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Interplay Between the Dissolved Mn?* and Solid Electrolyte

Interphases of Graphite Anode

Cong Zhong, Siheng Niu, Yixin Li, Suting Weng, Jiacheng Zhu, Zhaoxiang Wang,
Lifan Wang, Ting Feng, Xiaoqi Han, Yejing Li,* Shaofei Wang,* Hong Li, Chun Zhan,*

and Xuefeng Wang*

Transition metal (TM) dissolution and crosstalk are one of the main
degradation mechanisms for the capacity fading of lithium-ion batteries
(LIBs). Although significant efforts have been devoted to elucidating the
origins of TM dissolution, its crosstalk effect on the anode interface is unclear,
especially for its specific chemical state and electrochemical behavior. Herein,
the interplay between the dissolved Mn?* and the solid electrolyte
interphases (SEl) on graphite anode is revealed by different characterization
techniques, such as Raman spectroscopy, cryogenic transmission electron
microscopy, electron energy loss spectroscopy, and time-of-flight secondary
ion mass spectrometry. The results demonstrate that Mn?* is inclined to
coordinate with ethylene carbonate (EC), which is easily decomposed and
generates organic-Mn?* species and gaseous byproducts. These gases
disrupt the SEI structure, facilitate electrolyte infiltration, and induce
continuous growth of the SEI layer. This study deepens the understanding of
TM crosstalk on SEI properties and LIB performance, offering potential
strategies for enhancing battery durability and performance.

accumulation and capacity fading, the
underlying mechanism is still controver-
sial, especially for the specific chemical
state of Mn (2+ or 0) in the SEI layer
(Table S1, Supporting Information).!*-2]

Given the higher standard redox
potential of Mn?*/Mn° (1.87 V vs Li*/Li)
compared to lithiated graphite (Gr,<0.2 V
vs Li*/Li), Mn** is believed to be reduced
to metallic Mn (Mn®) and deposited on
the anode surface, which accelerates the
electrolyte decomposition and Li* con-
sumption by enhancing the electronic
conductivity of the SEI layer.11314]
Delacourt et al., proposed that Mn?*
from the electrolyte is first reduced to
Mn° and subsequently oxidized through
reactions with solvents during cycling.!**!
This redox cycling will form cracks and

1. Introduction

Lithium transition metal oxide (LTMO) cathodes are widely em-
ployed in lithium-ion batteries (LIBs) for electronic devices and
electric vehicles due to their high energy density, excellent rate
performance, and low cost.['*] However, transition metal (TM)
crosstalk, especially Mn?*, significantly reduces battery perfor-
mance and lifespan.>-1% Although it has been pointed out that
the crosstalk of Mn?* has the potential to destroy and recon-
struct the solid electrolyte interphase (SEI) layer, leading to SEI

porosity within the SEI layer, impair-

ing passivation and promoting elec-

trolyte decomposition and SEI growth.
Alternatively, other studies suggested that Mn® deposits on the
Gr interface act as catalytic centers that decompose lithium alkyl
carbonates into Li,CO; and other inorganic compounds. This
catalytic process generates cracks and pores, leading to localized
SEI growth at Mn® deposition sites.['*!5] Another perspective pro-
posed that Mn?* deposited in the SEI through ion-exchange re-
actions occupies Li* positions and forms Mn(OCOR),, MnF,,
and MnCOj;, which blocks Li* transport pathways, increasing in-
terfacial resistance and causing capacity fade.['®!8] Recent stud-
ies demonstrated that the solvation structure of Mn?* with
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solvent molecules (e.g., ethylene carbonate, EC) plays a critical
role in determining battery performance than the traditionally-
emphasized SEI effects.[2°-22] Computational results indicate that
Mn?* solvation reduces the stability of the electrolyte, catalyz-
ing its reduction and deposition on the SEI layer as MnCO,.[2"]
The debating results on the correlation between the Mn?* de-
posit and the performance degradation raise two critical ques-
tions: 1) How is Mn?* deposited on the Gr anode, and what is the
SEI layer’s composition and morphology formed in the Mn?*-
containing electrolytes? 2) How does the dissolved Mn?* drive
SEI layer growth?

