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% Check for updates Mn dissolution has been along-standing, ubiquitous issue that negatively

impacts the performance of Mn-based battery materials. Mn dissolution
involves complex chemical and structural transformations at the
electrode-electrolyte interface. The continuously evolving electrode-
electrolyte interface has posed great challenges for characterizing the
dynamicinterfacial process and quantitatively establishing the correlation
with battery performance. In this study, we visualize and quantify the
temporally and spatially resolved Mn dissolution/redeposition (D/R)
dynamics of electrochemically operating Mn-containing cathodes. The
particle-level and electrode-level analyses reveal that the D/R dynamics is
associated with distinct interfacial degradation mechanisms at different
states of charge. Our results statistically differentiate the contributions of
surface reconstruction and Jahn-Teller distortion to the Mn dissolution

at different operating voltages. Introducing sulfonated polymers (Nafion)
into composite electrodes can modulate the D/R dynamics by trapping the
dissolved Mn species and rapidly establishing local Mn D/R equilibrium.
This work represents an inaugural effort to pinpoint the chemical and
structural transformations responsible for Mn dissolution viaan operando
synchrotron study and develops an effective method to regulate Mn
interfacial dynamics for improving battery performance.

Mn-containing battery materials can increase sustainability and
reduce the cost of mass-produced rechargeable batteries' °. However,
most of these materials can undergo degradation due to the inter-
play between Jahn-Teller (J-T) distortion in active Mn species and
irreversible structural changes during battery operation’". Many of
the degradation processes originate at the electrochemical interface

and are interconnected at the nanometric scale'> . Understanding
the relationships between different interfacial processes (that is,
particle-to-particle and particle-to-electrolyte relationship) hasbeen
along-standing challenge for the battery community. In commercial
non-aqueous Li-ion batteries, the high vapour pressure of non-aqueous
solvents and air-sensitive salt prohibit the observation of interfacial
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evolution under operating conditions. As such, most previous stud-
ies utilized ex situ characterizations to probe the electrode surface
after cycling®*™'8, lacking temporal resolution. Furthermore, in situ
techniques such as transmission electron microscopy (TEM) show
excellenttemporal and spatial resolution but typically lack the statisti-
cal specificity foracomplex and heterogeneous electrode surface’*°.
Thus, particle and electrode heterogeneities were rarely considered,
although they play an important role in the degradation mechanism
and battery performance. Therefore, a multidimensional operando
investigation of Mn-based cathodes is urgently needed to statistically
elucidate the dynamics of cathode surface and degradation mecha-
nisms with temporal and spatial resolution.

Spinel LiMn,O, (LMO) represents one of the most classical
Mn-based cathodes in rechargeable Li-ion batteries* . During bat-
tery cycling, the electrochemicalinterface deviates fromequilibrium,
resulting in various interfacial degradations. It is widely argued that
drivenby Mn**]J-T distortion and 2Mn*" > Mn?* + Mn** disproportiona-
tion, LMO suffers from pronounced Mn dissolution accelerated by
the proton at the electrode-electrolyte interface, which aggravates
the electrolyte decomposition and impedance growth on the anode
surface™*”. The dissolution can also be associated with surface recon-
struction’®, that is, the formation of Mn,0,, layered or rocksalt phases,
at higher voltages (>4.2 V versus Li/Li")**. However, the interplay
between distinct mechanisms remains elusive and calls for a more
comprehensive study.

Mn redeposition is another crucial issue that is even more insuf-
ficiently investigated. Dissolved metal cations can deposit onto the
electrode surface under an electric field®”. lon speciation across the
electrochemicalinterface, especially metal dissolution/redeposition
(D/R) dynamics, will further modify the chemistry and structure of
electrode surfaces, giving rise to varied cell performances and making
the surface analysis highly challenging®**'. Tracking D/R dynamics
attheelectrode level canreveal the metal dissolution mechanism and
quantitatively correlate the Mn loss with performance decay. Although
theinfluences of dissolved Mn on the properties of battery components
(that is, cathode, anode and electrolyte) have attracted extensive
research attention”*"*2, the metal D/R dynamics and mechanisms at dif-
ferent states of charge (SOCs) are poorly understood because reactions
are spatially confined at the electrochemical interface and dynamically
evolve, imposing challenges for experimental measurements.

Theregulation and suppression of Mn dissolution constitutes an
important factorinpractical applications of Mn-based cathodes. Trap-
ping the dissolved Mn species via coating to manipulate the Mn D/R
dynamicsisapromising direction but lacks exploration. Considering
that the sulfonate groups in a polymer can coordinate with transition
metal cations and affect the transport kinetics of different ions***,
introducing foreign polymer additives into Mn-based cathodes is a
potential approach to effectively inhibit Mn dissolution.

