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Solvation sheath rearrangement is recognized as a key strategy for modifying electrolytes to enhance
the kinetics of magnesium batteries. However, its fundamental mechanism diverges significantly from
that in Li-ion batteries and remains inadequately understood. Herein, we elucidate the principle that
solvation tuning essentially determines the distribution of reductive electrons, whose accumulation on
ether molecules directly leads to challenging reorganization and severe solvent decomposition. To
address this, a series of organic monoamine salts are designed as additives to capture and stabilize the

Received 23rd October 2025, reductive electrons in the solvation sheath, and screening guidelines are proposed to promote the

Accepted 22nd January 2026 kinetics and reversibility of Mg plating/stripping. Accordingly, we demonstrate an Mg pouch cell with
DOI: 10.1039/d5ee06320e ultrahigh power density (50C, 13 mA cm™2, 16.02 kW kg~ * based on the cathode), surpassing the power

densities reported in all previous studies. This work offers new insights into solvation tuning strategies
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Broader context

that are crucial in designing high-power-density Mg batteries.

Rechargeable magnesium batteries are regarded as potential substitutes to Li-ion batteries due to the abundance, safety, and high volumetric capacity of Mg. However,

their electrochemical performance remains limited by the sluggish Mg>* de-solvation process at the electrode/electrolyte interface. Although significant progress has
been made in electrolyte additive strategies, there remains substantial room for deeper understanding of the underlying mechanisms. In this work, we find out that the

ether molecules in the solvation sheath struggle to stablize obtained reductive electrons, which fundamentally leads to the challenging solvation sheath reorganization
and high energy barrier of Mg>* de-solvation process. To overcome this challenge, we introduce monoamines into the electrolyte, which are computationally and
experimentally demonstrated to receive reductive electrons and effectively lower the energy barrier for the Mg”* de-solvation process. Besides, the guidelines for additive
screening are developed to enhance the performance of electrolytes. Based on them, we greatly improved Mg electrolyte performance. Mg pouch cells assembled with

these electrolytes can tolerate huge current and have an unprecedent power density two orders higher than all previous reports. This work not only explains the
principles of Mg>* solvation sheath rearrangement, providing invaluable insights for the design of Mg electrolytes, but also vastly improves the power density of pouch

cells, thereby profoundly advancing the practical application of Mg metal batteries.

Introduction

The explosive expansion in electric vehicles has posed unpre-
cedented demands on the development of next-generation
energy storage batteries."™ With higher theoretical capacity,
divalent metal batteries garner extensive research interest.
Among them, magnesium metal batteries (MMBs) stand out
owing to their abundance in the Earth’s crust, dendrite-free
nature, high volumetric capacity (3832 mA h cm ™), and low
reduction potential (—2.38 V vs. standard hydrogen electrode),
and they have been regarded as one of the most promising
alternatives to Li-ion batteries (LIBs).»® However, the electro-
lytes used in MMBs still suffer from significant limitations.
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Despite considerable progress, it remains challenging for the
relatively widely used aluminum chloride complex and boron-
based magnesium electrolytes to achieve the features of low cost,
simple synthesis, and high anodic stability simultaneously.®™*
Therefore, simple salt electrolytes draw intensive attention due
to their high anodic stability, low cost and facile synthesis.
Unfortunately, the intrinsic sluggish kinetics of Mg>" in the
de-solvation process, as well as the accompanying surface
passivation induced by electrolyte decomposition, could result
in large polarization and severely affect the electrochemical
performance of MMBs upon using conventional Mg electrolytes
containing simple salts (e.g. magnesium bis-(trifluoromethane-
sulfonimide) [Mg(TFSI),]), which highly restricts their further
application.">** Similar to LIBs, the introduction of suitable
additives has been explored to rearrange the solvation sheath,
aiming to facilitate the challenging de-solvation process.'”™’
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Although noticeable progress has been made, research on how
Mg>" solvation sheath rearrangement fundamentally affects the
de-solvation process remains insufficient, which should be way
different from that in LIBs.'®° This uncertainty poses chal-
lenges for the design of high-kinetic Mg electrolytes. Recently,
some organic monoamines have been identified as excellent
additives, which could significantly reduce the overpotential of
Mg plating/stripping.>*>* However, the low polarization
achieved in these works was frequently accomplished at the
expense of abnormally low coulombic efficiency (CE), leading to
the degradation of cycling stability. Furthermore, despite the
modification, the kinetics of the de-solvation process are still
insufficient to satisfy the assembly of pouch cells with high
power density. More importantly, previous studies often focus
on the interlayer formed on the Mg anode, while how these
monoamines function in the solvation sheath has not been
thoroughly investigated and convincingly concluded. In general,
unraveling the basic principles of solvation sheath rearrange-
ment and reporting the screening guidelines for appropriate
additives to precisely tune the solvation sheath continue to be a
perplexing but pivotal task for Mg electrolytes.