Herein, the interplay between the dissolved Mn?** and SEI
layer of the Gr anode was explored by using practical LiFePO,||Gr
(LFP||Gr) pouch cells with the addition of 2500 ppm Mn?*
on purpose. The evolution of the Gr SEI layer was charac-
terized by various techniques, including X-ray photoelectron
spectroscopy (XPS), cryogenic transmission electron microscopy
(Cryo-TEM), electron energy loss spectroscopy (EELS), and time-
of-flight secondary ion mass spectrometry (ToF-SIMS). Addi-
tionally, the solvation behavior of Mn?** in the electrolyte and
its decomposition pathways were elucidated using Raman spec-
troscopy and differential electrochemical mass spectrometry
(DEMS). Our results reveal that the participation of Mn** in
the solvation structure significantly alters the electrochemical
behavior of the electrolyte and the stability of the SEI layer.
Specifically, Mn?* competes with Li* for coordination with sol-
vent molecules (e.g., EC), forming EC—Mn?* solvation com-
plexes with lower reduction stability compared to EC—Li* com-
plexes. This instability promotes the generation of organic-
Mn?* species and gaseous byproducts (e.g., CO,, C,H,, CO).
The formation of gases further destabilizes the SEI layer, fa-
cilitating continuous electrolyte infiltration and decomposition
during cycling, ultimately leading to SEI growth (~49 nm af-
ter 1000 cycles compared to 20 nm for the base electrolyte).
These Mn**-induced processes contribute to increased gas evo-
lution, SEI growth, and ultimately, capacity fading in lithium-
ion batteries. This study provides critical insights into the role
of Mn?* dissolution in battery degradation, proposing potential
strategies to mitigate such effects via electrolyte engineering or
SEI stabilization, thereby enhancing battery performance and
longevity.

2. Results and Discussion

2.1. Electrochemical Performance with Mn?* Additive

LFP was used as the cathode material due to its exceptional cy-
cling stability, negligible degradation, and minimal transition
metal dissolution, ensuring that the observed degradation in
the electrochemical performance could be primarily associated
with the Gr anode.[?*?* To simulate and magnify the electro-
chemical behavior of Mn** dissolution, Mn?** (derived from
Mn(TFSI),) was added to the base electrolyte (1 mol L~! LiPF,
in EC/dimethyl carbonate (DMC) (3:7 ww) + 2 wt.% vinylene
carbonate (VC)). The presence of TFSI™ in the electrolyte was
proved to have a negligible effect on the electrochemical per-
formance of the LFP||Gr batteries (Figure Sla, Supporting In-
formation). LFP||Gr pouch cells were assembled using both the
base electrolyte (referred to as “base”) and the Mn?*-containing

Adv. Energy Mater. 2025, 03489

03489 (2 of 9)

www.advenergymat.de

electrolyte (referred to as “concentration Mn”, e.g., “2500 ppm
Mn”). Since higher Mn?* content leads to faster capacity degra-
dation (Figure S1b, Supporting Information), 2500 ppm Mn**
is selected for further study to exacerbate the effect of Mn?*
on the Gr anode, which is consistent with the Mn content
detected on the anode of the LiMn,0,||Gr (LMO||Gr) pouch
cell (Figure S2 and Table S2, Supporting Information). Figure
1a shows that the battery capacities gradually increase, reflect-
ing the dynamic activation process. After 20 cycles, the capac-
ities are stabilized, and the coulombic efficiency consistently
approaches 99.8% (Figure S3a, Supporting Information). No-
tably, after 1000 cycles, the batteries utilizing the base elec-
trolyte and the 2500 ppm Mn electrolyte display capacity re-
tention of 91.22% and 84.35% at 0.33C (Figure 1a), respec-
tively. The first charging curve of the cell with the 2500 ppm
Mn shows a plateau at 1.2 V (Figure 1b), suggesting a poten-
tial reduction of Mn?* on Gr and resulting in a lower initial
CE of 87.07% (compared to 91.42% for the base electrolyte).
Furthermore, the continuous capacity decay (Figure S3b,c, Sup-
porting Information) of the cell with the 2500 ppm Mn high-
lights the persistent detrimental effect of Mn?* on the cycling
stability.