Since LMO has decent structural integrity in neutral water at the
pristine state, the LMO-based electrode operated in a dilute aqueous
electrolyte offers a desirable platform for the operando observation
of Mn D/R dynamics. Therefore, in this work, we report the real-time
visualization and quantification of D/R dynamics with single-particle
resolution and electrode-scale statistical analyses. We reveal the
SOC-dependent Mn dissolution mechanisms of LMO cycled in an
aqueous electrolyte. J-T distortion is the root cause for Mn dissolu-
tion at low SOCs (<1.0 V versus Ag/AgCl). When the voltage is higher
than 1.0 V versus Ag/AgCl, surface reconstruction and J-T distor-
tion coexist and impose different effects on Mn dissolution. Specifi-
cally, surface-reconstruction-induced Mn dissolution dominates the
medium-voltage range (MV) (1.00-1.20 V versus Ag/AgCl), and the
J-T-distortion-induced Mn dissolution governs the high-voltage range
(HV) (1.20-1.55 V versus Ag/AgCl). Sulfonated tetrafluoroethylene
(that is, Nafion), present at the surface of active particles, strongly
coordinates with dissolved Mn cations, reduces proton conductivity,

and improves cell kinetics and cycle life. The present study creates
insights into manipulating Mn D/R dynamics at the electrochemical
interface for rechargeable batteries.

Dynamic Mn D/R behaviours during
electrochemical cycling

We choose a2 Mlithiumbis(trifluoromethanesulfonyl)imide (LiTFSI)
aqueous electrolyte to investigate the Mn D/R dynamics in the LMO
electrode. Such a dilute electrolyte can accelerate Mn dissolution to
a quantifiable concentration within a short cycling period, allowing
for in situ and operando studies. Figure 1a shows the cyclic voltam-
metry (CV) data of phase-pure LMO (Supplementary Fig. 1), witha
pair of oxidation/reduction peaks corresponding to the Mn*/Mn**
redox couple. The high current density near the upper-cutoff voltage
is collectively contributed by the Mn oxidation reaction and oxygen
evolution reaction (OER). Materials degradation can be observed by
the gradual peak current decay within 15 cycles. We then applied the
in situ X-ray fluorescence microscopy (XFM) method* to track Mn
distributionat the electrode level throughout electrochemical cycling
(Extended Data Fig.1). The pristine drop-cast LMO electrode shows a
heterogeneous Mn distribution (Fig. 1b) with some aggregated regions.
Due to Mn dissolution, continuous CV cycling lowers the intensity of
the high-concentrationregions and reduces the overall heterogeneity
of Mndistribution. We then program the dataacquisition time for each
XFM map to be identical to the time needed for each CV cycle, which
allows ustotrack the net Mn concentration change following eachcycle.
We observe that the Mn concentration exhibits amonotonic decrease
withinthefirst ten cycles and then becomes stabilized in the following
cycles (Fig.1c). The net concentration change presented here reflects
that the Mn D/R process favours dissolution until an equilibrium is
reached after ten CV cycles.

We subsequently programthe data acquisition time for each XFM
map to belonger thanthe time needed for each CV cycle, which allows
each XFM map to cover more than one complete CV cycle. The Mn
concentration exhibits non-monotonic fluctuations (Fig. 1d), which sug-
geststhe voltage-dependent D/R behaviours. Indeed, when we perform
chronoamperometry (CA) measurements at different potentials, the Mn
concentration decreases at the positive potential (0.9 V) and increases
atthe negative potential (-0.1V) (Supplementary Figs. 2 and 3).

We further conduct pixel-by-pixel mathematical subtractions
between neighbouring maps (Supplementary Fig. 4) to obtain spatially
resolved Mn concentration changes between adjacent CV cycles. The
negative and positive concentration changes correspond to Mn net
concentration loss (dissolution > redeposition) and net concentra-
tion gain (redeposition > dissolution) between neighbouring maps,
respectively (Fig. 1e). The subtraction between the second and third
cycleyields abroader and more negatively shifted histogram, indicat-
ingthat Mn D/Ris more heterogeneous and thereis anet Mn concentra-
tion loss during the early cycles. In contrast, subtraction between the
fourteenth and fifteenth cycle yields a narrower histogram centred
at a 0% relative concentration change. A comparison between the
two subtractions further demonstrates a more pronounced dissolu-
tion behaviour during early cycles, consistent with the datain Fig. 1c.
Since LMO particles are susceptible to dissolution and redeposition
once they are electrochemically cycled, we conjecture the pixels that
experience a 0% relative concentration change are electrochemically
inactive LMO domains. Asshownin Supplementary Fig. 5, the inactive
domainssignificantly expand after the eighth cycle. Note that the value
could be overestimated owing to the possibility that a small fraction of
active LMO particles may remain stable with no Mn dissolution during
electrochemical cycling. Insummary, the D/R dynamics decreases the
redox-active Mn species and increases the population ofinactive LMO
domains, contributing to the performance decay. The distinct D/R
dynamics during CV cycling, especially non-monotonicity, motivates
us toinvestigate the voltage-dependent D/R dynamics.
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Fig.1|Dynamic Mn D/R process during CV cycling in the three-electrode
configuration. a, CV profiles of the LMO electrode cycledina2 M LiTFSlaqueous
electrolyte, where the scan voltage ranges from -0.1t0 1.5 V versus Ag/AgCl and
thescanrateisSmV s™. b, Insitu XFM mapping of the LMO electrode during CV
cycling, where the colour code denotes the relative Mn concentration. The pixel
sizeis2 pm x 2 pm and the maps are acquired from the first, fourth, seventh

and tenth cycle, respectively. ¢, Relative Mn concentration change calculated
from each XFM scan when the time required for each XFM scan (8 min10 s) is
identical to the time per CV cycle (8 min10 s, 6.5 mV s™), showing continuous