In this study, we demonstrate that the solvation sheath
rearrangement essentially alters the distribution of reductive
electrons, which are challenging for the ether molecules to
stabilize. It directly creates high energy barrier and sluggish
kinetics due to the large deformation and severe decomposition
of these solvent molecules. Therefore, a series of organic
monoamine salts are selected as the solvation sheath rearran-
gement additives to capture the reductive electrons from ether
molecules and facilitate the reorganization process, thereby
reducing the energy barriers and improving the kinetics. More-
over, the screening guideline of these monoamine additives is
proposed to develop MMBs with excellent kinetics and reversi-
bility. The electrolyte modified with tetramethyl amine hydro-
chloride exhibits low overpotential (<140 mV) and high CE
(>99%), allowing for an at-most 20-mAh pouch cell with an
ultrahigh power density of 16.02 kW kg™* (50C, 13 mA cm™?),
surpassing that of all the other reported Mg pouch cells. Our
work not only provides guidance for the design of fast-kinetic
Mg electrolytes but also strongly promotes the potential com-
mercial application of MMBs in the future.

Results
De-solvation process alteration

The Mg** solvation sheath in simple salt electrolytes is nearly
completely occupied by ether molecules such as DME.>>?®
Therefore, [Mg(DME);]*" is regarded as the main active species
in the commercially available 0.5-M Mg(TFSI),-DME solution,
which is frequently used in the production of Mg batteries and
chosen as the blank electrolyte in this work. According to
previous researches, the de-solvation process of solvated spe-
cies (e.g. [Mg(DME);]*") could be divided into two stages:*"*’
first, the reductive electrons transfer, while the solvation sheath
reorganizes its structure (e.g. [Mg(DME);]"). Second, the
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restructured solvation sheath decoordinates and releases a
ligand to achieve a more stable state (e.g. [Mg(DME),]"). Nota-
bly, although the whole de-solvation process takes place at the
surface of the Mg anode, the deposition of Mg atoms is not a
rate-determining process and does not substantially vary in
different electrolytes; hence, it is not discussed in detail.>"*® To
gain deeper comprehension of the de-solvation process, the
structures of differently charged solvation sheaths are calcu-
lated based on the density functional theory (DFT) (Fig. 1A). It
reveals that after obtaining reductive electrons, the DME mole-
cules in the reorganized solvation sheath tend to suffer from
severe deformation and even chemical bond breaking. The
accompanying decomposition eventually leads to the generation
of passivation layers (e.g. MgO, Mg(OH),) on the surface of the
Mg anode, which would block Mg>" transportation. This could
be one of the direct reasons for the huge overpotential during Mg
plating/stripping, as shown in many reported works.*’

Organic amine additives were reported to be effective in
promoting the de-solvation process of Mg>", despite being pla-
gued by unsatisfactory CE and rate performance.> ! To funda-
mentally study and uncover the mystery of monoamine additives
in improving the electrochemical performance of MMB, some
methylamine salts were added to the blank electrolyte. The
simplest organic monoamine methylamine, along with other
monoamines with more substituted methyl, was selected as
additive to the blank electrolyte, while the formed solution was
regarded as the experimental group. NC1, NC2, NC3, and NC4
represent the blank electrolyte with 1.0 M methyl, dimethyl,
trimethyl, and tetramethyl amine hydrochloride added groups,
respectively.

Previous research and high-resolution mass spectrum (HR-MS)
results have proved the coexistence of monoamine molecules and
cations in these electrolytes (Fig. S1).>****° The electrostatic
potential of these monoamines was calculated to be more negative
than those of the solvent molecules, which demonstrates their
stronger interaction with Mg>" and their potential to enter the
solvation sheath (Fig. S2). Also, according to previous research,
Mg>* tends to form MgCl® as a complex cation in such
Cl-containing electrolytes (Fig. $3).>*"**> Besides, based on the
six-fold coordination of Mg®>" and binding energy calculations,
[MgCI(NCx)(DME),]" could be regarded as the most potential
solvation sheath structure in the electrolyte, being used for further
calculations (Fig. S4 and Tables S1, S2). The EIS-MS results of the
NC1 electrolyte could also confirm such structures (Fig. S1).

On account of this, structural and energy calculations were
performed for all the monoamine-added groups. Results
showed that the reorganization process of the experimental
groups was evidently different from that of the blank group. In
monoamine-involved electrolytes, the DME molecules stay
much more stable after receiving a reductive electron, and
unexpected chemical bond breaking is also markedly inhibited
(Fig. 1B and Fig. S5). Besides, ab initio molecular dynamic
(AIMD) simulations were conducted to dynamically portray
the reorganization process of the solvation sheath. It turned
out that the DME molecules in [Mg(DME);]", the reduced
solvation sheath in the blank group, were greatly distorted only
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Fig. 1 lllustration of the de-solvation process. Calculated de-solvation process of [Mg(DME)s]?* (A) and [MgCIINC1)(DME),I* (B). (C) Average strain
energy of DME molecules in the solvation sheath after obtaining a reductive electron. (Inset of Fig. 1C: AIMD simulations of [Mg(DME)s]* and
[Mg(NC1)(DME),]*). The letter "r" refers to the solvation sheath after obtaining one reductive electron. The red, green, grey, blue and white balls refer to

the O, Cl, C, N and H atoms, respectively.

after 0.1 ps (Fig. 1C), whereas the DME molecules in the
monoamine-involved solvation sheath remained relatively
stable during the whole simulation process, despite their
tendency to desolvate (Fig. S6). This result further confirmed
that monoamine in the solvation sheath could suppress the
deformation of DME molecules, thereby reducing extra reorga-
nization energy. To quantitatively evaluate the degree of mole-
cule deformation, the average strain energy calculations of
DME molecules in the solvation sheath (Esain) before and after
receiving one electron were calculated (Fig. 1C and Table S3).
The Egrain after the reduction in the blank electrolyte was much
higher than those in the experimental electrolytes, while no
evident difference was observed among all unreduced groups.
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These results explain that the DME molecules in blank electro-
Iyte would undergo serious deformation and decomposition
during the de-solvation process, while those with monoamines
involved would avoid mostly. This could be the direct reason for
the improved performance in monoamine-involved electrolytes.