The EIS was conducted in a three-electrode cell to differen-
tiate the resistance contribution from the cathode and the an-
ode. The EIS spectrum can be divided into three distinct re-
gions (Figure 1c): the diffusion impedance of Li* through the
SEI layer in the high-frequency region (1 kHz < f < 10 kHz),
the charge-transfer impedance in the mid-frequency region (1
Hz < f < 1 kHz), and the Warburg diffusion impedance in the
low-frequency region (f < 1 Hz)/®! As illustrated in Figure 1c
and Figure S4 (Supporting Information), the Gr anode cycled
in the 2500 ppm Mn electrolyte (referred to as “2500 ppm
Mn Gr”) exhibits significantly higher SEI resistance compared
to the Gr anode cycled in the base electrolyte (referred to as
“base Gr”). Specifically, the SEI resistance in the 2500 ppm
Mn Gr increases markedly from 0.0151 Q after 50 cycles to
0.0166 Q after 150 cycles, indicating continuous SEI growth
or the formation of high-resistance components. In contrast,
the SEI resistance in the base Gr shows only a slight in-
crease from 0.0127 to 0.0131 Q over the same cycling pe-
riod (Figure 1d; Table S3, Supporting Information). Further-
more, the cathode resistance remains nearly unchanged through-
out cycling (Figure S4b,e, Supporting Information), confirm-
ing that the capacity fading of the pouch cell is primarily at-
tributed to anode degradation rather than cathode-related is-
sues.

2.2. SEI Chemistry

The chemical compositions of the SEI layers at different cy-
cles on Gr electrodes were detected by XPS. The intensity of
C—-0 (286.4 eV) in the SEI layer of 2500 ppm Mn Gr is signif-
icantly higher than that in the base Gr (Figure 2a,b), indicat-
ing that more solvent molecules are reduced to form organics
in the 2500 ppm Mn electrolyte. Furthermore, after 100 cycles,
the C—O amount on the 2500 ppm Mn Gr significantly increases
from 21% (formation) to 37%, whereas it only rises from 23%
to 28% for the SEI layer on the base Gr (Figure 2e). Similarly,

© 2025 Wiley-VCH GmbH

85US0| 7 SUOWILIOD aATea.D 3|qeal|dde sy Aq peusenob aJe ssoiiie O ‘8Sn JO Sa|nJ Joy A%eiqiaUljUQ AB]1M UO (SUONIPUOD-PUR-SW.RIW0Y A3 1M ARe1q U1 [UO//SANY) SUONIPUOD PUe SWB 1 Y1 89S *[GZ0Z/0T/T0] U0 Aeiqi8uljuQ 481 ‘Seousos JO Awspedyy 8ssuiyd SosAUd JO aImisu| A 687£05202 WUse/Z00T 0T/I0p/wWoo A8 | 1M Aeid 1 U U0 peoUeApe//Sdny wolj papeojumod ‘0 ‘0v89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVAN(Q,ED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

a 160

100

140 -

=

N

o
L

100 -

Capacity (mAh)

80{ @ Base
2 2500 ppm Mn

Retention (%)

LFP||Gr 2.50-3.65V 25°C 120
0.33C charge and 1C discharge
0.33C discharge every 50 cycles

0 200 400 600 800 1000
Cycle number
4
b 3.65V to 0.05C Co1s @ Base-formation d 0.018 —o— base Gr
.33C O Base-after 100 cycles —a— 2500 ppm Mn Gr|
I—— Base-after 100cycles Fitting 0.017 4
34 .05C] @ 2500 ppm Mn-formation o
s 3 \ 0.104 © 2500 ppm Mn-after 100 cycles 0.016 o
° _ =) Rser Ret o //
O 2 2 -~ Ro = 0.015-
[ o2 H Wo— o
% g I\II CPE1 CPE2 o Q:V’
> S 0.051 o R,  Warburg diffusion 0.014+
1 1 SEI
T 0.013-
0.0 05 1.0 15
Capacity (mAh)
0 0.00 ; , 0.0121—— . . .
0 30 60 90 120 150 0.00 0.05 0.10 0.15 Formation s5qt 100t 150"
Capacity (mAh) Z' (Q) Cycle number

Figure 1. a) Cycling performance and capacity retention of the LFP||Gr pouch cells with base electrolyte and 2500 ppm Mn electrolyte. The filled circles
represent the capacity, and the hollow circles represent the capacity retention of LFP||Gr pouch cells. b) The first charge-discharge curves of the LFP||Gr
pouch batteries with the base electrolyte and 2500 ppm Mn electrolyte. The inset shows a voltage profile of the initial stage of battery charging taken
from the black ellipse. c) EIS spectra of Gr||Li with base electrolyte and 2500 ppm Mn electrolyte from the three-electrode pouch cells. The inset shows
the resistance assignment and the equivalent circuit model for fitting. d) The fitting results of Rsg, in Gr||Li based on Table S3 (Supporting Information).

