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ent degradation of spinel LiMn2O4

(LMO) and related structures assessed via
manganese- and oxygen-sensitive scanning
electrochemical microscopy†

Dong Ok Kim, a Abhiroop Mishra, a Michelle Zorigt, a Yichen Li, a

Richard T. Haasch b and Joaqúın Rodŕıguez-López *abc

Manganese dissolution has been a long-standing problem that limits the widespread application of Mn-

based Li-ion battery (LIB) cathodes, despite their low cost and high Li storage capacity. The accurate

detection and quantification of species generated during the degradation of Mn-based cathodes, such as

dissolved Mn and evolved lattice oxygen as a function of potential and/or state of charge, are essential

for designing better cathode materials and interfaces. Here, we utilize mercury-based scanning

electrochemical microscopy (SECM) probes that enable the real-time quantitative investigation (∼1 mM

limit of detection) of Mn dissolution near the surface of spinel LiMn2O4 cathodes. Combined with SECM

oxygen detection using Au probes, we characterize both oxygen and Mn loss from the cathode as

a function of cathode potential. Our study reveals two distinct potential regions for Mn dissolution,

where the degradation in the latter region is accelerated by both Mn and oxygen loss from the cathode.

Our methodology also demonstrates that an electrolyte additive, tributyl phosphate (TBP), successfully

suppresses Mn dissolution in the first region at low cathode potential, further supporting the idea of

distinct degradation mechanisms in each region. This work elucidates the complex interplay of acid-

base, interphase formation, and oxygen loss in Mn dissolution mechanisms in operating cathodes as

a function of potential. It also establishes a methodology to investigate degradation processes in

a variety of existing and future Mn-based cathodes and their related structures.
1. Introduction

Li-ion batteries (LIBs) are the favored technology driving the
market toward electried transportation.1 Cathode materials
are critical components of LIBs because they determine both
energy storage capacity and cost-effectiveness.2–4 Manganese
(Mn)-based oxide cathodes are particularly attractive due to
their low toxicity and cost, compared to other transition metal
oxide (TMO) materials.3,5,6 Furthermore, there is increasing
interest in Li-, Mn-rich cathodes, which can deliver specic
capacities of over 250 mA h g−1.7–9 However, Mn dissolution in
these cathodes is a problem that limits their performance and
cycle life.10–13 Mn dissolution not only leads to the loss of the
cathode active material but also accompanies several
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detrimental outcomes. For example, dissolved ions migrate and
deposit on the anode, accelerating the fading of LIB
performance.13–16

Until now, researchers have relied on bulk methods of
analysis to study dissolved transition metals (TMs) from LIB
cathodes in non-aqueous electrolytes. Inductively coupled
plasma optical emission spectroscopy (ICP-OES), electron
paramagnetic resonance (EPR) spectroscopy, and nuclear
magnetic resonance spectroscopy (NMR) are a few examples
that are commonly employed to study dissolved metals.17–19

However, these methods are typically ex situ in nature, lacking
temporal resolution. Ongoing efforts have focused on devel-
oping in situ congurations that use ultraviolet-visible spec-
troscopy or ICP as detection methods, enabling imaging
capabilities and detection of low levels of Mn dissolution.20,21 A
few in situ studies using electrochemical methods have reported
the potential or cycle number dependence of Mn dissolution, as
assessed in the bulk electrolyte.22–24

Here, we propose that improvements in electrochemical
quantication at low state-of-charge, along with the ability to
detect species related to degradation (such as oxygen) in addi-
tion to Mn, would signicantly enhance our mechanistic
This journal is © The Royal Society of Chemistry 2025
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understanding of Mn dissolutions from LIB cathodes. Extensive
studies have been devoted to investigating the role of oxygen
loss in the degradation of Mn-based cathodes.25–28 Irreversible
lattice oxygen loss during electrochemical charging degrades
cathode performance while accompanying deleterious surface
reconstruction and Mn dissolution.28,29 Studies using X-ray
absorption spectroscopy (XAS) revealed that TM composition
and the oxidation states within TMO cathodes affect the lattice
oxygen stability.30,31 Therefore, understanding the complex
interplay between evolved oxygen and Mn as a function of
cathode potential, with high temporal resolution, is key to
understanding Mn-based cathode degradation.

Spinel LiMn2O4 (LMO) is one of the most classical Mn-based
cathodes which suffers from pronounced Mn dissolution.32,33

The dissolution process from LMO has been intensively inves-
tigated via both experiments and theoretical calculations.34–38 It
is generally believed that Jahn–Teller distortion of high-spin
Mn3+ drives the dissolution within LMO in the lower charging
state.10,14 Trace amounts of water in the electrolyte and the
decomposition of the electrolyte result in the generation of
hydrouoric acid (HF). This aggravates the disproportionation
of Mn3+ to Mn2+ and Mn4+, where Mn2+ is readily soluble in the
conventional carbonate electrolyte.

