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ABSTRACT 

Rechargeable magnesium batteries (RMBs) offer a low-cost and high-capacity alternative to the current energy storage systems, yet 
achieving high-energy density and stable operation at high-voltage remains difficult, particularly due to oxidative decomposition 
in conventional ether-based electrolytes. In this work, we introduce a mixed-coordination electrolyte (MCE) combined with a 
molecular additive (MCE-MA) designed to promote anion-derived interphases and enhance cycling stability in high-voltage RMBs. 
The MCE formulation integrates dissociative and associative coordinating salts to optimize both Mg2 + transport and interphase 
formation, while the molecular additive facilitates the development of uniform, robust interphases. MCE-MA exhibits improved 
Mg plating/stripping efficiency in Cu|Mg asymmetric cells and sustains over 250 h of stable cycling in Mg|Mg symmetric cells, 
significantly outperforming conventional halide-free ether-based electrolytes. Furthermore, MCE-MA enables long-term cycling 
of a full cell with oxide-based cathode, achieving 200 cycles at 100 mA g− 1 . X-ray photoelectron spectroscopy (XPS) and time-of- 
flight secondary ion mass spectrometry (ToF-SIMS) were employed systematically to reveal the origin of enhanced performance. 
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 Introduction 

he growing global reliance on lithium-ion batteries (LIBs)
as raised concerns over the long-term availability and cost
f lithium resources [ 1 ]. This has stimulated the search for
lternative energy-storage systems based on earth-abundant ele-
ents. Among these, rechargeable magnesium batteries (RMBs)
re promising candidates owing to the low cost and natural
bundance of magnesium, combined with its high volumetric
nd gravimetric capacities (3833 mAh cm− 2 and 2205 mAh g− 1 ,
espectively). When coupled with high-energy-density cathodes,
MBs could, in principle, deliver energy densities comparable to
tate-of-the-art LIBs [ 2 ]. 
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Advanced Science published by Wiley-VCH GmbH 
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Despite significant progress, the practical realization of high-
energy RMBs remains hindered by long-standing challenges
in electrolyte design, particularly when operated at high-
voltage [ 3–5 ]. Electrolytes based on weakly coordinating
anion salts (WCA) such as Mg[B(hfip)4 ]2 and Mg[Al(hfip)4 ]2 
(hfip:hexafluoroisopropanol) in ether solvents exhibit excellent
reductive stability and highly reversible Mg plating/stripping
( > 99% efficiency for 0.3 m Mg[Al(hfip)4 ]2 in diglyme), owing to
weak cation–anion interactions that suppress surface passivation
on the Mg anode [ 6–10 ]. However, the cycle performance of
high-voltage RMBs with this electrolyte system remains poor,
which is mainly attributed to the high fraction of uncoordinated
ether molecules that are readily exposed at the cathode interface
se, which permits use, distribution and reproduction in any medium, provided the 
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FIGURE 1 (a) Schematic illustration of issues in WCA-based electrolyte and the introduction of MCE-MA to enable robust interphases formation. 
(b) Molecular structure of Mg[B(hfip)4 ]2 ∙3DME salt, Mg[B(tfe)4 ]2 ∙DME salt, and BisTFE molecule. Hydrogen and disordered atoms are not shown for 
figure clarity. (c) Raman spectra of the as-prepared electrolytes in the anion-sensitive spectral region, together with peak deconvolution analysis. The 
percentages indicate the relative contributions of solvent-separated ion pair (SSIP) and pseudo ion pair (pIP) in each electrolyte. (d) Raman spectra of 
as-prepared electrolytes in the selected region sensitive to solvent with assigned free and coordinated diglyme (G2). 
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nd undergo oxidative decomposition at high voltage [ 3, 11–13 ].
s a result, issues related to solvent-derived decomposition,
ctive proton formation, interphase instability, and cathode
omponent dissolution were recently discovered, and are also
ommonly found in the current LIBs research [ 3, 4, 14–16 ].
lthough employing high-concentration electrolytes has shown
ome promise in LIBs as well as RMBs, the relatively high cost of
ome Mg salts makes this approach suboptimal [ 17, 18 ]. 

n this study, we introduce a WCA-based electrolyte incorporating
ixed anionic species and a molecular additive to promote stable
nterphase formation for extended cycle performance of high-
oltage RMBs. Specifically, Mg[B(hfip)4 ]2 in diglyme (G2) was
sed as the base electrolyte, while a certain concentration of
g[B(tfe)4 ]2 salt (tfe:trifluoroethanol) was added to modulate
he solvation structure and help the formation of anion-derived
nterphase, forming a mixed coordination electrolyte (MCE).
dditionally, Bis(2,2,2-trifluoroethyl) ether (BisTFE) was chosen
s a molecular additive to promote homogeneous and robust
nterphase. The resulting mixture, termed mixed-coordination
lectrolyte with molecular additive (MCE-MA), is summarized in
igure 1a . 

lthough both Mg[B(hfip)4 ]2 and Mg[B(tfe)4 ]2 salts contain
ulky weakly coordinating anions, their cation–anion inter-
ctions differ significantly. In Mg[B(hfip)4 ]2 , the coordination
tructure is fully dissociative, where Mg2 + –glyme complexes are
of 13
separated from [B(hfip)]− anions (Figure 1b ) [ 6 ]. The strong
electron-withdrawing hfip groups suppress anion coordination,
while the strong electric field of Mg2 + enhances glyme solva-
tion, resulting in a glyme-dominated solvation shell [ 12 ]. In
contrast, Mg[B(tfe)4 ]2 salt has an associative coordination struc-
ture (Figure 1b ), where Mg2 + binds to six oxygen atoms from
two [B(tfe)4 ]− anions and one glyme molecule. This stronger
cation–anion association arises from the weaker charge disper-
sion of [B(tfe)4 ]− , as the tfe group contains only one ─CF3 
group compared to two in the hfip group [ 19 ]. Consequently,
Mg[B(tfe)4 ]2 coordinates fewer glyme molecules (one vs. three in
Mg[B(hfip)4 ]2 ). The combination of these two salts is expected to
balance efficient Mg2 + transport with anion-derived interphase
formation, while the addition of BisTFE, which has a linear
fluorinated structure (Figure 1b ), further promotes a uniform
interphase. 