Basic mechanistic analysis

The energy barriers for reorganization and decoordination,
denoted as AG] and AGj, respectively, were calculated to
analyze the de-solvation process quantitatively according to
the Marcus theory (Fig. S7 and S8).**?* AG{ revealed the
difficulty of solvation structure reorganization after obtaining
a reductive electron. Besides, AG] quantified the obstacle for
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rearranged solvation structures to dissociate a coordination site NC3 <« blank group (Fig. 2A, B, and Table S4). Overall, the
of DME (Fig. S9 and S10). According to the calculations, the blank electrolyte was faced with much more obstacles during
AG} and AG3 of all the experimental groups dropped con- the de-solvation process compared with the experimental
siderably compared with the blank group. groups added with monoamine salts. Combining the results
With both the reorganization and decoordination processes in Fig. 1, these huge energy barrier differences are thought to
considered, the energy barrier ranked as NC1 < NC2 < NC4 <  be triggered by the deformation of DME molecules.
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Fig. 2 Mechanism exploration by solvation tuning. (A) Calculated energy barriers of the de-solvation and reorganization processes. (B) Detailed energy
barrier calculation in the experimental and blank groups. (C) Voltage curves of the Mg||Mg symmetry cells with different electrolytes at 0.1 mA cm~2 and
0.1 mAh cm~2. (D) PEIS spectra of the Mg||[Mg symmetry cells with different electrolytes. (E) Coulombic efficiency of the Mg||SS half cells with different
electrolytes. (F) Calculated electrons of the DME molecule and monoamines in the reduction process. (G) Electron density difference plots between the
solvation sheath before/after obtaining a reductive electron in NC1 and the blank group. Green parts are the places where the reductive electron
distribution varies. (H) Colored contour map of the electron density difference of solvation sheath in the experimental and blank groups.
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In theory, the significantly reduced energy barrier would
lead to facilitated kinetics, further reducing the overpotential
and improving the rate performance. To prove these assump-
tions, electrochemical performance tests were carried out on
the blank and experimental groups. A marked decrease in
overpotential in the Mg plating/stripping process was observed
when the organic monoamine salts were introduced (Fig. 2C
and Fig. S11). NC1 shows the unprecedentedly lowest over-
potential for the Mg electrolyte (<60 mV), while NC3 has the
highest (~200 mV). Notably, the increase in overpotential was
not totally monotonic, which aligns with the energy barrier
calculations in Fig. 2A (NC1 < NC2 < NC4 < NC3). Besides,
potentiostatic electrochemical impedance spectroscopy (PEIS)
measurements showed that the cation transfer kinetics in
symmetric cells also agrees with the overpotential results
(Fig. 2D). Furthermore, electrolytes added with monoamine
were found to possess higher ionic conductivity, which demon-
strate that the introduction of organic monoamine salts enhances
the Mg?" transport in the electrolyte. The ohmic polarization of
both experimental and blank groups was calculated to be negli-
gible (Fig. S12 and Table S5). On the other hand, CE in various
electrolytes was tested in Mg| |stainless-steel (SS) half cells, which
varied considerably in different groups (Fig. 2E and Fig. S13, S14):
NC1, the group with the lowest polarization, exhibited the lowest
CE (~55%). Besides, the CE of the experimental groups rose
linearly as the number of methyl substitutions increased, while
the NC4 electrolyte exhibited the highest CE, nearly 100% in the
CV tests. CE tests using the cyclic voltammetry method also draw
similar conclusions, showing the accuracy of our measurements
(Fig. S15 and S16).

On account of these calculations and experiments, the
energy barrier observed for the de-solvation process was con-
sistent with the electrochemical test results. It is the involve-
ment of monoamines that rearranges the solvation sheath,
thereby relieving the solvent molecule deformation and redu-
cing the energy barrier. However, the fundamental reasons for
the huge difference still require additional investigation. Based
on our analysis on the de-solvation process, the solvation
sheath structure becomes unstable after receiving reductive
electrons. Therefore, the obtained charges of the different
solvation sheath fragments in the reduction process were
calculated (Fig. 2F). The results indicated that, relative to those
in the experimental groups, the DME molecules in the blank
group obtained more reductive electrons during reduction.
Also, the monoamines tended to obtain more reductive elec-
trons than the DME molecules. In particular, the DME mole-
cule in the NC1 electrolyte gained relatively fewer electrons
after the reduction. It can be speculated that the monoamines
in the solvation sheath received reductive electrons during the
reorganization process.

