.05, LNMO experiences an in-
crease in Rcathode that lasts throughout cycling. The rate at which

Adv. Funct. Mater. 2025, e01660 e01660 (11 of 13) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Rcathode increases is greater for LNMO. EIS measurements cor-
relate well with ex situ HAXPES characterization, with Mg0.05
showing a stable surface layer during the initial cycles, followed
by a marginal increase in surface layer thickness after 300 cycles.
The higher initial Rcathode for Mg0.05 is most likely due to the
denser CEI that forms on the electrode surface before cycling.
However, the stability of the Rcathode during the first 100 cycles
demonstrates the protective nature of this surface, and the in-
crease in cell impedance correlates well with the slight thicken-
ing of the CEI observed for Mg0.05-300. In contrast, the unstable
surface layer observed on LNMO during initial cycling leaves the
surface subject to continuous degradation, increasing Rcathode.

5. Conclusion

This work aims to reveal the improved stability of the cathode
electrolyte interphases that form on cation-substituted LNMO
cathodes, as previously hypothesized in the literature. Fe and
Mg are used as Earth-abundant substituents, offering varying de-
grees of improvement to the capacity retention of LNMO under
accelerated aging conditions, i.e., marginal improvements for Fe
(88%) and more notable improvements for Mg0.05 (94%). The
degradation rate for all samples was most severe during initial
cycling (cycles 1‒50), and while Mg and, to some extent, Fe can
initially delay the degradation rate, all samples experience similar
degradation in later cycles (cycles 50‒300). Reduced degradation
during initial cycles for Mg0.05 has many possible origins, and
this work demonstrates the improved stability of the Mg0.05 sur-
face to be one of the causes for improvement.
Changes in the oxygen electronic structure at the surface

suggest that LNMO and Fe0.05 are likely to undergo some
bulk/surface structural rearrangement, which is suppressed for
Mg0.05. The improved surface structure for Mg0.05 could be at-
tributed to a higher concentration of Li-site defects, which can
inhibit TM migration. Longer cycling results in an increase in
Mn4+ ions for all the samples (sXAS), which may be due to ac-
tive material loss or Mn3+ ion disproportionation, leading to loss
of Mn3+/4+-related capacity. Ni2+/4+ capacity loss is also detected,
along with voltage polarization, and can be attributed to changes
in CEI stability and composition.
The Mg0.05 surface remains stable for the first 100 cycles,

allowing for negligible changes in cell resistance and voltage
polarization. The carbonate-rich CEI on LNMO and Fe0.05, on
the other hand, is shown to be unstable, allowing for continued
degradation, CEI build-up, and increases in cell resistance.
This work also highlights that time spent at high voltage dom-

inates recorded contributions to cell impedance, with increased
time at high voltage resulting in higher contact resistance and
lower cathode resistance, most likely due to HF corrosion of both
the current collector and CEI. High-voltage operation causes a
significant increase in contact resistance, highlighting the need
for alternative corrosion-resistant current collectors. In this work,
however, where the duration at high voltage was limited, cathode
resistance is dominant.
We acknowledge the limitations of the controlled nature of this

study, in which half-cell testing and a limited time at high volt-
age mask the true effects of high-voltage degradation and TM
dissolution. However, we believe that this work provides a foun-
dation for future full-cell surface studies, allowing for the effec-

tive deconvolution of cross-talk effects as well as the surficial
and cycling stability of unsubstituted, Fe-substituted, and Mg-
substituted LNMO.
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