2 Results and Discussion 

2.1 Electrolyte Solvation Structure 

The synthesis of Mg salts and the preparation of electrolytes are
detailed in the Experimental Section. Both Mg[B(hfip)4 ]2 
and Mg[B(tfe)4 ]2 form adducts with coordinated DME
(dimethoxyethane) used during the synthesis, as confirmed
by 1 H NMR (Figure S1 ), consistent with previous reports [ 9, 19 ].
Advanced Science, 2026
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he base electrolyte was prepared using 0.3 m Mg[B(hfip)4 ]2 in
iglyme (G2), a concentration selected based on its previously
eported electrochemical performance [ 9 ]. To formulate the MCE,
 mM Mg[B(tfe)4 ]2 was included in the base electrolyte, while
he MCE-MA was obtained by introducing 1 vol% BisTFE into
he MCE. The detailed electrolyte compositions are summarized
n Table S1 . The concentration of Mg[B(tfe)4 ]2 and BisTFE was
hosen after initial screening with a symmetric Mg|Mg cell and
 full-cell test. 5 mM Mg[B(tfe)4 ]2 and 1 vol% BisTFE provide
alanced performance in both electrochemical tests. 

o investigate the influence of mixing WCA salts with a distinct
oordination behavior, as well as the effect of a molecular
dditive, Raman spectra were collected at room temperature
or the base electrolyte, base + BisTFE (MA), MCE, and MCE-
A. The regions sensitive to anion and solvent coordination
re shown in Figure 1c,d , respectively. In the 720–740 cm− 1

egion (Figure 1c ), corresponding to anion coordination, MCE
nd MCE-MA exhibit a blueshift relative to the base electrolyte,
ndicating the formation of more “pseudo ion-pair” clusters,
espite a minimum amount of Mg[B(tfe)4 ]2 being incorporated
only 5 mM) [ 20–22 ]. According to the peak deconvolution
Figure 1c ), the base electrolyte is dominated by solvent-separated
on pairs (SSIP), with partial contribution from pseudo ion pair
pIP). Here, the term “pseudo ion pair (pIP)” is used to describe
 weak cation–anion association characteristic of WCA-based
lectrolytes, in which the anion resides in close proximity to
g2 + without forming a classical inner-sphere contact ion pair
CIP). Although Mg[B(hfip)4 ]2 is widely regarded as prototyp-
cal WCA-salt, recent studies have reported and discussed the
resence of such cation-anion association [ 10, 23 ]. Notably, in
he MCE and MCE-MA, the contribution of this cation-anion
ssociation becomes more dominant (Figure 1c ). As Mg[B(tfe)4 ]2
lone is known to favor pIP in ethers, introducing even a
mall fraction of this salt into the base electrolyte significantly
lters the equilibrium between cation–solvent and cation–anion
nteractions. The [B(tfe)4 ]− anion possesses a higher local charge
ensity and weaker electron-withdrawing ability compared to
B(hfip)4 ]− , making it more nucleophilic toward Mg2 + . As a
esult, it can outcompete glyme for coordination sites, promoting
he formation of pIP and partially disrupting the dissociative
olvation structure characteristic of the base electrolyte. This
nhanced anion participation reduces the availability of free G2
olecules and weakens Mg2 + –G2 interactions. 

n the 820–900 cm− 1 region (Figure 1d ), associated with solvent
oordination, the coordinated G2 peak intensity is reduced in
CE and MCE-MA compared to the base electrolyte. This
uggests a weakening of Mg2 + –G2 interactions due to increased
nion participation in the pIP formation, in good agreement
ith the anion-sensitive region peaks [ 24 ]. In the MCE-MA,
he further decrease in free G2 intensity likely arises from
eak but non-negligible interactions between Mg2 + and the
isTFE molecule. While BisTFE is generally non-coordinating,
ts electron-withdrawing CF3 groups can polarize the surround-
ng solvation shell, subtly stabilizing Mg2 + –anion complexes
nd homogenizing the overall solvation environment [ 25–27 ]. In
ontrast, addition of BisTFE alone to the base electrolyte does not
erturb the solvation structure substantially because, without the
ssociative anion [B(tfe)4 ]− , there is no competitive driving force
o reorganize the coordination equilibrium. 
dvanced Science, 2026
2.2 Anion-Derived Solid Electrolyte Interphase 

Modulation of the Mg2 + solvation environment is ultimately
manifested in the chemical composition of the solid electrolyte
interphase (SEI) formed on Mg metal. In particular, the formation
of pIP-rich coordination structures in the MCE and MCE-MA
electrolytes is expected to shift the initial interfacial reac-
tions from solvent-dominated decomposition toward preferential
anion participation. To elucidate how these solvation changes
translate into interphase chemistry, ex situ X-ray photoelectron
spectroscopy (XPS) was performed on Mg metal electrodes
recovered after 50 h cycled in a Mg|Mg symmetric cell at 0.5 mA
cm− 2 and 0.25 mAh cm− 2 (Figure S2a ) using the three electrolytes
(Figure 2a–d ). 

The C 1s spectra (Figure 2a ) reveal the presence of organic surface
species and fluorinated carbonaceous components (C ─F) for all
electrolytes. Notably, MCE-MA exhibits the highest C ─F peak
intensity, indicating enhanced formation of fluorocarbons and
related species, which are attributed to the controlled decom-
position of fluorinated anions and/or the BisTFE additive. This
observation already suggests a transition toward an anion-derived
SEI chemistry in the mixed-coordination systems. Consistent
with this trend, the Mg 2p spectra (Figure 2b ) show contributions
from Mg ─F species ( ≈ 52.0 eV) coexisting with Mg ─O–related
components arising from oxides, hydroxides, and/or carbonates
( ≈ 50.9 eV) [ 28 ]. Both MCE and MCE-MA display a substan-
tially higher Mg ─F fraction than the base electrolyte, further
evidencing a stronger anion-derived interphase. Interestingly, a
small metallic Mg0 signal is detected in the MCE sample but is
absent in MCE-MA, implying that the SEI formed in MCE-MA is
more homogeneous and likely provides more complete surface
coverage. The F 1s spectra (Figure 2c ) provide direct insight
into fluorine-containing interphase species. A dominant peak at
∼ 689 eV corresponds to C ─F bonds and is most pronounced in
MCE-MA, in agreement with the C 1s analysis [ 29 ]. In addition,
a shoulder at ∼ 685 eV assigned to Mg ─F is observed in all
electrolytes but is significantly intensified in MCE, suggesting
substantial anion-derived inorganic fluoride formation. Given
the boron-centered anions employed, a B ─F contribution near
∼ 688 eV was also included in the peak fitting. The enhanced
B ─F intensity observed for both MCE and MCE-MA relative to
the base electrolyte further confirms the active involvement of
anion decomposition in shaping the SEI [ 30, 31 ]. This conclusion
is reinforced by the B 1s spectra (Figure 2d ), which show markedly
stronger B ─O ( ∼ 193 eV) and B ─F ( ∼ 195 eV) signals for MCE and
MCE-MA than for the base electrolyte, consistent with increased
boron-containing decomposition products within the interphase
[ 32 ]. 