XFM image number

Relative concentration change (%)

Mn dissolution until stabilization after ten cycles. d, Relative Mn concentration
change calculated from each XFM scan when the time required for each XFM
scan (14 min 10 s) is longer than the time per CV cycle 10 min 40s,5mVs™),
showing non-monotonic Mn concentration changes. e, Distribution of relative
Mn concentration variation at the beginning and final stages of CV cyclingin
cthrough pixel-by-pixel analyses. The histogramis obtained by subtracting
the corresponding pixel values between two neighbouring CV cycles, where a
negative value represents Mn dissolution being more than redeposition and a
positive value represents Mn redeposition being more than dissolution.

Voltage-dependent Mn D/R dynamics
LMO shows noticeable capacity decay when cycled in the 2 M LiTFSI
aqueous electrolyte using the constant-current charging-discharg-
ing method (Fig. 2a). We then investigate the voltage-dependent Mn
dissolution with single-particle resolution during the first charging
process (Fig. 2b). The Mn concentration gradually decreases during
charging, accompanied by a dramatic particle shrinkage above 1.0 V.
The quantitative analysis (Fig. 2c) and corresponding first derivatives
of the curve (Supplementary Fig. 6) reveal that the Mn concentration
exhibits more severe loss whenthe voltageis higherthan1.0 V. The data
pointat-~1,700 s (Supplementary Fig. 6) deviates from the neighbour-
ing points and could originate from systematic errors (that is, signal
fluctuations). The apparent Mn dissolution rate is facilitated between
1.0and1.2 Vand gets more facilitated when held at 1.2 V.More detailed
analyses of different particles reveal that the Mn concentration variation
ranges from —60% to +4% at the single-particle level (Extended Data
Fig.2), which could be impacted by the position of the particles in the
electrode andinteraction with the neighbouring particles. Therefore, an
electrode-level analysis with ensemble-averaged informationfrommany
particles can represent the overall Mn D/R behaviours during cycling.
At the electrode level, we further divide the in situ first charging
profileinto the low-voltage range (LV) (0.30-1.00 V), MV (1.00-1.20 V)
and HV (1.20 V-1.55 V) (Fig. 2d). The charging capacity at LVand MV is
contributed by Mn oxidation, and the capacity at HV is attributed to

OER. From Fig. 2e, we can observe that compared with the sluggish
Mn loss at the LV range, rapid Mn dissolution takes place at the MV
and beginning of HV ranges. Moreover, during the holding process
at1.2V,wecannotice that the Mn concentration experiences asevere
drop attheinitial stage (Fig. 2e), inline with the feature we observed at
the single-particle level (Fig. 2c) and corresponding to a high dissolu-
tion rate, and it gets stabilized on elongated voltage holding at 1.2V,
suggesting a dynamic equilibrium of dissolution and redeposition
processes. The accumulated Mnloss is 3.0%, 3.8% and 3.5% at LV, MV and
HV, respectively, which shows that medium-voltage charging, although
providing only 21 mA g™ capacity (23% of the total charge capacity),
introduces the most severe Mn dissolution. The Mn D/R behaviours
in the following charging processes exhibit a non-monotonic feature
and become more complicated (Supplementary Fig. 7), which could
be attributed to the further interaction between electrode particles
and gradually accumulated Mn species at the electrode-electrolyte
interface. The overall Mn loss shows large discrepancy between the
single-particle and electrode-scale measurements. Between OCV and
1.2V, the single-particle measurement has a 40.4% loss, whereas the
electrode-scale measurement has a 6.8% loss. Some particles experi-
ence higher degrees of redox reactions and therefore amore severe Mn
dissolutionbehaviour than other particles, indicating aheterogeneous
charge distribution at the electrode level***”. Moreover, atbothMV and
HVranges, we observe a Gaussian-like distribution in the pixel-by-pixel
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Fig.2|Voltage-dependent Mn dissolution behaviours. a, Charge-discharge
profiles of the LMO electrode in the 2 M LiTFSl aqueous electrolyte, where the
voltage range is 0-1.2 V versus Ag/AgCland the current density is1C (100 mA g™).
b, The first charging profile (-0.8 C) of in situ XFM measurements and the
corresponding particle-level Mn concentration maps at different charging
voltages. The pixel size is 300 nm x 300 nm and the image size is 12 pm x 15 pm.