after 100 cycles, the LiF amount on the 2500 ppm Mn Gr sig-
nificantly increases from 14% (formation) to 40% (Figure 2c,d),
compared to a modest increase from 18% to 21% for the SEI layer
on the base Gr (Figure 2f). These results indicate that the SEI
layer formed in 2500 ppm Mn electrolyte is less effective in pas-
sivating the Gr surface, thereby failing to suppress continuous
electrolyte decomposition during cycling. These findings collec-
tively demonstrate that Mn?* promotes additional parasitic re-
duction reactions of the electrolyte on the Gr surface. Further-
more, the Mn 2p XPS spectrum (Figure S5, Supporting Informa-
tion) confirms the presence of Mn?* on the 2500 ppm Mn Gr
with Mn 2p;,, binding energy at 641.4 eV, and multiplet split-
ting of 11.8 eV (Figure S5, Supporting Information), which is
close to that of MnO.[2] The existence of the satellite feature in-
dicates that Mn exists in the +2 oxidation state within the SEI
layer.

2.3. SEI Nanostructure
The nanostructure and compositional distribution of the SEI
layers are shown in Figure 3 and Figures S6-S14 (Supporting

Information) (enlarged images in Figure 3). In the 2500 ppm
Mn Gr, the SEI layers exhibit a mosaic-like structure, charac-
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terized by crystalline inorganic nanograins embedded within an
amorphous matrix, and an increased thickness of ~#12 nm af-
ter the initial formation process (Figure 3e; Figure S10, Sup-
porting Information). In contrast, the SEI layer on the base
Gr displays a predominantly amorphous structure with a thick-
ness of ~8 nm (Figure 3a; Figure S6, Supporting Informa-
tion). This distinct structural difference indicates that the pres-
ence of Mn?* alters the decomposition pathways of the elec-
trolyte, leading to the formation of a more complex SEI layer.
In the 2500 ppm Mn Gr, the SEI layers maintain a mosaic-
like structure, and the thickness increases to ~17 nm af
ter 50 cycles (Figure 3f; Figure S11, Supporting Information).
This contrasts with the SEI layers on the base Gr, which re-
main predominantly amorphous. Notably, its thickness exhibits
a gradual increase: from 8 nm at the 50th cycle to 14 nm
at the 100th cycle, and further to 20 nm at the 1000th cy-
cle. (Figure 3b-d). The mosaic-like structure on the 2500 ppm
Mn Gr is attributed to the complete decomposition of or-
ganic components in the electrolyte, accompanied by gas re-
lease (e.g., CO,, CO, and C,H,), which generates inorganic
phases in the porous SEI layer and thus facilitates continu-
ous electrolyte penetration and decomposition at the Gr sur-
face. As a result, the SEI layer thickness in the 2500 ppm Mn
Gr further increases to 50 nm after 1000 cycles (Figure 3h).
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Figure 2. a,b) C Ts XPS spectra for 2500 ppm Mn Gr and base Gr after formation (a) and 100 cycles (b). ¢,d) F s XPS spectra for 2500 ppm Mn Gr
and base Gr after formation (c) and 100 cycles (d). e,f) The relative concentration ratio of different components based on C Ts spectra (e) and F Ts

spectra (f).

Although XPS analysis confirms the presence of Mn?* within
the SEI layer, no lattice fringes assignable to crystalline Mn?*-
containing compounds (e.g., MnO, MnCO;, or MnF,) were
observed in TEM images (Figure 3). Additionally, despite the
theoretical expectation of metallic Mn® formation within the
SEI layer, the crystalline domains of Mn® were undetected,
even in the lithiated Gr (Figure 3i; Figure S14, Supporting
Information).