Countless studies also support that the Mn dissolution rate
increases with decreasing Li content within the LMO structure,
i.e. at a highly charged state.13,22,23 Mn dissolution at a highly
charged state can be associated with surface reconstruction of
the delithiated LMO, l-MnO2. Specically, Tang et al. proposed
that unstable l-MnO2 forms Mn3O4 at the surface upon the
release of oxygen as shown in eqn (1).39,40

3l-MnO2 / Mn3O4 + O2 (1)

Since 1/3 of Mn-ions in Mn3O4 are Mn2+ ions which are
soluble in the conventional carbonate electrolyte, this phase can
contribute to Mn dissolution from LMO. These previous studies
all indicate that dissolution and degradation of LMO depend on
the state-of-charge and involve the complex interplay of Mn,
oxygen loss, and interface formation.

Scanning electrochemical microscopy (SECM) is a powerful
tool to probe various processes taking place at the interface of
battery electrode–electrolyte.17,41–43 SECM positions an ultra-
microelectrode (UME) tip close to the substrate, i.e., the battery
material of interest, and measures various transient processes
happening at the interface between the substrate and the
electrolyte.42,44–46 Its versatility lies in the fact that one can
choose an appropriate UME as a probe depending on the
phenomenon of interest. Previously, researchers have employed
mercury (Hg)-based SECM probes to study the kinetics of ion
(de)intercalation and quantify ionic species.45,47,48 Gossage et al.
correlated Li+ ux with SEI formation at the HOPG interface at
varying (de)intercalation potentials.46 Hatami et al. used a Hg
SECM probe to quantify Mn2+ species in non-aqueous solution
using anodic stripping voltammetry.49

In this work, we employ SECM as an in situ tool to enable
real-time quantitative investigation of the degradation of LMO
as a LIB cathode. Hg-based SECM probes allowed selective
This journal is © The Royal Society of Chemistry 2025
investigation of the Mn dissolved from the cathode with
exceptional sensitivity and temporal resolution (Fig. 1a), while
Au SECM probes were used to detect oxygen loss from the
cathode. Furthermore, we illustrate the suppression of Mn
dissolution upon the addition of an electrolyte additive, TBP,
highlighting the versatility of the SECMmethod in investigating
various parameters and processes that affect the Mn dissolu-
tion. While the additive was effective at mitigating Mn disso-
lution at low state-of-charge, the dissolution was accelerated as
charging proceeded. By quantitatively analyzing the degrada-
tion products from LMO, we elucidate the potential dependent
degradation of Mn-based cathodes, identifying distinct regimes
and their relation to oxygen loss.

2. Experimental
2.1 Materials

LiMn2O4 (LMO, electrode sheet, aluminum substrate) was
purchased from NEI Corporation. All chemicals were purchased
from commercial sources. Ethylene carbonate (EC, anhydrous,
99%), propylene carbonate (PC, anhydrous, 99.7%), lithium
hexauorophosphate (LiPF6, battery grade, 99.99%), tetrabuty-
lammonium hexauorophosphate (TBAPF6, 98%), 7,7,8,8-tet-
racyanoquinodimethane (TCNQ, 98%), tributyl phosphate
(TBP, 99%), hydroxymethylferrocene (FcMeOH, 97%), mercu-
ry(II) nitrate monohydrate (99.99% trace metal basis), manga-
nese bis(triuoromethanesulfonate) (Mn(TFSI)2), and
manganese(II, III) oxide were all purchased from Sigma-Aldrich.
Manganese(IV) oxide (activated) was purchased from Alfa Aesar.

2.2 Working electrode fabrication

Hg UMEs were fabricated following the procedure described in
the previous report.48 In short, platinum (Pt) disc UMEs were
made by sealing a Pt wire (radius = 12.5 mm) in a borosilicate
glass capillary. Then, the Pt wire was etched electrochemically
by applying an AC waveform of 2.70 V with a variac between a Pt
UME and a carbon rod for 20 seconds. The etching solution was
30 v% sat. CaCl2 in 10 v% HCl in H2O and the etching process
was carried out under ultrasonic agitation. The etching depth of
the discwell formed was characterized by measuring changes in
the limiting current for electrolysis of hydroxymethylferrocene
solution via chronoamperometry and cyclic voltammetry (CV) of
the UME before and aer the etching process (Fig. S1†).50 Then,
the Hg deposition was done potentiostatically at +0.1 V (vs. Ag/
AgCl, 3 M KCl) in 10 mM Hg(NO3)2$H2O + 0.1 M KNO3 in H2O
until the deposition current reached 120 nA. The excess Hg was
removed using a glass coverslip which results in a leveled Hg
discwell ultramicroelectrode (Hg UME). It is worth noting that
the amount of Hg deposited on the UME is minimal due to its
small size, typically in the order of ∼500 pL for the electrode-
positions in this study.