To provide a more quantitative comparison, the fitted peak area
ratios of the Mg 2p and F 1s spectra are summarized in Figure 2e,f .
As shown in Figure 2e , Mg ─F species become the dominant Mg-
containing component in both MCE (94%) and MCE-MA (68%),
in sharp contrast to the base electrolyte (39%). Furthermore,
the fluorinated interphase composition (Figure 2f ) is dominated
by C ─F species across all samples: base electrolyte (71%), MCE
(51%), and MCE-MA (71%). On the other hand, B ─F contributions
are significantly more pronounced in the mixed-coordination
electrolytes, MCE (22%) and MCE-MA (9%), reflecting enhanced
and controlled anion participation during SEI formation. Overall,
3 of 13
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FIGURE 2 Ex situ XPS survey spectra of Mg metal cycled in Mg|Mg symmetric cell (0.5 mA cm− 2 , 0.25 mAh cm− 2 ) for 50 h using base electrolyte, 
MCE, and MCE-MA; (a) C 1s, (b) Mg 2p, (c) F 1s, and (d) B 1s. (e,f) The fitted peak area ratio of (e) Mg 2p and (f) F 1s provides quantitative results of XPS 
survey spectra. 
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oth MCE and MCE-MA promote the formation of anion-derived
EI layers; however, MCE-MA likely has a more robust and
omogeneous SEI structure, due to the incorporation of BisTFE
dditive. 

isTFE is expected to exhibit preferential reductive and/or
xidative decomposition at the electrode interface due to its
elatively labile C ─O bonds and electron-withdrawing ─CF3
roups. Such decomposition can generate fluorinated species
e.g., C ─F ─containing fragments), which contribute to the for-
ation of a fluorine-rich interphase. This is consistent with
he enhanced C ─F signals observed in the XPS (C 1s and F
s) spectra, where fluorinated fragments are more uniformly
istributed in the MCE-MA system. In addition to contributing
luorinated species, the presence of BisTFE is also considered
o modulate interfacial reactions by altering the local solvation
nvironment near the electrode surface. This can lead to more
omogeneous decomposition pathways, suppressing localized
olvent degradation and promoting the formation of a more
niform and stable interphase layer [ 33, 34 ]. 

.3 Impact of SEI on Mg Plating/Stripping 
erformance 

o evaluate the impact of SEI composition on the long-term Mg
lating/stripping stability, symmetric Mg|Mg cells were further
ested in the three electrolytes at 0.5 mA cm− 2 and 0.25 mAh cm− 2
of 13
for longer hours. For the base electrolyte, repeated polarization
(activation process) is required to initiate Mg plating/stripping
(Figure S2b ), reflecting the highly insulating nature of the Mg
metal surface, as also observed previously [ 35 ]. In contrast,
such behavior is absent in the MCE and MCE-MA electrolytes,
suggesting more favorable initial interfacial conditions for Mg
electrochemistry. Despite these differences, all electrolytes exhibit
comparable voltage profiles during the initial cycling period
(Figure 3a ), indicating similar interfacial kinetics at the early
stage. However, pronounced differences emerge upon prolonged
operation. Notably, the MCE-MA electrolyte sustains stable Mg
plating/stripping for more than 250 h, whereas both the base
electrolyte and MCE suffer from soft short-circuiting within
approximately 100 h. It is worth noting that the Mg plat-
ing/stripping stability in the base electrolyte and the MCE is
nearly identical. This observation indicates that the MCE alone
does not significantly improve Mg plating/stripping homogene-
ity, despite the formation of an anion-derived interphase, likely
due to the inhomogeneous nature of the resulting interphase. In
contrast, the incorporation of the molecular additive in MCE-
MA promotes a more homogeneous interphase, thereby enabling
markedly enhanced and prolonged Mg plating/stripping stability.

The evolution of Mg plating/stripping overpotential provides
further insight into the origin of these stability differences. As
summarized in Figure 3b , all three electrolytes display similarly
low overpotentials ( < 0.1 V) during the initial cycling stage ( < 50
cycles). Upon extended cycling, the overpotentials of the base
Advanced Science, 2026
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FIGURE 3 (a) The discharge-charge profile of symmetric Mg|Mg cells with base electrolyte, MCE, and MCE-MA, cycled at 0.5 mA cm− 2 and 0.25 
mAh cm− 2 . (b) Evolution of Mg plating/stripping overpotential as a function of cycle number in the symmetric cell. The overpotential is determined 
as the voltage plateaus of Mg plating/stripping at the end of the cycling test. (c,d) The magnified discharge/charge profile of the symmetric cell at (c) 
intermediate cycles, (d) later cycles. (e) Nyquist plot of EIS measurement of symmetric Mg|Mg cell with MCE-MA electrolyte taken at different stages: 
before cycle, 10th cycle, 30th cycle, and 100th cycle. (f–h) SEM image of Mg metal surface after cycling in (f) base electrolyte, (g) MCE, and (h) MCE-MA. 
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lectrolyte and MCE gradually increase from ∼ 0.1 to ∼ 0.15 V
fter ∼ 90 cycles, followed by a sudden drop in polarization asso-
iated with soft short-circuit behavior (Figure 3c ). Such abrupt
oltage collapse is characteristic of internal shorting caused by
on-uniform Mg deposition [ 36, 37 ]. In contrast, although the
verpotential of MCE-MA also increases to ∼ 0.15 V after ∼ 100
ycles, no sudden voltage drop is observed. Instead, MCE-MA
aintains a stable overpotential of ∼ 0.2 V over more than 200
ycles (Figure 3d ), demonstrating markedly enhanced durability.
t is noteworthy that the Mg plating/stripping overpotential in all
hree electrolytes exhibits only a weak dependence on current
ensity over the range of 0.25–2.0 mA cm− 2 , indicating that
he use of MCE and MCE-MA does not substantially alter the
ntrinsic Mg plating/stripping kinetics. In contrast, all cells fail
hen subjected to a high current density of 4.0 mA cm− 2 (Figure
3 ), suggesting a common limitation under aggressive operating
onditions rather than electrolyte-specific kinetic effects. 