To further elucidate this phenomenon, the electron density
difference plots between the reduced/unreduced states were
compared. In the blank group, the reductive electrons acquired
by the solvation sheath were dispersedly distributed on the
DME molecules, especially on the C atoms, and these mole-
cules were thus deformed. Contrarily, in the NC1 group, the
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reductive electrons acquired during the reduction process
mainly gathered on the N atoms (Fig. 2G). The outcomes in
other experimental groups resembled that in NC1, which
demonstrated that monoamines were much more attractive to
electrons than ether, rendering DME molecules relatively
electron-deficient and less distorted (Fig. S17). The colored
contour maps of the electron density show the electron dis-
tribution more clearly. This implies that reductive electrons are
more likely to accumulate on the N and contiguous C atoms of
monoamines, with no evident chemical bond deformation.
Comparatively, both the electron distribution and molecular
structure of DME in the blank group were altered significantly
after receiving electrons, revealing that it is challenging for
DME molecules to stabilize reductive electrons (Fig. 2H). These
differences in electron distribution are easy to understand: the
electron orbitals of O atom are already filled with lone pairs of
electrons, thus facing difficulty stabilizing additional ones
obtained in the reduction process. To accommodate the reduc-
tive electrons, the structure needs to be drastically altered and
even disrupted, which gives rise to high reorganization energy
barriers. In comparison, the strong interaction and unoccupied
orbits of the N atom in monoamines enable it to acquire the
reductive electrons preferentially and stabilize them without
too much molecule deformation. It dramatically reduces the
energy barrier and promotes the kinetics of the monoamine-
involved electrolyte.

Besides, the use of monoamine hydrochloride salts, rather
than monoamines, is impractical because organic amines are
always gaseous at room temperature, which makes it hard to
control the concentration and complete elimination of trace
water. Therefore, the role of Cl™ in the electrolyte should be
discussed in detail to address these concerns. According to a
previous study, the Cl™ in these electrolytes tends to be bene-
ficial to charge transfer and passivation inhibition.***>*® How-
ever, the improvement is likely to be insignificant: although
both the overpotential and impedance of the blank electrolyte
decrease after the addition of MgCl,, the effect is not that
prominent (Fig. S18). On the other hand, if only 1.0 M propy-
lamine, rathan than propylamine hydrochloride salts, is added
into the blank electrolyte, the overpotential would be only about
75 mV, similar to that of experimental groups (Fig. $19). Addi-
tionally, the solvation sheath structure, de-solvation energy
barrier and electron distribution situation in the solvation
sheath when Cl™ is not taken into consideration were calculated,
and the conclusions are identical (Fig. S20-S25). In a word,
although CI™ is beneficial to the improvement of the stability
and electrochemical performance of the electrolyte to some
extent, monoamines play a much more decisive role, and it does
not affect our discussion.

Moreover, to confirm the relationship between energy bar-
rier and reductive electron distribution, monoamines with
specific electron-stabilizing conjugate structures were also cho-
sen as solvation sheath rearrangement additives, including
aniline hydrochloride (PhN) and allylamine hydrochloride
(AIN), which are supposed to display improved de-solvation
kinetics. Both groups display a hugely declined overpotential in
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Mg||Mg symmetry cells, although the CE is not very satisfactory
(Fig. S26 and S27). The DFT calculations on the energy barrier
of these two groups also agreed well with the experimental
results (Table S6).

In conclusion, the involvement of monoamine into the
solvation sheath could help redistribute and stabilize the
reductive electrons that would otherwise lead to the decom-
position of ether molecules. It could fundamentally avoid the
huge deformation and decomposition of ether molecules at a
reduced state, hence promoting the reorganization process and
reducing passivation layer formation on the Mg metal anode.
We conducted scanning electron microscopy (SEM) on the
cycled Mg anodes. The results show that those cycled in the
blank electrolyte suffer from severe non-uniform deposition,
while the Mg deposition in the NC4 electrolyte is much more
even. Moreover, scanning electron microscopy-energy-dispersive
spectroscopy (SEM-EDS) showed that there were less S, F, and O
on the surface of the Mg anode cycled in experimental electro-
lytes, implying the suppressed decomposition of TFSI™ and
DME. (Fig. S28 and $29).

Side-reaction inhibition

Generally, the low coulombic efficiency in Mg(TFSI),-based
electrolytes is attributed to the decomposition of solvents and
TFSI™, as demonstrated in Fig. 1a. It results in the generation of
side products, such as MgO and Mg(OH),, and organic pro-
ducts, passivating the anode surface and further hindering
Mg>* transportation®*”. Hence, in the absence of other side
reactions, the overpotential and CE of Mg®" stripping/plating
should always be inversely correlated in theory. However, in
this study, the observed trend does not follow this rule: as the
alkyl substitution of the amine salt increases, the CE also
increases, and the SEM results indicate that side reactions
are further suppressed (Fig. S30). Meanwhile, the overpotential
generally becomes higher. Specifically, the overpotential of NC1
is unprecedentedly less than 60 mV, while its coulombic
efficiency is the lowest among all the experimental groups
(<60%), which contradicts with previous experience. It should
be noted that the Raman spectra of TFSI” and DME revealed an
evidently weakened interaction with Mg®" in the experimental
groups, particularly in the less-substituted groups (e.g. NC1 and
NC2) (Fig. S31 and S32). Besides, the reductive electrons on
solvent molecules were projected to be lower after the mono-
amine addition, which was supposed to be favorable for
suppressing the decomposition (Fig. 2F-H). These facts imply
that the fundamental reason for the decrease in CE may not be
the decomposition of TFSI™ or the solvent, but rather the
organic monoamines. Monoamines may not only share and
redistribute reductive electrons during the de-solvation process
but also bear the risk of being reduced themselves, generating
side products. To identify the ideal design of the monoamine
additive, it is necessary to investigate the existence form of the
side products and their generating mechanism.