¢, Particle-level Mn loss ratio calculated from the resultsin b. d, The first charging

profile (-0.8 C) of in situ XFM measurements for electrode-level analyses,

where the voltage was kept constant at 1.20 and 1.55 V for additional XFM
measurements. The blue, yellow and pink background colours represent LV, MV
and HV, ranges, respectively. e, Electrode-level Mn loss ratio during charging. The
voltage-holding processes start from the data points labelled with1.20 and 1.55 V.
f, Pixel-by-pixel analyses of Mn D/R dynamics at the MV and HV ranges.

analyses of the Mn D/R dynamics (Fig. 2f), which suggests that both
Mndissolution and redeposition take place when the LMO undergoes
charging. Meanwhile, by using graphite paper as the counter electrode,
we show that the dissolved species can not only redeposit on the LMO
surface but also migrate through the electrolyte and deposit on the
counter electrode (Extended Data Fig. 3). Overall, our results show
a voltage-dependent, continuously evolving Mn D/R behaviour on
constant-current charging.

Voltage-dependent structural and chemical
transformations

To shed light on the Mn dissolution mechanism at different voltage
ranges, we apply in situ hard X-ray absorption spectroscopy (XAS) to
investigate the bulk properties of LMO on cycling. We select five SOCs,
namely, pristine, 1.00 V,1.20 V,1.45V and discharged states (Fig. 3a).
Based on the white-line energy of the reference and LMO samples, we
show that Mnis continuously oxidized from 3.5+ at the pristine state
to 3.9+ at the 1.2V charged state, whereas it demonstrates negligible
change at the HV region (Fig. 3b-d). Extended X-ray absorption fine
structure (EXAFS) (Fig. 3e) reveals that Mn—0 and Mn-Mninteratomic
distances experience abnormal elongation when LMO enters the HV
range (Fig. 3f). The EXAFS fitting results show that the corresponding
Mn-0 coordination number is reduced from six to five (Fig. 3g, Sup-
plementary Figs.8 and 9 and Supplementary Tables 1-5). These results
collectively reveal the structural degradation of LMO induced by the
OERatHV, originating from the lattice oxygen loss*. Since the particle
surface candirectly interact with the electrolyte, itis expected that the
surface willundergo the most pronounced structural change oncycling,
as confirmed by previous studies regarding the surface reconstruction

in layered cathode materials'®. Therefore, understanding the surface
structural changeis crucial toreveal the LMO degradation mechanism
inaqueous electrolytes.

To gain more insights into the surface reconstruction of LMO on
charging, we conductasuite of surface-sensitive characterizations. The
high-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) images along the [110] zone axis of pristine materi-
als confirm a well-defined spinel LMO phase from particle surface to
bulk (Supplementary Fig.10). After charging to1V, a transition phase
betweenspinel LMO and Mn,0, appears onthe surface (Supplementary
Fig.11)°, which is further transformed to pure Mn,0, phase when the
electrodeis chargedto1.2 V (Supplementary Fig. 12). Meanwhile, the
intensity of Mn atoms with a lower stacking density gets greatly dimin-
ished at the surface, and such afeature becomes more pronounced in
the 1.55V charged particles (Supplementary Fig. 13). The Mn dissolu-
tion behaviour of Mn,0, (Extended Data Fig. 4) and MnO, (Extended
DataFig. 5) proves that Mn loss at 1.2 V mainly originates from Mn,0,
dissolution owing to the relatively weak chemical bond between Mn**
and oxygen anions. The Mn L, ; electron energy loss spectra (EELS) of
the 1.55V charged LMO particles exhibit blueshift (Fig. 3h,i) moving
from the surface to the bulk, confirming that Mn is reduced on the
surface. The thickness of the surface reduction layer is estimated to
be ~10 nm, consistent with the thickness of the distorted regionin the
HAADF-STEM image (Supplementary Fig. 13). We believe that such a
thick surface reconstruction layer is caused by the thermodynamic
instability of the delithiated LMO and the electrode-electrolyte side
reaction. After 20 cycles, the particle becomes porous with polycrys-
talline structures and amorphous phases emerging on the surface
(Supplementary Fig. 14), suggesting a severe distortion of the LMO

Nature Nanotechnology | Volume 18 | July 2023 | 790-797

793


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-023-01367-6

a Specific capacity (mAh g™)
50 100 150 200 250 300
1.5 L L L L L
3 v
[*]
<C
B 1.0
2 n
g I
2
o 0.5+
[}
= v
o
>
0
b c
% Mn**
< c =
kel 2 > -
8 B < o
5 = > \
7] 8 o / \
a8 2 5 6,562 1 \
© S c o \
3 3 o \
N & c / \\
= = = \
E g E °
<} 5 <
z = =
[ ] Mn5*
. T 6,561 - : ! . .
6,500 6,550 6,600 6,650 6,557 6,562 6,567 | I m v v
Energy (eV) Energy (eV)
e f o005 9
30 Mn-Mn | —~m- Mn-O
° u 4 2.890
— \
< \ o
o 1900 \ 2
g ° €
e s \ 12880 2
ot 2 \ c
= O 1895 \ K]
> 2 \ [ ] ©
1= \ c
= 5 \ / 12870 5
© o 5
E 1.890 4 I\ / 8
1 2.860
~®- Mn-Mn
R R
I v v
N
)

Intensity (a.u.)