To further investigate the chemical state and spatial dis-
tribution of Mn within the SEI layer, EELS analysis was
conducted (Figure 3j; Figure S15, Supporting Information).
The oxidation state of Mn was determined by calculat-
ing the intensity ratio between the L; (644.5 eV) and L,
(656.2 eV) peaks in the Mn L-edge EELS spectra.l’’”] The re-
sults confirm that Mn exists predominantly in the +2 ox-
idation state in both lithiated and delithiated Gr (Figures
S15 and S16, Supporting Information). EELS mapping fur-
ther reveals that the Mn?* distribution within the SEI layer
is independent of cycling. Specifically, Mn is primarily lo-
calized in the outer layer of the SEI, accompanied by car-
bon (C) elements, while its presence in the inner layer
is significantly reduced (Figure 3k,1). This spatial distribu-
tion pattern remains consistent even as the cycle number
increases.
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2.4. Specific Mn?* Compounds in the SEI Layer

The ToF-SIMS was employed to further investigate the compo-
sition and distribution of Mn?* within the SEI layer by analyz-
ing characteristic functional group fragments (Figure 4; Figure
S17, Supporting Information). Figure 4a,b presents the normal-
ized depth profiles of characteristic ionic fragments of inorganic
(e.g., LiF,7), organic (e.g., CH;0~) components, and bulk Gr
(C7).181 The SEI layer on the 2500 ppm Mn Gr exhibits a larger
thickness compared to the base Gr (99 vs 76 s sputtering time),
which aligns with the cryo-TEM results. This further supports
the conclusion that the presence of Mn?* in the electrolyte ac-
celerates SEI growth during cycling. Notably, the depth profiles
reveal a strong overlap between the distributions of CH;O~ frag-
ments and Mn~ fragments, indicating the formation of organic-
Mn?* species within the SEI layer. This observation is consis-
tent with the co-localization of Mn and C signals observed in
the EELS mapping, suggesting that Mn?* combines with organic
components to form stable compounds. The reconstruction im-
ages in Figure 4d further demonstrate a strong spatial correlation
between Mn~ and CH,; O~ fragments. This resolves the discrep-
ancy between the Mn?* observed via XPS and the absence of crys-
talline Mn?*-containing compounds in TEM, indicating that Mn
within the SEI layer primarily exists in amorphous form, likely as
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Figure 3. a—d) Cryo-TEM images and (inset) their fast-Fourier transform (FFT) patterns of SEI layers on base Gr after formation, 50 cycles, 100 cycles,
and 1000 cycles. e-h) Cryo-TEM images of SEI layers on 2500 ppm Mn Gr after formation, 50 cycles, 100 cycles, and 1000 cycles. i) Cryo-TEM image
of SEI layer on the lithiated 2500 ppm Mn Gr (the pouch cell was charged to 3.65 V). j) The EELS of Mn L-edge on the lithiated Gr and delithiated (the
pouch cell was discharged to 2.50 V) 2500 ppm Mn Gr. k,I) EELS mappings showing the distribution of carbon (C) and Mn on the delithiated 2500 ppm

Mn Gr after 50 and 100 cycles. Color code: C, green; Mn, red.

organic-Mn?* complexes. Moreover, the SEI layer formed in the
2500 ppm Mn?* electrolyte exhibits a non-uniform distribution
of organic and inorganic components, suggesting that Mn?* pro-
motes heterogeneous electrolyte decomposition on the Gr sur-
face during cycling. In contrast, the SEI layer formed in the base
electrolyte displays a homogeneous outer layer, with a more uni-
form distribution of organic and inorganic phases (Figure 4c).

2.5. Solvation Structure and Decomposition Pathways of
Electrolytes

The above varied SEI layer composition and structure
with/without Mn?* is closely tied to the solvation structure
of the electrolyte. Therefore, elucidating the solvation behavior
of Mn?* in the electrolyte is essential. Due to the low Mn?**

Adv. Energy Mater. 2025, 03489
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concentration in a 2500 ppm Mn electrolyte, direct observation
of the coordination interactions between Mn?* and solvent
molecules was not feasible by Raman spectroscopy (Figure S18,
Supporting Information). Therefore, a higher Mn?* concen-
tration of 0.3 mol L' (referred to as “0.3 M Mn”; Figure 5a)
was prepared and tested. The addition of Mn?* causes a shift
in the ethylene carbonate solvation (EC—Li*/Mn?*) peak to a
higher wavenumber (from 727 cm™ in the base electrolyte to
729 cm™! in the 0.3 M Mn electrolyte), while other peaks re-
mained unchanged (Figure S19, Supporting Information). This
shift suggests that Mn** enters or replaces the EC—Li* solvation
shell (Figure 5b), forming an EC—Mn?" solvation structure
(Figure 5¢).[2% Calculation results show that the binding energy
(B.E.) of Mn** with EC (—14.713 eV) is more negative than that
of Li* with EC (—5.594 eV), indicating a stronger interaction
between EC and Mn?*. Furthermore, the EC—Mn?* possesses
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Figure 4. a,b) Normalized ToF-SIMS depth profiles of some selected fragments sputtered from the base Gr (a) and 2500 ppm Mn Gr (b) after 50 cycles.
c,d) 3D structure of some selected fragments sputtered from the base Gr (c) and 2500 ppm Mn Gr (d) after 50 cycles.