The existence form of side products was identified via X-ray
photoelectron spectroscopy (XPS). Except for TFSI™ residues,
ammonium cations generated from the decomposition were
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the predominant N species on the surface of the cycled Mg
anode (Fig. 3A and Table S7). These cations were generated by
the decomposition of monoamines during the electrochemical
process, because there would be no such peaks if the Mg anode
was only soaked in the electrolyte (Fig. S33). Notably, the signal
intensity of ammonium cations in the experimental groups
decreased from NC1 to NC4, indicating a progressively weakened
side reaction.*®*° Also, the potential decomposition products of
TFSI ™, including F~, $*~ and O*>~, were reduced relatively to the
blank electrolyte according to the XPS spectra (Fig. $34).*>*' The
results of the time-of-flight secondary ion mass spectrometry
(TOF-SIMS) of NC1 and NC4 agreed well with the XPS results.
After the normalization process based on Cl™ signal, the signal of
NH,~ was much stronger on the surface of the Mg anode cycled
in NC1 than that in NC4 (Fig. 3B and Fig. S35). Moreover, we
soaked the Mg anode, which had undergone cycling in different
electrolytes, in 50 mL of H,O to form a solution, and the
ammonia concentration was assessed via ion chromatography
(IC). Mg anode in different experimental groups in 50 mL of
H,O. The results further confirmed that the concentration of
NH," in the solution decreased from NC1 to NC4 (Fig. 3C and
Fig. $36). Additionally, a colorimetric kit for measuring ammonia
concentration was utilized to quantify the concentration pro-
duced on the Mg anode surface more intuitively. It directly shows
the ammonia concentration declines from NC1 to NC4, and in
all groups it increases as cycles (Fig. 3D and Fig. S37). In
conclusion, ammonia was the main side product in the electro-
Iytes containing monoamines, and the side reaction could be
generally suppressed with increased substituted ~CH; groups.

To explain this phenomenon, classic molecule dynamic
(c-MD) simulations were performed to evaluate the interaction
between Mg”" and monoamines (Fig. 3E and Fig. S38, S39). It
turned out that NC1 and NC2 could strongly solvate with Mg>*
(<0.2 nm), whereas NC3 and NC4 maintain a medium inter-
action. In comparison, the DME molecules and TFSI~ were less
prevalent in the solvation sheath for all experimental groups
(Fig. S40). It appeared that the interaction distance was related
to the side reactions. NC1 and NC2, which were closely involved
in the solvation sheath, suffered from severe side reactions,
whereas monoamines with larger contact distances tended to
be eased.

To examine the hypothesis, propylamine hydrochloride
(3CN) and methoxyamine hydrochloride (CON) were selected
as additives, whose interaction distance to Mg>" was manipu-
lated by altering the steric hindrance and electronegativity,
respectively (Fig. S40, S41 and Table S6). Both these two groups
have longer interaction distance to Mg®" relative to NC1, and
they display a relatively higher CE despite a higher overpotential,
which is also consistent with the calculation results. These
findings support the idea that a longer interaction distance
between Mg>" and monoamines could reduce the side reactions.

In general, the solvation reorganization and side reaction
are largely determined by the interaction distance and inter-
action strength between Mg”>* and monoamines: a closer inter-
action distance leads to the easy formation of Mg-N bond and
decomposition of monoamines, which always results in
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decreased CE. At the same time, a closer interaction distance
often means stronger interaction strength, and the solvation
sheath rearrangement and reductive electron redistribution
would be more effective, thereby reducing polarization.>***
Therefore, a balance needs to be found to accomplish satisfac-
tory overpotential and CE simultaneously, when amine-based
additives have relatively longer interaction distance and high
interaction strength. As a result, the screening guideline for
monoamine additives are established, which could be identified
based on these two factors. The calculated distance between
Mg”" and N atom is regarded as the interaction distance (r),
while the interaction strength between Mg>" and monoamine is
essentially coulombic, which could be evaluated by the electro-
static potential divided by distance square (E/*). Although
different functional groups of the monoamines could also have
a slight influence on the reductive electron distribution, these
two are the crucial factors, and all the monoamines in this work
conform to the criteria (Fig. 3F, G and Fig. S43, Table S6). Also, it
is noted that these guidelines remain applicable even without
considering the participation of Cl~ (Fig. S44).