2.3 Electrochemical measurements

For the Hg UME fabrication process, a CHI760D bipotentiostat
(CH Instruments, Inc.) was used with Ag/AgCl as a reference
electrode and a tungsten (W) wire as a counter electrode. All
J. Mater. Chem. A, 2025, 13, 10540–10549 | 10541
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Fig. 1 Mn detection using Hg UMEs. (a) Hg UME based-SECM setup in non-aqueous electrolyte which allows selective detection of Mn2+ from
the operating LMO cathode. (b) CV of Mn2+ ions in 1 M LiPF6 PC : EC (1 : 1) solution. The cathodic peak observed during the initial reductive sweep
corresponds to the amalgamation of Mn2+ while the anodic peak corresponds to the stripping of Mn2+ back to the bulk solution. (c) Calibration
curve obtained from ASVmeasurements with a 5-minute amalgamation time. The error bars and LOD are derived from the standard deviation of
the three measurements. The stripping current for each concentration is shown in the inset.
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other electrochemical measurements were conducted using
a CHI920D scanning electrochemical microscope (CH Instru-
ments, Inc.) inside a glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm).

For SECM measurements, a standard Teon SECM cell was
assembled with a fresh cathode and transferred inside the
glovebox. A Li metal strip and Pt wire were used as a reference
electrode and a counter electrode, respectively. The fabricated
Hg UME was positioned ∼15 mm away from the cathode by
applying a constant potential (3.0 V vs. Li+/Li) to obtain an
approach curve with a TCNQ redox mediator. Then, the UME
was retracted 1.0 mm and the cell was rinsed ten times with
fresh propylene carbonate (PC) solution to remove any TCNQ
le in the cell. For the Mn dissolution experiment, 1 M LiPF6
PC : EC (1 : 1 v/v) solution with and without the TBP additive was
added to the cell and the UME was returned to the position
close to the cathode. For oxygen detection, 0.1 M TBAPF6 in PC :
EC (1 : 1 v/v) solution was added to the cell.
2.4 X-ray photoelectron spectroscopy (XPS) measurements

XPS measurements were performed with a Kratos Supra+ X-ray
photoelectron spectrometer (Kratos Analytical, Inc., Man-
chester, U.K), usingmonochromatic Al Ka radiation (1486.6 eV).
Cycled electrodes were mounted on the XPS sample holder in an
10542 | J. Mater. Chem. A, 2025, 13, 10540–10549
Ar lled glovebox (O2, H2O # 0.1 ppm) and then taken to the
instrument in an air-tight container. Spectra were calibrated
against the sp2 carbon peak at 284.5 eV associated with the
Super P carbon additive within the composite electrode. Then,
they were tted with Gaussian–Lorentzian (GL) line shapes.
Atomic concentrations within samples were determined via
integration of tted XPS spectra that were adjusted for atomic
relative sensitivity factors (RSFs).
2.5 Scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDX), and X-ray diffraction (XRD)
measurements

SEM/EDX was conducted with a Hitachi S4800 at an acceler-
ating voltage of 5 kV. EDX was performed in the same system
with an Oxford Instruments Ultim Max 100 mm2 large silicon
area dri detector. Ex situ XRD was conducted with a Rigaku
MiniFlex 600 X-ray diffractometer. The X-ray source was Cu Ka
(l = 1.5418 Å) operated at 40 kV and 15 mA. The measurements
were conducted with 0.02 degree step increments with 4-second
acquisition per step. All charged cathode samples were rinsed
with PC to remove the residual electrolyte and then dried under
vacuum overnight before the characterization.
This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion

First, we evaluated the sensitivity of the Hg UME in detecting
Mn-ion in LIB electrolyte. Fig. 1b illustrates a typical CV in
a three-electrode cell conguration, consisting of a 12.5 mm
radius Hg UME as a working electrode, Pt wire as a counter, and
Li-metal strip as a reference. For this study, various concentra-
tions of Mn(TFSI)2 were dissolved in 1 M LiFP6 PC : EC. When
a reductive potential (1.6 V vs. Li+/Li) is applied, Mn2+ ions
amalgamate into the Hg phase of the UME (Fig. 1b). Upon
sweeping back to the oxidative potential, Mn2+ ions are stripped
back into the solution, with a peak centered at around 2.05 V.
While released products from the cathode, such as Li ions, are
expected, this strategy provides a selective way to detect only the
amalgamated Mn2+ (Fig. S2a†).