Pristine
1.00 VC

N A2\ 120 VC
v \ 155 VC
\ - ovnc

Fig.3| Chemical and structural transformations of LMO during
electrochemical cycling. a, Charge-discharge profile of in situ hard XAS
measurements, where the current density is 0.2 C (20 mA g™). b,c, MnK-edge
hard XAS spectra at different SOCs (b) and the corresponding zoomed-in views of
the white-line region (c). d, White-line energy as a function of SOCs. e, Fourier-
transformed magnitude of Mn K-edge EXAFS at different SOCs. f, Interatomic
distance at different SOCs. g, Coordination numbers for Mn-0 and Mn-Mn
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obtained from Mn K-edge EXAFS simulations. The error bars are generated on
the basis of the EXAFS simulation errors. h, HAADF-STEM image for the scanning
pathway. i, MnL,;-edge EELS spectra along the scanning pathway. j, Mn L;-edge
soft XAS spectra of LMO electrodes at different SOCs. For example, 1.55VC
indicates the electrode charged to1.55V,and 0 VDC indicates the electrode
discharged to 0 V. The measurements were conducted using the surface-sensitive
TEY mode.

structurein dilute aqueous electrolytes. The soft XAS results show that
LMO undergoes a typical oxidation process on charging to1V (Fig. 3j).
However, on chargingto1.20 V(MV)and 1.55 V (HV), Mn at the surface

becomesreduced, in agreement with the EELS results and confirming
the emergence of surface reconstruction. The appearance of the mixed
states of Mn?* and Mn>* species at MV proves the formation of Mn,0,
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The OCV stands for open-circuit voltage.

on the particle surface, which agrees with previous observations in
non-aqueous electrolytes’. These findings suggest that a higher degree
of structural distortion occurs when the voltage is higher than1V. On
discharging to OV, the surface becomes more oxidized than that at
1.20 V(MV)and 1.55 V (HV), which suggests that Mn,0, gets dissolved on
discharging, consistent with the hard XAS results (Fig. 3). Collectively,
ourresults show that thereis correlation between surface reconstruc-
tion and Mn dissolution.

Correlations between Mn D/R dynamics and LMO
transformations

Thus far, our study has found that both D/R dynamics and materials
transformation are voltage dependent. Since Mn dissolution has been
shown to be strongly correlated with materials transformation”', here
we statistically establish the correlation between D/R dynamics and
materials transformation at different voltage ranges.

Mn concentration in a pristine electrode exhibits non-uniform
distributionin the histogram (Supplementary Fig.15a), suggesting the
heterogeneous loading of the as-prepared LMO electrode. We divide
theinitial electrode loadinginto four categories based on the Mn XFM
concentration map, namely, low C, medium-low C, medium-high C
and high C. The area under the curve in the concentration histogram
reflects the total Mn concentration and is used to separate different
categories, where each category occupies 25% of the area under the
curve (Supplementary Fig.15a). Meanwhile, at each voltage range, we
can categorize the D/R dynamics into four scenarios based on the net
change of thelocal Mn concentration, that is, mild net dissolution, mild
net redeposition, severe net dissolution and severe net redeposition
(Supplementary Fig.15b). These two categorizations allow us to quan-
titatively correlate the D/R dynamics, initial LMO loading and voltage
range. By comparing the D/R dynamics with the same scenario (that
is, same colour-coded data points; Supplementary Fig.16) at different
voltage ranges, we observe that the LV and HV ranges display similar
characteristics and are distinct from the MV range (Supplementary
Fig.16). Therefore, the driving force behind the D/R dynamics at the
LV and HV ranges is distinct from that at the MV range.