Combining all the calculations and experiments, NC4
stands out as the best monoamine additive in the work, capable
of balancing solvation sheath rearrangement and side reaction
inhibition. In Mg||Mg symmetry cell tests, the NC4 electrolyte
exhibited excellent rate capability, which could endure high
current density and areal capacity of up to 5 mA cm > and
5 mAh cm™? respectively, with no evident overpotential
increase (Fig. 3H and Fig. S45). These Mg||Mg symmetry cells
can also cycle at high capacity of several mAh cm ™2 stably in the
long term (Fig. S46). They also have superior adaptation to low
temperature, allowing them to function even at a temperature
of as low as —30 °C, the polarization of which maintains less
than 300 mV (Fig. S47). Outstanding endurance to both high
current and low temperature proves the greatly facilitated
kinetics of the NC4 electrolyte. Moreover, in the long-term
cycling performance test at 0.1 mA cm™ > and 0.1 mAh cm 2,
it remains stable for over 1000 h with an overpotential of less
than 200 mV, showing its remarkable cycling stability (Fig. 3I).
Besides, the NC4 electrolyte displays great oxidation stability on
different current collectors and scanning rates. When SS and Ti
serve as the current collectors, the anodic stability would be
higher than 2.5 V and 3.9 V, respectively (Fig. S48 and S49). The
promoted kinetics and prolonged voltage platform endow the
electrolyte with wider cathode applicability.

Full-cell performance

To demonstrate the potential practical applications of the NC4
electrolyte, normal intercalation-type cathodes, MoeSs and
Cu,_,Se, for instance, were firstly tested at a high current
density in the coin cell. After the conditioning process,
the Cu,_,Se cathode not only displayed outstanding rate per-
formance but also kept a specific capacity of more than
180.5 mAh g~ ' at 5C after 400 cycles, showing excellent long-
term cycling stability (Fig. 4A, B and Fig. S50-S53). By compar-
ison, the large polarization and poor cycling stability in the
blank electrolyte further explain the effects of monoamine
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additives (Fig. S54). Furthermore, the commonly used Mo4Sg
cathode displayed exceptional rate capability and cycling stabi-
lity with the NC4 electrolyte (100 mAh g™, 5C), surpassing
those in previous research (Fig. S55-558).

To further validate the feasibility of the modified electrolyte
under practical conditions, the performance of the NC4 elec-
trolyte was examined in the pouch cell with polyaniline cathode
(PANI). Both the discharging curves and CV peaks showed a
high voltage platform at around 2.0 V (Fig. 4C and Fig. S59).
Taking advantage of the much lower overpotential in the NC4-
containing electrolyte than in the blank electrolyte, the full cell
shows an evident difference in voltage platform and specific
capacity in the NC4 and blank electrolytes. After the electrolyte
conditioning and cathode refinement in the activating process,
the PANI cathode in NC4 achieved a specific capacity of
270 mAh ¢! with a low polarization of about 0.5 V, which
was much superior to that in the blank group (Fig. 4C).

Moreover, a prototype Mg pouch cell with unparalleled
20 mAh at most could be achieved for over 175 cycles, indicating
the potential of the NC4 electrolyte in high-capacity pouch cells
(Fig. 4D and Fig. S60). The voltage platform of the pouch cells is
identical regardless of what current they are cycling at, showing
its brilliant stability. Despite the fact that CE would be slightly
over 100% after multiple cycles, which is due to the unavoidable
oxidation at a high voltage, the side reactions are overall con-
trollable (Fig. S61-S63). More crucially, the much-promoted
kinetics of the NC4 electrolyte endows the pouch cell with an
outstanding rate performance of up to 50C (13 mA cm™?), while
the current obtained from the previous Mg pouch cells is always
less than 0.5C (Fig. 4E). When cycling at 50C, the PANI cathode
in the pouch cell still delivers a discharging capacity of
197.7 mAh g~ ' and maintains capacity retention of 85.4% after
400 cycles (Fig. 4F and Fig. S63). The power density of the pouch
cell reached 16.02 kW kg~ " based on the cathode (6.65 kW kg ™"
based on the cathode and anode), which was significantly higher
than all the previous Mg pouch cells according to our estima-
tions, showing broad application prospects (Fig. 4G and Fig. S64,
Tables $8-511)."**7>* Also, even if tested at high loading and
smaller currents, the PANI cathode still show similar voltage
platform (Fig. S65 and S66). In conclusion, with the aid of well-
designed monoamine solvation sheath rearrangement additives,
the full cells deliver unprecedented electrochemical perfor-
mance, which proves the significantly facilitated kinetics and
repressed side reactions. Besides, the unparalleled capacity and
power density realized in the pouch cells promise the practical
future of MMBs.

Conclusions

In this work, we discovered that the essence of Mg>" solvation
tuning lies in the redistribution of reductive electrons. The high
reorganization energy barrier and solvent decomposition for
Mg(TFSI),-based electrolytes are fundamentally caused by the
accumulation of reductive electrons on ether molecules,
which ultimately hampers the kinetics and electrochemical
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Fig. 4

Electrochemical performance of full cells. (A) Rate performance tests of the Cu,_,Se cathode in the NC4 electrolyte. (B) Cycling performance of

the Cu,_,Se cathode in long-term cycling in the NC4 electrolyte at 5C. (C) Discharging-charging voltage curves of the Mg||PANI cells with NC4 and the
blank electrolyte. (D) Total capacity of the Mg||PANI pouch cells at 1 C (Inset of Fig. 4d: illustration of the Mg||PANI pouch cell). (E) Rate performance of
the Mg||PANI pouch cell. (F) Cycling performance of the Mg||PANI pouch cell with the NC4 electrolyte at a current of 50C. (G) The comparison of energy
density and power density of the cathode material in Mg pouch cells between this work and previous research. The energy density and power density of
other literatures are estimated and calculated according to the details they provide.