We carried out anodic stripping voltammetry (ASV) by
amalgamating Mn2+ at 1.6 V for several minutes, followed by
stripping of the ions back to the solution. Both 4 mM and 8 mM
Mn2+ solutions showed a good linear relationship (R2 > 0.99)
between the amalgamation time and the stripping charge (Fig.
S2b†). This linear relationship conrms that higher sensitivity
for trace amounts of Mn2+ ions in the solution can be achieved
by extending the amalgamation time. Considering that the ex-
pected amount of Mn2+ ions dissolving from the LMO cathode
is in the order of mM,20,51,52 further ASV measurements were
done using 5 minutes of amalgamation time in 2.25, 4.5, 9, 12,
and 16 mM Mn(TFSI)2 solutions. ASV with 5 minutes of amal-
gamation time resulted in a limit of detection 1 mM (Fig. 1c),
which agrees with the previous ASV study done with Hg UMEs
for lead (Pb) and cadmium (Cd).53 Calibration curves with three
Hg UMEs fabricated on different days yielded a similar slope (m
= 0.31 ± 0.02 nC mM−1), conrming the consistency of the
method (Fig. S3†).

Incorporating the Hg UME in an SECM setup allowed us to
detect low Mn2+ concentrations generated locally at the
cathode–electrolyte interface. Fig. 2a illustrates the SECM setup
for Mn detection from the LMO cathode. It consists of the Hg
UME characterized in Fig. 1 as the working electrode,
a commercial LMO cathode as the second working electrode
(substrate electrode), a Li-metal strip as a reference, and a Pt
wire as a counter electrode. The commercial LMO cathode used
in this experiment was further characterized in the ESI† using
XRD, SEM, and CV (Fig. S4–S6†), conrming its expected
structure, morphology, and activity. The positioning of the Hg
UME was done by obtaining probe approach curves of 2 mM
TCNQ dissolved in 0.1 M TBAPF6 in PC (Fig. 2b). The Hg UME
was positioned approximately 15 mm away from the LMO
cathode. Aer obtaining the approach curve, the solution was
replaced with 1 M LiPF6 PC : EC (1 : 1 v/v) electrolyte. The
cathode was held at the charging potential from 3.5 V to 4.8 V
while the Hg UME was held at the Mn2+ amalgamation potential
(1.6 V) for 5 minutes for the ASV measurement. Then, the
stripping peak was obtained by sweeping the Hg UME potential
from 1.6 V to 3.0 at a scan rate of 0.1 V s−1 (Fig. 2c). ASV at the
Hg UME was repeated at each cathode potential (from 3.5 V to
4.8 V) at intervals of 0.1 V. Each set of ASV measurement
This journal is © The Royal Society of Chemistry 2025
provided us with Mn2+ stripping current that was then inte-
grated to obtain Mn2+ charge collected at the specic charging
potential for LMO (Fig. 2d).

Fig. 3a depicts the average Mn2+ charge measured via SECM
for Mn dissolution as a function of potential. The standard
deviation in these experiments, shown as the shaded areas, can
be primarily attributed to the inherent heterogeneity of the
composite cathodes, which includes inconsistencies in the
mixture of the binder, the active material, and conductive
additives, as well as variations in topology. This variability in
compositions is reected in the EDX mapping at two different
sites (Fig. S8 and Table S2†). In addition, the SECM mapping
technique allowed us to probe the spatial heterogeneity of Mn
dissolution from LMO (Fig. S9†). Quantication of Mn disso-
lution was done by correlating the SECM experimental results
(i.e., current or charge) with nite element COMSOL simula-
tions reecting the ux of Mn2+ required to elicit such
a response (Fig. S7 and Table S1†). The COMSOL model allowed
us to correlate the Mn2+

ux from the cathode and the corre-
sponding Hg UME stripping current from the 5-minute ASV
measurement.

The results in Fig. 3a distinctly resolve two potential regions
where Mn dissolution accelerates, depicted as Region 1 and
Region 2 for low and high potentials, respectively. These results
led us to suspect that different chemical mechanisms are
associated with each of these regions, so we turned to explore
factors that would explicate these behaviors.

To further investigate the potential dependent behavior of
Mn dissolution, we employed an electrolyte additive that is
known to form a cathode–electrolyte interphase and change the
reactions happening at the electrode interface. Recent studies
on electrolyte additives suggest that they mitigate the Mn
dissolution from TMO cathodes.54–59 Li et al. reported TBP as an
electrolyte additive that improves the performance of the
LiNi0.5Mn1.5O4 (LNMO) cathode by hindering the attack of HF
and potentially suppressing the Mn dissolution.60 However, the
direct evidence of it mitigating Mn dissolution and the mech-
anism behind it are lacking. Our method of quantication
supports the previous study by demonstrating the decrease of
Mn dissolution from LMO in the presence of the additive during
the initial charging process. The potential dependent study
illustrates that 1 wt% TBP is effective in suppressing Region 1
dissolution, resulting in a signicant decrease of the cumulative
Mn2+ charge throughout the 1st charging cycle (Fig. 3c and
S10†).