Combined with the characterization results (Fig. 3), we propose
the correlation between D/R dynamics and voltage-dependent mate-
rials transformations (Fig. 4). When LMO is charged from 0.3 V to
1.0 V (LV range), a substantial amount of Mn still remains at the J-
T active Mn*' state due to the low charge capacity (low Mn oxidation),
leading to noticeable Mn dissolution in the presence of hydroniumin
the water. When the voltage is between 1.0 and 1.2 V, the delithiated
LMO particles undergo surface reconstruction and the emergence of
soluble Mn?*in Mn,0, dominates the Mn dissolution behaviour. Once
the LMO is further charged to the OER potential (that is, HV range),
protons gradually accumulate near the electrode surface due to the
decreased OH™ concentration caused by the OER. Since the capacity
of LMOissmaller than the theoretical value (148 mAh g™) and our hard
XAS results (Fig. 3g) show that Mn is not fully oxidized at 1.55 V, many
particles remain partially charged even at the HV range, indicating
heterogeneous charge distribution at the electrode level (particle with
different colour codes; Fig. 4), which is associated with the different
Mn D/R behaviours at the particle level (Extended Data Fig. 2). The
enriched proton species near the electrode surface aggravates the
disproportion of residual Mn** and makes the J-T-distortion-induced
Mn dissolutionbecome the primary factor responsible for Mn dissolu-
tion. Moreover, the acidic environment drastically interferes with the
Mnlocalbonding andinduces more lattice oxygen loss compared with
the LV range (Fig. 3g). Therefore, the dissolution rate at the HV range
is significantly boosted (Fig. 2e). We believe that the Mn D/R dynam-
ics and corresponding degradation mechanisms presented here can
also provide insights into a non-aqueous system, where the proton
speciesare generated by the ethylene carbonate and LiPF4interacting
with trace moisturein the electrolytes. In other words, Mn dissolution
should beinhibited in the electrolytes with negligible proton species.
Therefore, we also evaluate the Mn D/R behaviour of LMO in organic
solvents. Here tetraethylene glycol dimethyl ether with a low vapour
pressure is selected as the solvent. As shown in Extended Data Fig. 6,
Mn dissolution is significantly inhibited in 2 M LiTFSI-tetraethylene
glycol dimethyl ether electrolytes owing to the reduced proton con-
centration. The accumulative Mn loss is estimated to be -1.5% on the
first charging process, and the protons generated as a result of ether
decompositionis the primary reason that leads to Mn dissolution®, It
should be noted that the sealing of our operando cell is less stringent
thanthat of a coin-cell or pouch-cell configuration, and the net Mn dis-
solution could be overestimated in this case due to moisture impact.

Regulating Mn D/R dynamics with sulfonated
polymers

Our results have revealed that surface reconstruction at the MV range
leads to the most severe Mn dissolution when the upper-cutoff voltage
issetto1.2 Vversus Ag/AgCl. Hence, inhibiting surface reconstruction
is expected to improve the performance. Nafion, a cation-exchange
polymer that allows for the selective permeation of cations, has
been widely utilized as a coating material in fuel cells and catalysts
to reduce undesired interfacial interactions and alleviate surface
degradation®?****° Here we discover that simply adding Nafion dur-
ing electrode preparation can efficiently mitigate the capacity loss
of the composite electrode during cycling. As shown in Fig. 53, the
capacity retention of Nafion-added LMO isimproved. Compared with
pureLMO, the Nafion-added LMO electrode exhibits smaller reaction
overpotentials at the LV range and a higher output capacity (Fig. 5b).
The TEM results (Supplementary Fig. 17) reveal that the Mn,;0, phase
appearsonthe particle surface after Nafion coating owing to the acidic
environment in the Nafion solution. The Mn?* speciesinMn,0, can be
easily dissolved into the electrolyte at low voltages, thereby giving
risetomore Mnloss at the LV range during in situ XFM measurements.
(Fig.5c,d).In contrast, at the MV range (1.0-1.2 V), the Nafion layer can
modify theinteractionbetween LMO and aqueous electrolytes and sup-
press Mn dissolution. Importantly, the Nafion-added LMO electrode
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Fig. 5| Electrochemical performance and underlying Mn dissolution
behaviour of Nafion-added LMO materials. a, Charge-discharge profiles of
Nafion-added LMO electrodes in the 2 M LiTFSl aqueous electrolyte, where the
voltage range is 0-1.2 V versus Ag/AgCland the current density is1C (100 mA g™).
b, Comparison of the first charging curve of pure LMO and Nafion-added LMO,
where the Nafion-added LMO shows smaller overpotentials on charging. ¢, In situ
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XFM mapping of the Nafion-added LMO at different SOCs, where the colour code
denotes the Mn concentration. The pixel size is 2 pm x 2 pm and the image size is
100 pm x 100 pm. d, Mn loss of pure LMO and Nafion-added LMO electrodes on
charging. e, Schematic of the chemical environment surrounding Nafion-added
LMO particles during the fourth charging process.

exhibits negligible net Mn loss at the fourth charge. As shown in
Fig. 5e, this phenomenon could be attributed to the fact that the sul-
fonate groups in Nafion can ionically associate with the positively
charged Mn species and reduce the proton-hopping ites*, which effec-
tively diminishes the proton transport and prevents the surface from
the attack of protons. Meanwhile, trapped Mn* can accumulate near
the particle surface, reducing the time needed to reach D/R equilibrium
(thatis, Le Chatelier’s principle). These two factors collectively lead
to suppressed Mn loss in the following cycles. To further validate our
hypothesis, we soak the cast Nafion membraneintoa2 MMnSO,aque-
oussolutionfor1day. The energy-dispersive X-ray spectroscopy results
confirm the significantly increased Mn concentration in the soaked
membranes, and the atomic ratio of S:Mn can reach 1.85, suggesting
over 50% sulfate groups coordinate with the Mn species (Extended Data
Fig. 7). Therefore, introducing Nafion into the composite electrodes
canimprove the reaction kinetics, regulate Mn dissolution and sig-
nificantly mitigate Mn loss. We also want to highlight that controlling
the Nafion concentration is crucial in maintaining the LMO structure
andimproving the performance. Excessive Nafion solution canlead to
rapid capacity decay due to the instability of the LMO phase in acidic
environments (Supplementary Fig. 18). In our study, the weight ratio
of LMO:Nafion is controlled to be larger than 150. Moreover, using
deprotonated Nafion is another strategy to alleviate LMO structural
changes during the modification process.