performance. To address these problems, a series of monoamine
salts were devised as solvation sheath rearrangement additives,
which can capture and stabilize the reductive electrons, thereby
boosting the kinetics of the electrolyte effectively. Based on our
experimental and theoretical results, we propose the screening
guidelines of additives for improving the Mg>" solvation sheath
rearrangement effects. The modified electrolyte permits high
current tolerance (50C, 13 mA cm™?) in high-capacity pouch cells,
resulting in an ultrahigh power density of up to 16.02 kW kg™,
which is hundreds of times higher than those of the previous Mg
pouch cells. Our work proposes a direction for designing additives
in MMBs with high kinetics and favorable reversibility. It also
represents a major breakthrough in the development of Mg pouch
cells with high power density, paving the way for the practical
application of magnesium batteries.

2004 | Energy Environ. Sci., 2026, 19, 1996-2008

Methods

Materials

Methylamine, dimethylamine, trimethylamine, tetramethyla-
mine, laurylamine, and methoxyamine hydrochlorides were
purchased from Aladdin. Mg(TFSI),-DME solution (0.5 M), which
serves as the blank electrolyte in this work, was purchased from
DoDochem. Ketjenblack was bought from Lion Co., Ltd. All
kinds of metal sheets used in this work were bought from
Guantai Metal Materials Co., Ltd, while the ammonia test kit
was bought from Lohand Biological. The thickness of Mg foil,
stainless steel, and Mo mesh was 100 mm. Mg foils, the thick-
ness of which was 0.05 mm, were purchased from Yingda Co.,
Ltd and polished with 500# sandpaper inside an argon-filled
glovebox prior to use.
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Synthesis

PANI (Aladdin, 98%) was ball-milled with Ketjenblack at a mass
ratio of 4:5 for 4 h at 300 rpm, and the obtained mixture was
ground with polytetrafluoroethylene (10% mass ratio) for 30 min.
NMP with an appropriate amount was added for the dissolution,
and then the slurry was coated onto the surface of the Mo mesh.
The area loading of active materials on the cathode ranged from
1.0 to 2.5 mg cm ™. The cathode was dried at 60 °C in a vacuum
oven for 12 hours.

MoeSg nanoplates were fabricated according to previous
research. MoS, (Aladdin, 99%), Mo (Aladdin, 98%) and Cu pow-
ders (Aladdin, 99%) were ball-milled for 5 h at 400 rpm with the
mass ratio of 2:1:1. The mixture was pressed into 15 x 15 mm?>
tablets at the 50-MPa pressure and then sealed into a Swagelok
stainless-steel container in a glovebox filled with Ar. The container
was heated to 800 °C for 24 h at a rate of 3 °C min~ " and then held
at this temperature for an additional 24 h. The products were
soaked in 9 M HCl with O, bubbling for 24 h. After centrifugation
and cleaning, the MosSg nanoplates were obtained. The cathode
was fabricated by coating and drying the slurry of MogSs, carbon
black and polyvinylidene difluoride at a mass ratio of 7:2:1
onto the SS and Mo discs. The area loading of MoeSg was about
1.0 mg cm™>,

Cu,_,Se nanoparticles were synthesized using a straightfor-
ward liquid-phase technique. Sodium selenite (Na,SeOj3, 0.2 mol)
and anhydrous sodium sulfate (2 mol) were added to a 100-mL
aqueous solution containing 1-mmol sodium dodecyl sulfate
(97%, Aladdin) to create solution A. Subsequently, 2 mol of
anhydrous sodium sulfate was dissolved in 2 ml of 0.6 M
copper(u) acetate monohydrate solution (Cu(ac),-H,0), and then
the mixture was stirred for 10 min to achieve homogeneous
solution B. Solutions A and B were mixed and stirred at room
temperature for 12 hours, centrifuged, and then washed 3-4
times. The resultant was freeze-dried to obtain powder. The area

loading of Cu,_,Se was about 1.0 mg cm™>,

Electrolyte

Methylamine, dimethylamine, trimethylamine, and tetramethy-
lamine hydrochlorides were vacuum-dried at 60 °C, 80 °C,
100 °C, and 130 °C for 24 h, respectively. Then, dried organic
monoamine salts were dissolved in 0.5 M Mg(TFSI),-DME with
a concentration of 1.0 M. The formed solution was stirred for
2 h at 60 °C to facilitate the dissolution. The electrolytes used in
this work are prepared and stored in the glove box filled with
argon, in which concentrations of H,O and O, are controlled to
be lower than 0.1 ppm.