XPS measurements on LMO charged to 4.0 V, at just the
onset of Mn dissolution, indicate that the mitigation of Region
1 dissolution is indeed related to the effect of the additive. F 1s
spectra of LMO cycled in TBP electrolyte demonstrate dimin-
ished LiF (685.4 eV)61,62 compared to that of an electrolyte
without TBP (Fig. 3b). LiF is the main product of LiPF6 hydro-
lysis, along with HF, which aggravates Mn3+ disproportionation.
The diminished LiF suggests that the additive effectively
reduces HF levels within the electrolyte. The P–O bond in
phosphate preferentially breaks upon electrochemical oxida-
tion.54,60 The resulting oxidized molecule, which is Lewis-basic,
serves as an HF scavenger. In addition, P 2p spectra of the TBP
J. Mater. Chem. A, 2025, 13, 10540–10549 | 10543
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Fig. 2 In situMn detection in the SECM configuration. (a) Depiction of the SECM setup for Mn2+ detection with the Hg UME and LMO cathode in
1 M LiPF6 PC : EC (1 : 1) electrolyte. (b) Probe approach curve using TCNQ as a redox mediator. The CV of TCNQ is depicted in the inset. (c) The
potential input at the Hg UME for ASV measurement. (d) Representative final output of the SECM experiment, obtained by integrating the area
under the curve of the Hg UME stripping current.
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sample charged to 4.0 V demonstrate more P–O, P]O compo-
sitions (135 eV), suggesting the incorporation of TBP at the
interphase instead of LiPF6 (Fig. 3d). Owing to the existence of
P–O and P]O bonds, TBP has a high HOMO level, whichmakes
it preferentially oxidized prior to carbonate solvents.60 The
formation of a TBP-derived interphase minimizes the direct
contact of the electrolyte components with the cathode, ulti-
mately diminishing undesired electrolyte oxidation (i.e.,
degradation of LiPF6). This result is also in agreement with O 1s
XPS spectra (Fig. S11†). O 1s spectra of LMO cycled with TBP
exhibit a higher O-cathode peak (529.8 eV) than those of LMO
cycled without it. This suggests that the TBP treated sample
either has lost less lattice oxygen during charging or presents
a thinner cathode–electrolyte interphase as a result of mini-
mized electrolyte degradation. Meanwhile, the XPS spectra of
LMOs charged to 4.8 V are similar regardless of the presence of
the additive (Fig. S11, S12 and Table S3†). This agrees with the
SECM result that demonstrates that the presence of the additive
does not successfully suppress Mn dissolution in Region 2.

The SECM experiment with the electrolyte additive again
suggests two different processes for Mn dissolution. Region 1
lies within the potential window where the nominal oxidation
state of Mn-ions is +3.5. While Region 1 dissolution is more
likely to be correlated with the disproportionation of Mn3+ in
10544 | J. Mater. Chem. A, 2025, 13, 10540–10549
the existence of HF in the electrolyte, Region 2 dissolution may
be governed by a different process. According to the literature,
delithiated LMO, which is also known as l-MnO2, goes under
phase transformation into Mn3O4 on the surface upon
charging.11,38,39 As mentioned earlier, the Mn3O4 phase contains
1/3 Mn2+ ions that are soluble in the electrolyte, causing the
dissolution of Mn-ions from the cathode at high charging
potentials. The formation of the Mn3O4 phase accompanies the
release of oxygen according to eqn (1).

Quantication of lattice oxygen loss during charging of LMO
provides us with better insight into dissolution at Region 2.
Investigation of lattice oxygen loss was done within the SECM
setup following the methodology developed by Mishra et al.63

For this specic measurement, a 12.5 mm radius Au UME was
utilized to detect oxygen released by the substrate via the oxygen
reduction reaction (ORR) at 1.2 V on the UME tip (Fig. 4d). The
cathode was immersed in 0.1 M TBAPF6 electrolyte to avoid the
loss of the UME signal in the presence of Li+, as Mishra et al.63