he Nyquist plots (Figure 3e ) from electrochemical impedance
pectroscopy (EIS) measurement of a symmetric Mg|Mg cell with
CE-MA reveal a clear evolution of the interfacial resistance
uring cycling. The initial impedance before cycling is relatively
dvanced Science, 2026
high, which can be attributed to the absence of a well-formed
interphase. After 10 cycles, the interfacial resistance decreases sig-
nificantly, indicating the formation of an electrochemically active
and ion-conductive interphase. Upon further cycling (30th and
100th cycles), the impedance gradually increases, which is con-
sistent with the growth and stabilization of the interphase layer
during prolonged operation. Importantly, despite this increase
at later stages, the overall impedance remains stable without
an abrupt rise, in agreement with the sustained electrochemical
performance observed for the MCE-MA electrolyte. This behavior
supports the formation of a robust and stable interphase that
effectively regulates Mg plating/stripping over extended cycling. 

We also observed that these differences in electrochemical sta-
bility are closely correlated with the morphology of Mg metal
after cycling. SEM images of Mg electrodes retrieved from the
symmetric cells are shown in Figure 3f–h . After cycling in the
base electrolyte, the Mg surface becomes highly mossy and
contains pronounced localized pits, indicative of uneven, 3D Mg
deposition (Figure 3f ). In the case of MCE, the surface is generally
smoother; however, distinct localized holes remain, suggesting
spatially heterogeneous Mg plating/stripping arising from a non-
5 of 13
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niform SEI (Figure 3g ). By contrast, Mg cycled in MCE-MA
xhibits a relatively compact and homogeneous surface mor-
hology, with significantly suppressed pit formation (Figure 3h ).
verall, the electrochemical and morphological results indicate
hat the superior long-term Mg plating/stripping stability in
CE-MA originates from the formation of a more homogeneous
nd robust SEI. This stabilized interphase effectively mitigates
ocalized current concentration and suppresses non-uniform Mg
rowth, thereby preventing premature short-circuiting during
xtended cycling. 

part from Mg plating/stripping stability, we also discovered
hat the three electrolytes exhibited different plating/stripping
fficiency trends. The Mg plating/stripping efficiency in the base
lectrolyte, MCE, and MCE-MA was examined in asymmetric
u|Mg cells at a current density of 1 mA cm− 2 and areal capacity
f 1 mAh cm− 2 . All three electrolytes exhibited comparable short-
erm stability, with short-circuiting observed after approximately
5 h (Figure S4a ). However, the initial Mg nucleation overpoten-
ial revealed different behavior between the electrolytes (Figure
4c ). The MCE and MCE-MA display lower Mg nucleation
verpotential compared to the base electrolyte, indicating more
avorable Mg nucleation and improved interfacial reversibility.
esides, their Coulombic efficiency (CE) profiles revealed distinct
rends. In the initial cycle, MCE showed the highest CE (96.67%)
nd the lowest overpotential, outperforming the base (89.55%)
nd MCE-MA (93.13%). By the 14th cycle (before the short-
ircuit), however, MCE-MA surpassed both systems, achieving a
E of 94.84% with the lowest overpotential, while the base and
CE stabilized at 92.28% and 91.30%, respectively. These results
ighlight the plausible differences in SEI evolution among the
lectrolytes, driven by variations in their solvation structures. In
CE-MA, SEI formation proceeds more gradually but yields a
obust and stable interphase after repeated cycling. Conversely,
CE promotes rapid SEI formation during the initial cycles;
owever, the resulting interphase appears less resilient, leading
o performance degradation over time. 

eyond SEI chemistry, the electrolyte composition also exerts a
trong influence on Mg deposition behavior, as reflected by differ-
nces in the nucleation overpotential (Figure S5 ). To examine the
esulting Mg plating morphology, Mg was electrodeposited onto
u foil at a current density of 0.25 mA cm− 2 with an areal capacity
f 1.0 mAh cm− 2 , followed by SEM analysis. The corresponding
orphologies for the base electrolyte, MCE, and MCE-MA are
hown in Figure S6 . In the base electrolyte, Mg deposits consist of
mall, sparsely distributed nuclei, indicative of a high nucleation
arrier. In contrast, Mg deposited from the MCE and MCE-MA
lectrolytes exhibits larger feature sizes and a more compact,
niform morphology. This trend is consistent with previously
eported correlations between reduced nucleation overpotential
nd increased metal deposit size [ 38, 39 ]. Such compact Mg
eposition is advantageous for minimizing localized current
oncentration and suppressing undesired anode–electrolyte side
eactions during repeated charge–discharge cycling. 

dditionally, XRD analysis was also conducted for the Mg deposit
btained from the base electrolyte and MCE-MA. The diffraction
atterns reveal a noticeable change in preferred orientation
Figure S14 ): the (002) and (101) reflections become slightly
ore intense relative to the (100) peak when MCE–MA is
of 13
used. This suggests that MCE–MA promotes crystal growth
along the c -axis of the hexagonal close-packed Mg lattice. Such
behavior can be attributed to additive-induced modifications of
the electrode surface energy and the adsorption environment at
the metal–electrolyte interface, which can selectively stabilize
certain crystallographic planes during nucleation and growth
[ 40 ]. However, the detailed mechanism of this preferred (002) and
(101) crystal growth requires further investigation and is beyond
the scope of this study. 

2.4 Insight Into High-Voltage RMBs Application 

To evaluate the applicability of the developed electrolyte systems
for high-voltage RMBs, linear sweep voltammetry (LSV) was
performed first to provide insight into their oxidative stabilities.
Figure 4a shows the LSV profiles with platinum (Pt) as the work-
ing electrode. Both MCE and MCE-MA exhibit slightly enhanced
oxidation stability compared with the base electrolyte. This
improvement can be attributed to thermodynamic stabilization
arising from the modified solvation structure in the mixed-
anion environment. In MCE and MCE-MA, the coexistence
of [B(hfip)4 ]− and [B(tfe)4 ] − anions—along with the weakly
coordinating BisTFE molecule in MCE-MA—modulates the local
coordination sphere around Mg2 + . This mixed coordination
weakens the strong Mg2 + –G2 interactions dominant in the base
electrolyte, leading to a more delocalized charge distribution and
improved oxidative stability [ 41 ]. 