Theoretical calculations

GROMACS was applied to simulate the different states of the
electrolyte with the addition of monoamine salts. We built the
same 4.5 x 4.5 x 4.5 A box for all the groups, and 200 DME
molecules, 20 TFSI™ anions, 20 Mg>*, 20 monoamine molecules
and 20 Cl™ were added into it. The Lorentz-Berthelot combi-
nation rule was used to compute the L] interactions for atoms
in the simulation. The system initially underwent an energy

This journal is © The Royal Society of Chemistry 2026
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minimization procedure before the 20-ns MD simulation. In
order to integrate the equations of motion, the MD simulation
was run in an NPT ensemble at 298 K and 1 bar using a velocity-
rescale thermostat and a Berendsen barostat for 30 ps at 0.2 fs
each step. Amber99SB was the force field used in this simula-
tion. The trajectory maps were generated by VMD.>> The input
files were generated by Sobtop.>®

All the quantum chemical calculations were carried out using
Gaussian 16.”” The calculations on solvation structures and their
optimization analysis were performed on the 6-311++G(d,p)
basis set, while structure optimization was based on b3lyp, and
the energy was based on M05-2X, with no any symmetry restric-
tions. The fragment charges of the solvation sheath were calcu-
lated using Multiwfn 3.8, while all the electron distribution
pictures were plotted using the same software.”®

All the calculation and simulation images were plotted by
VMD and rendered by Tachyon. The reorganization energy was
calculated using a four-point method. Specifically, the details of
the de-solvation energy calculation are described in Fig. S6. E;,
and E,;; represent the energy of stable states for each, respec-
tively. Although E,, and E,; have the same structure with E;,
and E,,, they are differently charged, with the energy difference
denoted as /; and Ay. The Marcus electron transfer energy
barrier AG] equals to (A1 + Amp)/8. Moreover, due to the strong
interaction between Mg>" and monoamines, DME molecules
tend to initially decoordinate. The decoordination energy AG$
represents the energy barrier that needs to be overcome during
the decoordination of one chelation site.

The AIMD simulation module integrated within the VASP
code was utilized, with a time step of 1 fs, under the NVT
ensemble controlled by a Nose-Hoover thermostat. The Brillouin
zones were sampled with 2 x 2 x 2 Monkhorst-Pack k-point
grids. The molecular structure was positioned in a 20 x 20 x 20 A
box to eliminate the influence of periodic boundary conditions. All
AIMD simulations were conducted at a constant temperature of
300 K. The planewave basis-set cutoff was fixed at 450 eV, with
energy convergence criteria set to 10~ eV.

Characterizations

The compositional characterizations were mainly carried out
via XPS (Thermo K-alpha). The XRD tests were conducted using
Bruker D8 Advance, with Cu Ko radiation (4 = 0.1542 nm). TOF-
SIMS tests were performed on TOF-SIMS 5 IONTOF, while
Raman microscopy was performed using LabRAM HR Evolu-
tion. The morphology observation and element mapping of the
materials were completed using Hitachi Regulus 8100 SEM.
The negative mode ESI-MS tests were conducted using Orbitrap
Exploris 240. NH," was detected in the solution using ICS-5000+
(Thermo Fisher Scientific). The ammonia concentration test kit
was produced by Lohand Biological.

Electrochemical measurements

Unless stated otherwise, all the electrochemical measurements
in this work were conducted in CR2032 coin cells. All the
overpotential tests were carried out in Mg||Mg symmetry cells
and the CE tests in Mg||SS asymmetry cells. The current used in
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symmetry and half-cell tests was 0.1 mA cm ™, and the capacity
was 0.1 mAh cm 2, unless otherwise noted. All the Mg||Mg
symmetry cells measured in the EIS tests were scanned from
100 kHz to 10 mHz, with an amplitude of 10 mV. The LSV tests
of the electrolyte were conducted in the Swagelok cell, the
scanning rate of which is listed in the figures. The Mg||PANI
pouch cells were assembled and sealed in Al-plastic film. The
electrolyte volume in symmetric and half cells was required to
be about 150 pL to fully saturate the separator. The electrolyte
volume used in full cells was about 50 uL/1 mg PANI. The low-
temperature environment used in the capacity tests was created
by Greenwood SG-22-CC. The current collector used in the
pouch cell was Mo mesh (0.5 mm, 200 mesh), while the anode
used was a polished 0.5-mm thick Mg foil. Before being used,
the Mg plates were polished using a sand paper (500 mesh, 3M)
in the glove box. The size of the Mg anode and PANI/Mo
cathode was around 3 x 6 cm” The detailed weights of all
the components are listed in Table S8. All the components of
the pouch cells used in the cell assembly were pre-dried in an
oven at 80 °C for 24 h to remove the moisture. They were all
assembled in an argon-filled glove box, with the O, and H,O
concentrations being always lower than 0.1 ppm. All the electro-
chemical measurements were carried out at room temperature.

All the discharging/charging performance tests were carried
out in a Neware CT-4000 or LAND battery testing system, while
all the electrochemical characterizations were conducted using
CHI600A. The temperature in the electrochemical tests was
maintained at 27 °C. Unless stated otherwise, the current and
capacity of Mg||Mg symmetry cells and Mg]||SS half cells were
0.1 mA cm™* and 0.1 mAh cm ™2, respectively. The frequency in
the impedance tests was from 10 kHz to 10 Hz. The scanning
rate in the CV and LSV tests was set to 0.1 mV s~ . For LSV tests,
the Mg||SS half cells are scanned from the open circuit
potential to 3.5 V. For Cu,.,Se, MosSg and PANI cathode, 1 C
refers to 250, 126 and 260 mA g ', respectively.
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