previously reported. The cathode was potentiostatically biased
from 3.5 V to 4.8 V while the Au UME was used to perform a 20-
second chronoamperometric measurement at each cathode
potential (Fig. 4a and b). Integration of the ORR current at the
UME tip, followed by dividing it by the reduction step time (10
seconds) provided us with the average ORR current at the
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Potential dependent Mn dissolution from LMO and the Mn suppression effect of TBP. (a) Average Mn2+ charge at each LMO potential
throughout the 1st charging cycle. Corresponding Mn2+ flux was quantified using COMSOL simulations. The shaded region around each point
represents the standard deviation of three samples. (b) XPS F 1s spectra of LMO electrodes charged up to 4.0 V with and without TBP. (c) Mn
dissolution as a function of the cathode potential with and without TBP. The shaded region around each point represents the standard deviation
of the three samples. A comparison of cumulative Mn2+ charge during the 1st charging process is depicted in the inset. (d) XPS P 2p spectra of
LMO electrodes charged up to 4.0 V with and without TBP.
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specic cathode potential (Fig. 4c). To quantify the oxygen loss,
a COMSOL model from the previous work on oxygen detection
via the ORR was used.63 The increase in the Au UME signal
beyond 4.0 V supports that the degradation of LMO at Region 2
is accelerated by both Mn and oxygen loss (Fig. 4e). Further-
more, phase transformation of l-MnO2 into Mn3O4 correlates
with the increase of both Mn and oxygen loss at high charging
potential.

To conrm that phase transformation of l-MnO2 contributes
to oxygen and Mn loss in Region 2, we quantied both species
(i.e. oxygen and Mn) from Mn3O4 and l-MnO2 using SECM. We
should note, however, that these samples were prepared using
a slurry method with vendor-bought active particles, which are
distinct from the commercial LMO and the phases formed
during the subsequent charging process. Furthermore, despite
our efforts, signicant heterogeneity in the response of these
samples for both oxygen and Mn detection was observed,
This journal is © The Royal Society of Chemistry 2025
meaning that our results primarily indicate trends. Au UME
oxygen measurements from Mn3O4 held at 4.2 V resulted in
a negligible response, compared to l-MnO2, which signicantly
evolved oxygen for the rst 10 minutes (Fig. S13 and Table S4†).
The decrease in UME current over time can be due to the limited
amount of oxygen released from this phase at 4.2 V. Thus, we
can conrm that the transformation of delithiated LMO (l-
MnO2) mainly contributes to the oxygen measured at the Au
UME from Region 2. Mn dissolution measurements on l-MnO2

and Mn3O4 showed distinctly opposite trends (Fig. S14 and
Table S4†). Although both electrodes displayed inconsistencies
in the amount of Mn dissolved under open circuit conditions,
likely due to Mn2+ formed during slurry preparation, Mn3O4

showed increasing dissolution beyond 4.2 V. On the other hand,
there was no measurable Mn dissolving from the l-MnO2

electrode with applied potentials between 4.2 and 4.6 V. This set
of SECM experiments provides insight into the LMO
J. Mater. Chem. A, 2025, 13, 10540–10549 | 10545
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Fig. 4 In situ oxygen detection via SECM and the comparison of Mn and oxygen dissolved from LMO. (a) Input potential waveform at the Au UME
and (b) the current output at the Au UME. (c) The final output of the SECM experiment obtained by integrating the charge and then dividing by the
reduction step time. The values are averaged over three sets of experiments, and the shaded area represents the standard deviation of the
measurements. (d) SECM setup for oxygen detection with the Au UME and LMO cathode in 0.1 M TBAPF6 PC : EC electrolyte. (e) Average Mn2+

charge and ORR current at each LMO potential throughout the 1st charging cycle.
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degradation taking place in Region 2 and the distinct contri-
butions of relevant phases of LMO to oxygen and Mn loss at
high state-of-charge.
4. Conclusions

In summary, we developed a SECM method to quantify Mn
dissolution in situ from LMO as a model Mn-based LIB cathode
in non-aqueous electrolyte. Our study demonstrates high
temporal resolution and the excellent detection sensitivity (∼1
mM limit of detection) allowed by the SECM setup and Hg UME.
We demonstrate SECM as a versatile tool for investigating
various parameters to effectively mitigate the dissolution, as
specically shown with the use of an electrolyte additive such as
TBP. Comparing Hg UME measurements with an additional
SECM method for oxygen detection in nonaqueous media, we
identied potential dependent oxygen loss from the cathode as
an additional mechanism of sample degradation, alongside Mn
dissolution. Our results revealed two distinct potential regimes
for Mn dissolution from LMO, termed Region 1 and Region 2,
which suggests two different mechanisms driving the cathode
10546 | J. Mater. Chem. A, 2025, 13, 10540–10549
degradation: one driven by Mn3+ disproportionation catalyzed
by HF generation and another driven by the phase trans-
formation of delithiated LMO accompanied by oxygen evolu-
tion. This distinction was further supported by the mitigated
Mn loss from Region 1 upon the addition of TBP, which
suppresses the HF generation at the interface, as well as the
direct observation of increasing oxygen loss in Region 2. Over-
all, our in situmethod sheds light on elucidating the dissolution
mechanism in an operating battery electrode and holds possi-
bility in investigating degradation mechanisms in various Mn-
based LIB cathodes including Li-, Mn-rich cathodes. Further-
more, this method can be extended to new and existing mate-
rials in which the versatility of Hg UMEs could offer answers to
transition metal dissolution under various conditions and in
different media.
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Most data supporting the ndings of this study are available
from the main text of this article and its ESI.† All experimental
data can be found in the ESI le ‘Raw Data.rar’.
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta08967g