As shown in Figure 4b , small oxidation features appear below
3.3 V vs. Mg/Mg2 + for MCE and MCE-MA, which are attributed
to localized, self-limiting cathode electrolyte interphase (CEI)
formation. The mixed-anion formulation slightly raises the bulk
oxidative stability; however, local interfacial heterogeneities—
such as regions enriched in [B(tfe)4 ]− or BisTFE and high-field
sites on the electrode—can still host species with higher highest
occupied molecular orbital (HOMO) energies that oxidize pref-
erentially. Oxidation of these localized species, likely involving
[B(tfe)4 ]− or BisTFE, generates reactive radicals that decompose
into boron- and fluorine-containing CEI components. The limited
charge associated with these peaks and the rapid current decay
indicate the formation of a thin, passivating interphase that
suppresses further oxidation. 

While LSV provides a comparative assessment of the oxidative
stability of the electrolytes, it primarily reflects dynamic elec-
trochemical behavior. Therefore, the long-term stability of the
cathode–electrolyte interphase (CEI) is more reliably evaluated
through galvanostatic full-cell cycling with a cathode material at a
reliable test condition. In this regard, the consistency between the
LSV results and the extended cycling performance of the full cell
should support the enhanced oxidative stability and interphase
robustness of the MCE-MA electrolyte. 

Considering these oxidative stability results, two key conditions
were established for assembling RMBs full cells: (1) operation
at room temperature, due to the relatively low boiling point of
BisTFE (62◦C–63◦C); and (2) a charge cut-off voltage around
3.3 V to minimize parasitic electrolyte decomposition (Figure 4c ).
Based on these criteria, FeV3 O9 ⋅1.1H2 O (FeVO) was selected as
a model cathode material because of its stable operation at the
Advanced Science, 2026
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FIGURE 4 (a) LSV profile of the base electrolyte, MCE, and MCE-MA measured using a Pt working electrode. (b) Magnified view of the LSV 

profile over the selected high voltage region. (c) Schematic illustration of high-voltage RMBs comprising base electrolyte, MCE, or MCE-MA with 
certain condition requirements. (d–f) Three representative cycles of galvanostatic discharge-charge profile of RMBs comprising FeVO cathode with (d) 
base electrolyte, (e) MCE, (f) MCE-MA at 10 mA g− 1 . (g) Cycling performance of RMBs with FeVO cathode in different electrolyte systems at 100 mA 

g− 1 after 1 cycle conditioning at 10 mA g− 1 . The Coulombic efficiency was defined as Qcharge /Qdischarge × 100%. (h) Selected discharge-charge profiles 
highlighting the failure of the RMBs with base electrolyte and MCE. 
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esired voltage range [ 42, 43 ]. Additionally, the intrinsic stability
f molecular H2 O molecules in FeVO has been systematically
erified in previous studies, ensuring safe operation when paired
ith Mg metal anodes [ 43, 44 ]. The FeVO cathode was syn-
hesized following earlier protocol, and was confirmed by X-ray
iffraction (XRD) and SEM–EDX analyses (Figure S7 ) [ 43 ]. 

igure 4d–f presents the charge–discharge profiles of RMBs full
ells with FeVO cathode at 10 mA g− 1 using base electrolyte,
CE, and MCE-MA. The applied current corresponds to an
real current density of approximately 0.01 mA cm− 2 for the Mg
node. Despite identical testing conditions, clear performance
ifferences are observed among the electrolytes. The cell with
ase electrolyte delivers the highest first discharge capacity of
97 mAh g− 1 but suffers from rapid capacity fading to 150 mAh
− 1 (76% of the first discharge capacity) after three cycles. The
ell with MCE delivers the lowest first discharge capacity of 142
Ah g− 1 and degrades to 121 mAh g− 1 (85% of the first discharge
apacity) after three cycles. The cell with MCE-MA delivers a
dvanced Science, 2026
first discharge capacity of 166 mAh g− 1 and has relatively more
stable cycling behavior compared to the base electrolyte and
MCE, with the third discharge capacity of 149 mAh g− 1 (90%
of the first discharge capacity). To elucidate the origin of the
capacity discrepancy between different electrolyte systems, ICP–
MS analysis was performed to quantify Mg content in the FeVO
cathode after discharge (Figure S8 ). The fraction of discharge
capacity attributed to Mg intercalation differs across electrolytes:
41% for the base electrolyte, 65% for MCE, and 64% for MCE-MA.
These results indicate that parasitic side reactions, likely proton
insertion, are more pronounced in the base electrolyte, despite
the low water content. As reported previously, such reactions
occur during both discharge and charge, consistent with the
higher charge capacity relative to discharge capacity observed
after the second and third cycles in the base electrolyte [ 3 ].
Solvent-derived decomposition not only reduces efficiency but
also leads to interphase crossover, disrupting the uniformity of
Mg plating/stripping at the anode and thereby compromising
long-term cycling stability [ 3 ] 
7 of 13
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ince MCE and MCE-MA demonstrated the formation of anion-
erived interphases in the Mg anode, the impact on the RMBs
ull cell should be investigated. The cycling performance of the
MB full cell with the FeVO cathode was further evaluated at
 higher current density of 100 mA g− 1 . Direct application of
uch high current densities led to poor cell performance for all
lectrolytes (not shown here), likely due to the insufficiently
eveloped interphase discussed earlier. To address this, the full
ells were preconditioned at a lower current density (10 mA g− 1 )
or one formation cycle before subsequent cycling at 100 mA g− 1
Figure 4g ). 

nder these optimized conditions, MCE-MA exhibited markedly
uperior long-term stability, sustaining over 200 cycles with
apacity retention of 40% after 100 cycles and 35% after 200 cycles
Figure 4g ). In sharp contrast, cells employing the base or MCE
lectrolytes became inoperable within 30 cycles. Representative
harge–discharge profiles of the base and MCE cells prior to
ailure are shown in Figure 4h . Both displayed elongated and
on-linear charge curves below the cut-off voltage, suggesting the
ccurrence of abnormal electrochemical processes. Such behav-
or could stem from multiple degradation pathways, including
oft short-circuiting caused by electrode component migration
r possible corrosion of the positive electrode components under
xidative conditions [ 45 ]. While these observations point toward
nterfacial and mechanical instabilities in the less-optimized
lectrolytes, further systematic studies are required to elucidate
he precise failure mechanisms and identify the critical factors
imiting the high-rate durability of RMBs. Besides, full-cell testing
ith MCE-MA was also conducted at a higher current density of
00 mA g− 1 (Figure S13 ). The cell delivers a limited capacity ( < 50
Ah g− 1 ), which is primarily attributed to the intrinsically slug-
ish Mg2 + diffusion kinetics in the FeVO cathode, indicating fur-
her needs for cathode development with higher rate capability. 