Conclusion

Understanding and controlling the dynamic Mn D/R behavioursin
Mn-based cathodes can reveal the electrode degradation mecha-
nisms and more importantly inform the development of methods for

stabilizing electrode materials. The continuously evolved speciation at
the electrochemical interface makes it challenging to accurately iden-
tify the interfacial degradation processes, such as metal dissolution.
Usinginsitu XFM and a suite of surface- and bulk-sensitive techniques,
we have developed acomprehensive understanding about the Mn D/R
dynamics and the corresponding LMO degradation mechanisminan
aqueous electrolyte. Continuous Mn dissolution and increased inac-
tive LMO domains collectively lead to performance decay on cycling.
J-T distortion and surface reconstruction are responsible for the
voltage-dependent Mn dissolution behaviour. Mn dissolution exhibits
anonlinear relationship with voltage, and a higher rate canbe observed
when surface reconstruction takes place. Introducing Nafioninto the
electrodes canboost the reaction kinetics and inhibit Mn dissolution,
especially that caused by surface reconstruction. Meanwhile, trapped
Mn?"in Nafion can hinder proton diffusion towards the LMO parti-
cle surface and accelerate the establishment of Mn D/R equilibrium,
thereby improving the cycle life in a dilute electrolyte. The present
study directly visualizes and quantifies transition metal D/R dynamics
and unravels the role of a sulfonated polymer in controlling the D/R
dynamics and improving the battery performance. The in situ experi-
mental methods developed here canbe broadly applied toinvestigate
other electrochemical systems that involve solid-liquid interfaces.
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Methods

Materials preparation

The active material (LMO) was provided by the US Department of
Energy’s (DOE) Cell Analysis, Modeling and Prototyping facility at
Argonne National Laboratory. LiTFSI salts (99.95%), Nafion solution
(5 wt%, containing 45.00% water) and Mn;0, (97.00%) were purchased
from Sigma-Aldrich. MnO, (activated; tech., 90%) was purchased from
Alfa Aesar. MnO, was heated at 350 °C for 12 hin air before use.

Electrochemical measurements

In the three-electrode system, Ag/AgCl (3 M NaCl) (MF-2052, BASi
Research Products) and Pt wire (Sigma-Aldrich) were utilized as the ref-
erenceand counter electrodes, respectively. The electrolyte was prepared
by dissolving2 MLiTFSlindeionized water. The LMOsslurry was prepared
by mixing active materials, carbon black and polyvinylidene fluoride ata
ratio of 8:1:1and then drop-cast onto carbon paper. The active mass load-
ing was estimated to be -3 mg cm 2 The composition (% weight) of LMO
electrodesused forthe particle-level analysisis 6:3:1 (LMO:polyvinylidene
fluoride:carbonblack) tostabilize the particle during XFM experiments.
The mass loading is ~2 mg cm 2. For the Nafion-added LMO electrodes,
45 pINafionsolution was added to the LMOslurry containing 300 mg of
solid mixture. Then, the slurry was drop-cast onto carbon paper with a
mass loading of ~3.5 mg cm ™2 The composition (% weight) of drop-cast
Mn,0, and MnO, electrodes was 8:1:1 (active material:polyvinylidene
fluoride:carbon black), and the mass loading was ~4 mg cm ™ The CV
measurement was conducted at a scan rate of 5mV s within -0.1to
1.5V (versus Ag/AgCl). Galvanostatic cycling with potential limitation
(normal charging-discharging process) measurement was conducted
within 0-1.2V (versus Ag/AgCl) and the current density was 100 mA g ™.
The CA measurements were conducted at different voltages (0.1, 0.9,
1.2 V) for the measurements. All the electrochemical measurements were
conducted using a potentiostat (SP-150, BioLogic).

Scanning electron microscopy and X-ray diffraction
characterizations

The morphology of the materials was characterized using a LEO 1550
field-emission scanning electron microscope at an accelerating volt-
age of 6 kV. The energy-dispersive X-ray spectroscopy measurements
were carried out withascanning electron microscope atanaccelerating
voltage of 20 kV. The energy-dispersive X-ray spectroscopy sample of a
soaked Nafion membrane is washed with deionized water three times
and dried at 80 °C to remove the residual water. The lab X-ray diffrac-
tion results were obtained on a Rigaku Miniflex Il diffractometer with
aCu Ko X-ray radiation (1 =1.54 A) in ascan range of 10°-70°.