a lower Lowest Unoccupied Molecular Orbital (LUMO) energy
than EC-Li* (Figure 5b,c), which renders them more suscepti-
ble to decomposing.[??] This finding aligns with the presence of
Mn?* with organic components in the SEI layer. Linear sweep
voltammetry (LSV) was employed to evaluate the electrochemical
stability of electrolytes (Figure 5d). In the base electrolyte, a re-
duction peak is observable ~0.7 V (vs Li*/Li), which corresponds
to the formation of the SEI layer due to the reduction of the
EC-Li*.[?%! In contrast, the 2500 ppm Mn electrolyte exhibits an
additional reduction peak at ~1.2 V, attributed to the reduction
of EC—-Mn?* complexes. Furthermore, the LSV curves show an
increased current response at the electrolyte reduction potential,
indicating that the introduction of Mn?* lowers the electro-
chemical stability of the electrolyte and accelerates reduction
reactions. This behavior explains the distinct SEI layer properties
observed in the presence of Mn?*.

Additionally, the LFP||Gr pouch cell cycled in the 2500 ppm
Mn electrolyte demonstrates significant volume expansion after
cycling (Figure S20, Supporting Information), which is linked to
the gas generation caused by Mn**-induced electrolyte decom-
position. In situ DEMS was carried out to directly monitor the
gaseous byproducts generated during electrolyte reduction in op-
erating batteries. The released gases were detected as H,, CO,,
C,H,/CO, and CH, in the early stage of charging (Figure 5ef),
which are related to electrolyte decomposition to form the SEI
layer at the anode side. The CH, is mainly derived from lin-
ear carbonates containing methyl groups (Reaction (1)), such as
DMC.3%31 Given the small amount of H,O in the electrolyte,
H, is mainly from the decomposition of the protonated solvent
(Reaction (2)).13%] Although it cannot separate the gases from the
C,H, or CO, it can attribute them to the products of solvent
decomposition (Reaction (3) and (4)), such as EC.3%3133] In the
2500 ppm Mn electrolyte, the intensity of all gases, particularly
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CO, and C,H,/CO, increases almost instantaneously during the
initial charging stage. This behavior contrasts sharply with that
observed in the base electrolyte, where CO, and H, concentra-
tions rise rapidly at the beginning of charging, while C,H,/CO
and CH, show only a slight increase. In the base electrolyte, CO,
and H, are the dominant gaseous products. The distinct gas evo-
lution in the 2500 ppm Mn electrolyte suggests that the addition
of Mn?* modifies the reduction pathways of the electrolyte (Re-
actions (5) and (6)). Based on the timing of its formation, poten-
tial electrolyte reduction pathways are proposed, as illustrated in
Figure 5g and Figure S21 (Supporting Information). With the in-
volvement of Mn?*, solvent molecules likely undergo Reactions
(5) and (6), generating CO and CO, gases along with organic
compounds containing C—O bonds. These findings are consis-
tent with the XPS results shown in Figure 2b, which indicate the
presence of organic species with C—O bonds in the SEI layer.
Additionally, other EC molecules in the solvent shell (Figure 5c)
participate in Mn?*-mediated reduction processes, forming Li,O
and releasing gaseous byproducts such as CO, and C,H, (Figure
S21, Supporting Information).