lthough a comparison with literature employing WCA-based
lectrolyte and oxide cathodes could be important to further sig-
ify the role of MCE-MA, direct quantitative comparison of elec-
rochemical performance across different studies remains chal-
enging, as reported values are highly sensitive to variations in
ell configuration, electrode preparation, electrolyte composition,
nd testing protocols. Recent studies on the use of WCA-based
lectrolytes for high-voltage RMBs have shown that achieving
table interphase formation at high voltages remains challenging.
n many cases, long-term cycling is limited by continuous elec-
rolyte decomposition and interfacial instability [ 3, 5, 46 ]. In this
ontext, the introduction of MCE-MA to regulate cation–anion
nteractions and promote the formation of robust, fluorinated
nterphases provides insight into improved cycling stability in
igh-voltage RMBs systems employing oxide-based cathode. 

n addition to oxide-based cathodes, the applicability of MCE-
A was further examined using a benchmark Chevrel-phase
athode (Mo6 S8 ) and an organic cathode material, 3,4,9,10-
erylenetetracarboxylic dianhydride (PTCDA). When paired with
he Mo6 S8 cathode, the cycling performance of cells employing
he base electrolyte and MCE-MA is largely comparable (Figure
9 ), with similar discharge–charge overpotentials observed over
he initial 20 cycles. This behavior is attributed to the relatively
ow operating voltage of Mo6 S8 , under which oxidative electrolyte
egradation is minimal, thereby limiting the advantages con-
of 13
ferred by MCE-MA. Nevertheless, considering the pronounced
differences in Mg plating/stripping stability between the base
electrolyte and MCE-MA observed in symmetric cells, the long-
term cycling behavior of low-voltage cathode systems requires
further investigation. For the organic cathode system, cells
employing MCE-MA exhibit improved cycling stability compared
to the base electrolyte at a current density of 20 mA g− 1 (Figure
S10 ). Although the PTCDA-based full cell displays more rapid
capacity fading than the oxide-based cathode systems, these
results demonstrate the broader compatibility of MCE-MA and
highlight organic cathodes as a promising platform for further
optimization and mechanistic study. 

2.5 Interfacial Chemistry After Full-Cell Cycling 

To critically assess the influence of MCE and MCE-MA on
cathode–electrolyte interphase (CEI) formation, systematic inter-
facial characterizations were conducted. The interfacial charac-
terizations were performed on electrodes harvested after the same
electrochemical protocol, namely after 3 cycles of full-cell opera-
tion at a current density of 10 mA g− 1 , rather than after prolonged
cycling. This condition was intentionally selected to ensure
comparable interphase formation while avoiding significant
degradation or thickness accumulation associated with long-term
cycling. Figure 5a–d shows the XPS spectra of FeVO electrodes in
the pristine state and after cycling in the base, MCE, and MCE-
MA electrolytes. In the C 1s spectra, a carbonate-related peak
( ∼ 290 eV) appears after cycling in the base electrolyte (Figure 5a )
but is absent in MCE and MCE-MA, indicating that the mixed-
anion systems effectively suppress solvent-derived decomposi-
tion. All electrolytes exhibit C–F features with varying intensities,
suggesting localized and nonuniform interphase formation. 

The O 1s spectra reveal broadly similar CEI compositions among
the three systems, except for a more pronounced C ─O signal in
the base electrolyte (Figure 5b ), consistent with greater organic
accumulation observed in the C 1s spectra. The Mg 2p spec-
tra confirm the presence of Mg(CO3 )2 , Mg(OH)2 , and/or MgO
species across all samples (Figure 5c ), accompanied by minor
Mg ─F components. In the F 1s region (Figure 5d ), the base
electrolyte exhibits relatively stronger C ─F, Mg ─F, and B ─F
peaks than MCE and MCE-MA, reflecting a more extensive
anion-derived fluorinated interphase. These results contrast with
the SEI analysis, where MCE and MCE-MA displayed higher
fluorinated species intensity, correlating with their enhanced Mg
plating/stripping stability. However, XPS alone provides limited
insight into CEI robustness, as fluorinated species buried beneath
several nanometers of surface layers may not be fully detected due
to signal attenuation of F 1s photoelectrons. 

To verify this, detailed depth-profiling analyses using ToF-
SIMS were performed on FeVO electrodes cycled in MCE-MA,
alongside comparative measurements with the base electrolyte
(Figure 5e–h ). The ToF-SIMS depth profiles (Figure 5e,f ) reveal
that fluorine-containing species (MgF3 − , CF3 − , and BF3 − ) persist
much deeper within the CEI of MCE-MA, whereas their inten-
sity in the base electrolyte rapidly diminishes with sputtering
time. The abundance of organic fragments remains compara-
ble between the two systems, suggesting that the fluorinated
interphase in MCE-MA is not only chemically distinct but also
Advanced Science, 2026
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FIGURE 5 (a – d) Ex situ XPS survey spectra of FeVO cathode after cycling in base electrolyte, MCE, and MCE-MA; (a) C 1s, (b) O 1s (c) Mg 2p (d) 
F 1s. (e–h) ToF-SIMS spectra of FeVO cathode cycled in MCE-MA compared to base electrolyte; (e) Depth profiling, and (f) 3D mapping of selected ion 
spectroscopy for base electrolyte. (g) Depth profiling and (h) 3D mapping of selected ion spectroscopy for MCE-MA. 

p  

n  

t  

r  

B  

h  

s

I  

o  

a  

o  

 

 

 

 

 

 

 

 

 

 

 

 

A

 21983844, 2026, 45, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.75749 by N

ational Institute For, W
iley O

nline L
ibrary on [15/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reati
hysically thicker and more uniform. In contrast, the fluori-
ated components in the base electrolyte are concentrated near
he surface, forming a thinner and patchier interphase. 3D
econstructions (Figure 5g,h ) further confirm that Mg–F and
–F species form a more continuous, extended, and spatially
omogeneous interphase layer in MCE-MA, underscoring its
uperior interfacial robustness. 