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/3

1/
20

26
 1

2:
25

:2
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Author contributions

D. K., A. M. and J. R.-L. conceptualized the idea. D. K. planned,
executed the experiments, contributed to the validation, and
wrote the manuscript. A. M. contributed to data curation and
formal analysis. M. Z. and Y. L. contributed to investigation and
visualization. R. T. H. executed XPS measurements. J. R.-L.
supervised the work, procured funding, and edited and
reviewed the manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This material is based upon the work supported by the National
Science Foundation under CHE Award No. 2404245. Portions of
this work were carried out in part in the Materials Research
Laboratory Central Research Facilities, University of Illinois.
The authors acknowledge the use of facilities and instrumen-
tation at theGeorge L. Clark X-ray Facility, University of Illinois.
D. K. acknowledges Yunkyu Choi for his assistance with the
electrode preparation.
References

1 M. Winter, B. Barnett and K. Xu, Before Li Ion Batteries,
Chem. Rev., 2018, 118(23), 11433–11456, DOI: 10.1021/
acs.chemrev.8b00422.

2 S. Lee and A. Manthiram, Can Cobalt be Eliminated from
Lithium-Ion Batteries?, ACS Energy Lett., 2022, 7(9), 3058–
3063, DOI: 10.1021/acsenergylett.2c01553.

3 J. Ma, T. Liu, J. Ma, C. Zhang and J. Yang, Progress,
Challenge, and Prospect of LiMnO2: An Adventure toward
High-Energy and Low-Cost Li-Ion Batteries, Adv. Sci., 2024,
11(2), 2304938, DOI: 10.1002/advs.202304938.

4 A. Manthiram, A Reection on Lithium-Ion Battery Cathode
Chemistry, Nat. Commun., 2020, 11(1), 1550, DOI: 10.1038/
s41467-020-15355-0.

5 S. Liu, B. Wang, X. Zhang, S. Zhao, Z. Zhang and H. Yu,
Reviving the Lithium-Manganese-Based Layered Oxide
Cathodes for Lithium-Ion Batteries, Matter, 2021, 4(5),
1511–1527, DOI: 10.1016/j.matt.2021.02.023.

6 M. M. Thackeray and K. Amine, LiMn2O4 Spinel and
Substituted Cathodes, Nat. Energy, 2021, 6(5), 566, DOI:
10.1038/s41560-021-00815-8.

7 P. K. Nayak, E. M. Erickson, F. Schipper, T. R. Penki,
N. Munichandraiah, P. Adelhelm, H. Sclar, F. Amalraj,
B. Markovsky and D. Aurbach, Review on Challenges and
Recent Advances in the Electrochemical Performance of
High Capacity Li- and Mn-Rich Cathode Materials for
Li-Ion Batteries, Adv. Energy Mater., 2018, 8(8), 1702397,
DOI: 10.1002/aenm.201702397.

8 H. Li, R. Fong, M. Woo, H. Ahmed, D.-H. Seo, R. Malik and
J. Lee, Toward High-Energy Mn-Based Disordered-Rocksalt
This journal is © The Royal Society of Chemistry 2025
Li-Ion Cathodes, Joule, 2022, 6(1), 53–91, DOI: 10.1016/
j.joule.2021.11.005.

9 Z. Lun, B. Ouyang, Z. Cai, R. J. Clément, D.-H. Kwon,
J. Huang, J. K. Papp, M. Balasubramanian, Y. Tian,
B. D. McCloskey, H. Ji, H. Kim, D. A. Kitchaev and
G. Ceder, Design Principles for High-Capacity Mn-Based
Cation-Disordered Rocksalt Cathodes, Chem, 2020, 6(1),
153–168, DOI: 10.1016/j.chempr.2019.10.001.

10 H. Y. Asl and A. Manthiram, Reining in Dissolved Transition-
Metal Ions, Science, 2020, 369(6500), 140–141, DOI: 10.1126/
science.abc5454.

11 T. Liu, A. Dai, J. Lu, Y. Yuan, Y. Xiao, L. Yu, M. Li, J. Gim,
L. Ma, J. Liu, C. Zhan, L. Li, J. Zheng, Y. Ren, T. Wu,
R. Shahbazian-Yassar, J. Wen, F. Pan and K. Amine,
Correlation between Manganese Dissolution and Dynamic
Phase Stability in Spinel-Based Lithium-Ion Battery, Nat.
Commun., 2019, 10(1), 4721, DOI: 10.1038/s41467-019-
12626-3.