2.6. Interplay Between the Mn?* and Gr SEI Layer

Previous work suggested that Mn?* in the electrolyte would
be reduced to Mn® through (electro)chemical reactions and de-
posited on the anode surface, which exhibits catalytic activity
and catalyzes electrolyte decomposition.['3153+3°] According to
this mechanism, the SEI layer would continuously grow out-
ward from Mn?**-containing active sites, which is different from
the bottom-up growth mode observed in this work. Based on
DFT calculation, Xing et al.?%l suggested that Mn?* in the
electrolyte can catalyze the decomposition of PF,~ anions into

© 2025 Wiley-VCH GmbH
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Figure 5. a) Raman spectra of the base electrolyte and the 0.3 m Mn electrolyte. Optimized solvation structures of EC—Li* b) and EC—=Mn?* c). Atom
color code: C, brown; H, white; O, red; Li, green; and Mn, purple. d) The LSV curves of Li||Gr half-cell with base electrolyte and 2500 ppm Mn electrolyte.
e,f) Voltage curves of LFP||Gr cell and the corresponding gas evolution during the first cycle with base electrolyte and 2500 ppm Mn electrolyte through
in situ DEMS. g) The potential pathways for the decomposition of DMC and EC in base electrolyte and 2500 ppm Mn electrolyte.

phosphorus pentafluoride (PF;) with high catalytic activity,
which further catalyzes the decomposition of carbonate solvent
molecules to form MnCO,. However, MnCO, was not detected
in our experiments.

Based on the above XPS, cryo-TEM, ToF-SIMS, and Raman
results, a proposed mechanism for the interplay between Mn?*
and Gr SEI layer is shown in Figure 6. Dissolved Mn?* alters
the chemical environment of the electrolyte through preferen-
tial coordination with solvents, such as EC—Mn?**, as probed
by Raman spectroscopy (Figure 5a). Such solvation structure
change elevates the reduction potential of the electrolyte and al-
ters its reaction pathway (Figure 5d). More organics (e.g., C—O
species) were detected by XPS as well as the signals from Mn?*
(Figure 2a; Figure S4, Supporting Information). Since cryo-TEM
didn’t find any lattice fringes attributable to crystalline Mn?*-
containing compounds (Figure 3e-h), the Mn?* deposit is pre-
dominantly incorporated in amorphous SEI components, to be
specific, organic-Mn?* complexes, as confirmed by ToF-SIMS.
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In situ DEMS demonstrates substantial gas evolution (e.g.,
CO,, CO, and C,H,) during the reduction of Mn?*-containing
electrolyte. These gases disrupt the integrity of the SEI layer, cre-
ating pathways for continuous electrolyte infiltration and further
reactions at the Gr/SEI interface, consistent with EELS-mapping
and ToF-SIMS observations of Mn enrichment at the SEI outer-
most layer (Figures 31 and 4d). As a result, the SEI layer grows
predominantly from the bottom up, leading to progressive thick-
ening over cycling. This accumulation of SEI hinders interfacial
Li* transport, leading to increased resistance and reduced capac-
ity as active Li* is consumed. In contrast, the decomposition of
the base electrolyte forms organic-Li species (e.g., ROLi) accom-
panied by a small amount of gas (e.g., CO, and C,H,), under-
scoring the distinct and detrimental role of Mn?" in regulating
the SEI layer formation and battery performance. Thus, future
work should focus on two points to reduce the harmful influence
induced by Mn?*: i) adopting the electrolyte with a lower binding
energy between Mn?* and the solvents, ii) forming a dense SEI

© 2025 Wiley-VCH GmbH
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layer with better electronic insulation to inhibit further electrolyte
reduction following Mn?* dissolution.

3. Conclusion

In this study, a suite of advanced characterization techniques, in-
cluding XPS, ToF-SIMS, and Cryo-TEM, was employed to com-
prehensively analyze the evolution of interfacial properties across
various cycles and to probe the impact of transition metal Mn?*
on the SEI layer. The presence of Mn?* in the electrolyte signifi-
cantly alters the solvation structure and reduction pathways, lead-
ing to distinct SEI properties and accelerated electrolyte decom-
position. Mn?** competes with Li* for coordination with solvent
molecules (e.g., EC), forming EC—Mn?* solvation complexes
that are more prone to reduction. This promotes the genera-
tion of organic-Mn?* species and gaseous byproducts (e.g., CO,,
C,H,/CO), facilitating continuous electrolyte infiltration and de-
composition, resulting in a thicker, mosaic-like SEI layer. These
Mn?*-induced processes contribute to increased gas evolution,
SEI growth, and ultimately, capacity fading in LIBs. This study
provides critical insights into the role of transition metal disso-
lution in battery degradation and offers potential strategies for
mitigating these effects through electrolyte engineering or SEI
stabilization, and improving battery performance and longevity.
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