nterfacial processes at the cathode are expected to influence not
nly CEI stability but also the evolution of the anode interphase
nd the homogeneity of Mg plating/stripping during full-cell
peration [ 3 ]. To probe this coupling, ToF-SIMS was further
dvanced Science, 2026
employed to examine the Mg anode interphase after full-cell
cycling in MCE-MA, with direct comparison to the base elec-
trolyte. In the MCE-MA system, fluorinated species are detected
not only at the immediate Mg surface but also throughout deeper
regions of the interphase (Figure 6c ), indicating the formation
of a more integrated and chemically continuous interfacial layer.
By contrast, the base electrolyte exhibits a more surface-confined
and spatially heterogeneous distribution of fluorinated species
(Figure 6a ). 3D ToF-SIMS reconstructions further emphasize
this distinction: MCE-MA yields a continuous and uniformly
distributed interphase across the Mg surface (Figure 6d ), whereas
the base electrolyte produces a thin and uneven interphase
9 of 13
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FIGURE 6 (a–d) ToF- SIMS spectra and 3D mapping of selected ion spectroscopy of Mg metal anode cycled RMBs full cell with different electrolytes; 
(a,b) base electrolyte and (c,d) MCE-MA. (e–g) SEM images of Mg metal anode at (e) pristine stage, and after cycled in RMBs full cell with different 
electrolytes; (f) base electrolyte and (g) MCE-MA. 
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Figure 6b ). These chemical differences are corroborated by
orphological observations. SEM images of Mg metal in the
ristine state and after full-cell cycling are shown in Figure 6e–g .
ollowing cycling in the base electrolyte, the Mg surface becomes
arkedly rough, consistent with localized and inhomogeneous
g plating/stripping, similar to what has been observed in the
ymmetric Mg|Mg cell test (Figure 6f ). In contrast, Mg metal
ycled in MCE-MA retains a comparatively smooth and compact
urface morphology (Figure 6g ), indicative of more uniform Mg
eposition and dissolution. 

.6 Toward Broader Electrolyte Component 

o provide additional insight into future electrolyte engineering
trategies based on mixed-coordination chemistries, we briefly
xamined the effects of introducing a different ether-based
olecular additives such as 1,1,2,2-tetrafluoroethyl 2,2,3,3-
etrafluoropropyl ether (TTE), ethyl 1,1,2,2-tetrafluoroethyl
ther (ETFE), 1-fluoro-2-(2-fluoroethoxy)ethane (HFE), and
,2-bis(trifluoromethyl)-1,3-dioxolane (BisTMD). 

ymmetric Mg|Mg cell tests revealed that replacing the molec-
lar additive of BisTFE with TTE maintained stable Mg plat-
ng/stripping for more than 500 cycles (Figure S11 ), while other
dditives performed differently. However, when evaluated in
ull cells using the FeVO cathode, the electrolyte containing
TE experienced rapid degradation and undesirable reactions
t moderate operating voltages (Figure S12 ). The underlying
echanisms responsible for this instability remain uncertain and
0 of 13
require further systematic investigation. Above all, these find-
ings highlight the critical need to balance Mg plating/stripping
performance with the stability of high-voltage full cells when
incorporating broader electrolyte components. 

3 Conclusion 

In this work, we establish a mixed-coordination electrolyte inte-
grated with a molecular additive (MCE-MA) as a new electrolyte
design concept for stabilizing high-voltage rechargeable magne-
sium batteries. Rather than relying on electrolytes with a single
salt, this strategy deliberately combines weakly coordinating salts
with distinct cation–anion coordination characteristics and a
functional molecular additive to simultaneously regulate Mg2 + 
solvation and interphase formation. Specifically, the coexistence
of Mg[B(hfip)4 ]2 and a trace amount of Mg[B(tfe)4 ]2 enables
controlled anion participation in the solvation structure, while
the BisTFE additive promotes the formation of a homogeneous
and robust interphase. 

As a result of this cooperative electrolyte design, MCE-MA deliv-
ers markedly improved Mg plating/stripping stability, sustaining
over 250 h of operation in Mg|Mg symmetric cells, whereas
the base electrolyte (0.3 m Mg[B(hfip)4 ]2 in G2) short-circuits
within 100 h. Moreover, MCE-MA enables long-term cycling of
RMBs full cell with oxide-based cathodes for 200 cycles, in sharp
contrast to the rapid failure of the base electrolyte within 30
cycles. Mechanistic analyses reveal that the MCE–MA provides
a practical route to forming thicker and more robust fluorinated
Advanced Science, 2026
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EI and SEI layers compared to the base electrolyte, thereby
mproving the homogeneity of Mg plating and stripping during
ull-cell operation. 

eyond the specific electrolyte formulation studied here, this
ork demonstrates that integrating mixed-coordination chem-
stry with molecular additive engineering constitutes a general-
zable strategy for electrolyte design. This approach establishes
 new framework for decoupling ion transport from interphase
tability and offers broad guidance for the development of
urable, high-voltage rechargeable magnesium batteries and
ther multivalent energy-storage systems. 

 Experimental Section 

.1 Materials 

etrahydrofuran (THF), Dimethoxyethane (ethylene glycol
imethyl ether, DME), and diglyme (diethylene glycol
imethyl ether, G2) were purchased from Kanto Chemical.
rifluoroethanol (tfe, ≥ 99.0%) was purchased from Nacalai
esque, Inc. All of the above solvents were treated with
olecular sieves for a minimum of one day prior to use, and
heir water content was less than 10 ppm as measured by Karl-
ischer moisture titration (MKC710, KEM). 1 m Zn(BH4 )2 in
HF was purchased from BetaPharma (Shanghai) Co., Ltd. and
irectly used without further treatment. For the electrolyte
reparation, bis(2,2,2-trifluoroethyl) ether (BisTFE) was
urchased from Sigma–Aldrich (98%), and 1,1,2,2-tetrafluoroethyl
,2,3,3-tetrafluoropropylether (TTE) was purchased from TCI
hemicals ( > 95.0%). Both solvents were used as received. For
athode preparation, NH4 VO3 ( ≥ 99.0%) and Fe(NO3 )3 .9H2 O ( ≥
8%) were purchased from Sigma–Aldrich. PTCDA ( > 98%) was
urchased from TCI Chemicals and used as received. Cu2 Mo6 S8 ,
 precursor of Mo6 S8 cathode material, was purchased from
ojundo Chemical Laboratory Co., Ltd. 