12 A. Bhandari and J. Bhattacharya, Review—Manganese
Dissolution from Spinel Cathode: Few Unanswered
Questions, J. Electrochem. Soc., 2017, 164(2), A106–A127,
DOI: 10.1149/2.0101614jes.

13 J. Wandt, A. Freiberg, R. Thomas, Y. Gorlin, A. Siebel,
R. Jung, H. A. Gasteiger and M. Tromp, Transition Metal
Dissolution and Deposition in Li-Ion Batteries Investigated
by Operando X-Ray Absorption Spectroscopy, J. Mater.
Chem. A, 2016, 4(47), 18300–18305, DOI: 10.1039/
c6ta08865a.

14 C. Zhan, T. Wu, J. Lu and K. Amine, Dissolution, Migration,
and Deposition of Transition Metal Ions in Li-Ion Batteries
Exemplied by Mn-Based Cathodes – a Critical Review,
Energy Environ. Sci., 2018, 11(2), 243–257, DOI: 10.1039/
c7ee03122j.

15 D. R. Vissers, Z. Chen, Y. Shao, M. Engelhard, U. Das,
P. Redfern, L. A. Curtiss, B. Pan, J. Liu and K. Amine, Role
of Manganese Deposition on Graphite in the Capacity
Fading of Lithium Ion Batteries, ACS Appl. Mater.
Interfaces, 2016, 8(22), 14244–14251, DOI: 10.1021/
acsami.6b02061.

16 Z. Zhang, S. Said, A. J. Lovett, R. Jervis, P. R. Shearing,
D. J. L. Brett and T. S. Miller, The Inuence of Cathode
Degradation Products on the Anode Interface in Lithium-
Ion Batteries, ACS Nano, 2024, 18(13), 9389–9402, DOI:
10.1021/acsnano.3c10208.

17 D. Huang, C. Engtrakul, S. Nanayakkara, D. W. Mulder,
S.-D. Han, M. Zhou, H. Luo and R. C. Tenent,
Understanding Degradation at the Lithium-Ion Battery
Cathode/Electrolyte Interface: Connecting Transition-Metal
Dissolution Mechanisms to Electrolyte Composition, ACS
Appl. Mater. Interfaces, 2021, 13(10), 11930–11939, DOI:
10.1021/acsami.0c22235.

18 J. C. Hestenes, J. T. Sadowski, R. May and L. E. Marbella,
Transition Metal Dissolution Mechanisms and Impacts on
Electronic Conductivity in Composite LiNi0.5Mn1.5O4

Cathode Films, ACS Mater. Au, 2023, 3(2), 88–101, DOI:
10.1021/acsmaterialsau.2c00060.
J. Mater. Chem. A, 2025, 13, 10540–10549 | 10547

https://doi.org/10.1021/acs.chemrev.8b00422
https://doi.org/10.1021/acs.chemrev.8b00422
https://doi.org/10.1021/acsenergylett.2c01553
https://doi.org/10.1002/advs.202304938
https://doi.org/10.1038/s41467-020-15355-0
https://doi.org/10.1038/s41467-020-15355-0
https://doi.org/10.1016/j.matt.2021.02.023
https://doi.org/10.1038/s41560-021-00815-8
https://doi.org/10.1002/aenm.201702397
https://doi.org/10.1016/j.joule.2021.11.005
https://doi.org/10.1016/j.joule.2021.11.005
https://doi.org/10.1016/j.chempr.2019.10.001
https://doi.org/10.1126/science.abc5454
https://doi.org/10.1126/science.abc5454
https://doi.org/10.1038/s41467-019-12626-3
https://doi.org/10.1038/s41467-019-12626-3
https://doi.org/10.1149/2.0101614jes
https://doi.org/10.1039/c6ta08865a
https://doi.org/10.1039/c6ta08865a
https://doi.org/10.1039/c7ee03122j
https://doi.org/10.1039/c7ee03122j
https://doi.org/10.1021/acsami.6b02061
https://doi.org/10.1021/acsami.6b02061
https://doi.org/10.1021/acsnano.3c10208
https://doi.org/10.1021/acsami.0c22235
https://doi.org/10.1021/acsmaterialsau.2c00060
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta08967g


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/3

1/
20

26
 1

2:
25

:2
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
19 J. P. Allen, C. A. O'Keefe and C. P. Grey, Quantifying
Dissolved Transition Metals in Battery Electrolyte Solutions
with NMR Paramagnetic Relaxation Enhancement, J. Phys.
Chem. C, 2023, 127(20), 9509–9521, DOI: 10.1021/
acs.jpcc.3c01396.
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