Insitu XFM measurements

Theinsitu XFM measurements were performed at the 2-ID-E beamline of
the Advanced PhotonSource, Argonne National Laboratory. The insitu
cell design can be found in a previous report®. The samples were pre-
pared by the same drop-casting method as described above. The Ag/AgCl
and carbon rod serve as the reference and counter electrodes, respec-
tively, during the electrochemical measurements. The bulk electrodes
were raster scanned by a submicrometre (-700 nm) focused 10.5 keV
X-ray beamwith astep size of 2 umfor electrode-scale measurements and
300 nm for particle-level measurements along the x and y axes, except
for the step size of XFM measurement (Fig. 5c), whichis 2 um along the
x andy axes. During the measurement, the samples were aligned at an
angle of ~60° with respect to the incident beam. The fluorescent X-ray
signals were detected with afour-elementsilicon-drift Vortex detector,
andthe raw datawere processed and quantified with XRF-Maps (Version:
1.8.0.00) software developed by Argonne National Lab.

Insitu hard XAS measurements
Hard XAS measurements were conducted at beamline 4-1at the Stan-
ford Synchrotron Radiation Lightsource, SLAC National Accelerator

Laboratory. The sample preparation and cell configuration were the
same as in the XFM measurements. The Mn K-edge spectra were col-
lected inthe fluorescence mode, with the samples aligned at an angle
of -45° with respect to the incident beam and fluorescence detector.
The Mn metal foil was used to calibrate the edge energy. All the X-ray
absorptionnear-edge structure and EXAFS spectrawere analysed with
the Athenasoftware (Version: 0.9.26). The fitting of the EXAFS results
was analysed with Artemis software (Version: 0.9.26). The current
density was 20 mA g for the charging-discharging process during
insitu XAS measurements.

TEM measurements

The HAADF-STEM and EELS measurements were performed with
Thermo Fisher Talos F200X and Hitachi HD2700C instruments at an
accelerating voltage of 200 kV at the Center for Functional Nanomateri-
als, Brookhaven National Laboratory. The background subtraction of
EELS spectrawas processed with DigitalMicrograph (Gatan) software
(Version: 3.50.3584.0).

Soft XAS measurements

Soft XAS measurements were performed at the Stanford Synchrotron
Radiation Lightsource, beamline10-1, SLAC National Accelerator Labo-
ratory, using a ring current of 350 mA and 1,000 lines mm™ spherical
grating monochromator with 20 pm entrance and exit slits, providing
~10" photons s™at 0.2 eV resolution in a1 mm? beam spot. Data were
acquired under an ultrahigh vacuum (10~ torr) inasingle load at room
temperature using the total electron yield (TEY) mode, where the
sampledrain current was collected. The samples were mounted onan
aluminium sample holder in an argon-filled glovebox and well sealed
for transfer.

Data availability

Thedatathat support the findings of this study are available within this
Article andits Supplementary Information. Any other dataare available
from the corresponding authors on request.
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Extended Data Fig. 1| Cell configuration for the in-situ X-ray fluorescence microscopy (XFM) experiment. The three-electrode cell used for the in situ and
operando X-ray fluorescence microscopy (XFM) experiment. The X-rays hit the electrode from the side of the current collector (carbon paper).
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Extended Data Fig. 2| XFM images of LMO particles at different states of charge. The XFM images at the single-particle level of LMO electrodes at different states of
charge during the first cycle, showing a heterogeneous Mn D/R behaviours.
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Extended Data Fig. 3| Mn deposition on the counter electrode. (a) The photo the cycled region and confirming that the dissolved Mn species can deposit on
ofagraphite paper used as the counter electrode during electrochemical cycling,  the counter electrode surface. Note that XFM is extremely elementally sensitive,
where the arrows indicate the original and cycled regions; (b) XFM image of the the minor Mn concentration in the pristine graphite originates from the impurity.

region labelled by blue frame in (a), showing a much higher Mn concentrationin
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Extended Data Fig. 4 | Mn D/R dynamics of Mn;0, held at1.2 V. The Mn D/R dynamics of Mn;0, held at 1.2 V. The CA protocol is applied for 21 minutes to keep the
voltage at 1.2 Vand monitor the Mn concentration variation. Each XFM image takes 7 minutes.
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Extended Data Fig. 5| Mn D/R dynamics of MnO, held at1.2 V. The Mn D/R dynamics of MnO, held at 1.2 V. The CA protocol is applied for 21 minutes to keep the
voltage at1.2 Vand monitor the Mn concentration variation. Each XFM image takes 7 minutes.
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Extended Data Fig. 6| Mn D/R dynamics of LMO cycledin2 M LiTFSI-TEGDME electrolyte. (a) The XFM images of Mn concentration in the LMO electrode during
electrochemical cyclingin 2 M LiTFSlin tetraethylene glycol dimethyl ether (TEG-DME) solvents; (b) the corresponding Mn D/R behaviours during the first cycle.
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Extended Data Fig.7 | Trapped Mnions in the Nafion membrane. (a) The photos of casted Nafion membrane; (b) the EDS mapping of Mn element for pristine and
soaked Nafion membranes. The Mn signal in pristine membranes is caused by the uncertainty from the instrument, the actual Mn atomic ratio is zero.
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