.2 Salt Synthesis 

g[B(hfip)4 ]2 was synthesized by transmetalation reaction using
i- n -butyl magnesium following the previously reported method
 8 ]. 

g[B(tfe)4 ]2 was synthesized via dehydrogenation of Mg(BH4 )2 .
pecifically, Mg(BH4 )2 in THF solution was prepared first by
recipitation reaction from 1 m Zn(BH4 )2 in THF (BetaPharma
Shanghai) Co., Ltd.). In a reaction flask, 50 mL of 1 m Zn(BH4 )2
n THF was mixed with an additional 50 mL of THF. Then, 1.2 g
f Mg turnings were gradually added to the solution and stirred
t room temperature for one week. During this period, Zn-based
recipitates gradually formed. The resulting Mg(BH4 )2 /THF solu-
ion was obtained by filtering the mixture. Next, 20 mL of the
iltered Mg(BH4 )2 /THF solution was transferred into a reaction
lask containing 20 mL of DME. 7.2 mL of trifluoroethanol (tfe,
9%, Nacalai Tesque, Inc.) was added slowly to the mixture, in
hich hydrogen evolution could be observed, followed by stirring
or 20 h. Finally, the solvent was removed by vacuum drying at
5◦C for at least 12 h. The salt was collected and stored in an
r-filled glovebox, while the purity was confirmed by 1 H NMR
dvanced Science, 2026
(JNM-ECA 400, JEOL, 1 H resonance frequency = 400 MHz).
The crystallographic structures of Mg[B(hfip)4 ]2 and Mg[B(tfe)4 ]2 
were reproduced from CIF files deposited in the Cambridge
Crystallographic Data Centre (CCDC 1537493 for Mg[B(hfip)4 ]2 
and CCDC 2091598 for Mg[B(tfe)4 ]2 ). 

4.3 Electrolyte Preparation 

The base electrolyte, 0.3 m Mg[B(hfip)4 ]2 in G2, was prepared by
dissolving the Mg[B(hfip)4 ]2 salt in G2 solvent with 1 h stirring
at room temperature in an Ar-filled glovebox. G2 ( > 99.5 %, Kanto
Chemical CO., INC., Japan) solvent was treated with molecular
sieves overnight prior to electrolyte preparation. MCE and MCE-
MA were prepared following the same method according to
the composition in Table S1 . The water content of as-prepared
electrolytes was in the range of 30 – 150 ppm, as measured by
Karl–Fischer moisture titration (MKC710, KEM). The Raman
spectra of as-prepared electrolytes were measured by a Raman
spectrometer (NRS-4500, Jasco). 

4.4 Cathode Preparation 

FeV3 O9 ⋅1.1H2 O (FeVO) powder was prepared following the pre-
vious method using NH4 VO3 and Fe(NO3 )3 .9H2 O as precursor
[ 43 ]. Specifically, 24 mmol of NH4 VO3 was stirred in 800 mL of
distilled water at 90◦C for 1 h until it dissolved completely, namely
solution A. Separately, 8 mmol of Fe(NO3 )3 ∙9H2 O was dissolved
in 80 mL of distilled water, namely solution B. Solution B was
added slowly into solution A without stirring, producing yellow-
colored insoluble colloidal products. Then, the mixture was aged
at 90◦C for 24 h. The resulting brown precipitates were filtered,
then thoroughly washed with distilled water multiple times and
dried at 80◦C for 24 h under vacuum. 

Mo6 S8 powder was produced by Cu leaching from Cu2 Mo6 S8 
following the reported procedure and stored under dry air [ 47 ]. 

Cathode material was prepared by mixing active material, Acety-
lene Black, and PVDF binder with a mass ratio of 8: 1: 1, dispersed
in N -methyl-2-pyrrolidone (NMP), and cast onto carbon-coated
aluminum foil as a current collector. For the XPS analysis,
polyacrylonitrile (PAN) binder was used instead of PVDF to avoid
F 1s overlapping. The loading mass of the cathode was 0.8 –
1.5 mg/cm2 . 

4.5 Electrochemical Characterization 

A two-electrode type cell (SB2A-EC-frontier) was used in sym-
metric cell, asymmetric cell, and full cell tests [ 48–50 ]. For the
symmetric and asymmetric cell test, a glass fiber separator (GF/D,
Whatman) (2.01 cm2 ) was used, while for the Mg deposition test, a
polyethylene (PE, ◎wscope, SB-20D) separator was used. For the
full cell, cathode active material (2.01 cm2 ), a glass fiber separator
(GF/D, Whatman) (2.01 cm2 ), and polished Mg metal (2.01 cm2 )
were assembled in a two-electrode cell for full cell test. The
amount of electrolyte for each cell was 250 µL. The LSV test was
performed using a home-made beaker-type cell. Ag/Ag+ was used
as a reference electrode and calibrated as 2.49 V vs. Mg/Mg2 + [ 9 ].
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rea
or XRD sampling of the Mg deposit, graphite-coated aluminum
oil is used. The deposition was done with a current density of
.5 mA cm− 2 for 2 h. The resulting deposit was washed with THF
nd dried inside an Ar-filled glovebox. 

he full cell discharge-charge measurement was conducted using
 battery cycler (HJ1001SD8 C, HD Meiden Hokuto, Japan). While
IS was conducted using EC-Lab software on a Biologic VMP3
ultichannel potentiostat (Biologic Science Instruments SAS).
he cut-off voltage of the full cell was 0.8–3.3 V, with 3 h constant-
urrent constant voltage mode (CCCV) during charge for 10 mA
− 1 , and 1 h for 100 mA g− 1 . 

.6 Cathode and Anode Characterization 

he surfaces of the Mg anode and FeVO cathode after elec-
rochemical cycling were characterized by X-ray photoelec-
ron spectroscopy (XPS, VersaProbe II, ULVAC-PHI), time-of-
light secondary ion mass spectrometry (ToF-SIMS, ToF-SIMS5-
D-GCIB), and scanning electron microscopy (SEM, SU8200,
itachi, Japan) equipped with energy-dispersive X-ray spec-
roscopy (EDX). ToF-SIMS measurements were performed using
 30 kV Bi3 + primary ion beam, with a sputtering rate calibrated
o 4 nm min− 1 based on a SiO2 reference film. All electrochem-
cal cells were disassembled inside an Ar-filled glovebox. The
etrieved electrodes were rinsed three times with tetrahydrofuran
THF) and dried inside the glovebox for several hours prior
o analysis. All interfacial characterizations, including sample
ransfer, were carried out under strictly air- and moisture-free
onditions. 
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