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ABSTRACT: Simple magnesium (Mg) salt solutions are widely considered as
promising electrolytes for next-generation rechargeable Mg metal batteries
(RMBs) owing to the direct Mg2+ storage mechanism. However, the passivation
layer formed on Mg metal anodes in these electrolytes is considered the key
challenge that limits its applicability. Numerous complex halogenide additives
have been introduced to etch away the passivation layer, nevertheless, at the
expense of the electrolyte’s anodic stability and cathodes’ cyclability. To
overcome this dilemma, here, we design an electrolyte with a weakly
coordinated solvation structure which enables passivation-free Mg deposition
while maintaining a high anodic stability and cathodic compatibility. In detail,
we successfully introduce a hexa-fluoroisopropyloxy (HFIP−) anion into the
solvation structure of Mg2+, the weakly [Mg−HFIP]+ contact ion pair facilitates
Mg2+ transportation across interfaces. As a consequence, our electrolyte shows
outstanding compatibility with the RMBs. The Mg||PDI−EDA and Mg||Mo6S8 full cells use this electrolyte demonstrating a
decent capacity retention of ∼80% over 400 cycles and 500 cycles, respectively. This represents a leap in cyclability over
simple electrolytes in RMBs while the rest can barely cycle. This work offers an electrolyte system compatible with RMBs and
brings deeper understanding of modifying the solvation structure toward practical electrolytes.
KEYWORDS: magnesium metal batteries, electrolyte, passivation-free, solvation structure, solid electrolyte interface

1. INTRODUCTION
The direct utilization of metal anodes is an attractive strategy
to realize the high energy density of batteries. In striking
contrast to the dendritic Li deposition behavior, Mg metal
delivers smooth plating/stripping morphology during electro-
chemical cycles.1 Owing to this dendrite-free merit as well as
its high capacity (2205 mAh g−1 and 3833 mAh cm−3),
affordability, and abundant resources of Mg metal, recharge-
able Mg metal batteries (RMBs) are considered a promising
candidate for future energy storage.2 Nevertheless, the
implementation of RMBs is plagued by a notorious passivation
layer. Highly active Mg metal engages in reactions with most
electrolyte components (including solvents, salts, and
additives) to produce a dense passivation layer, which impedes
any potential chemical reaction.3 To mitigate the passivation
layer obstruction in the Mg plating/stripping process, the
predominant strategy over the past few decades has been using
chlorine-containing electrolytes, whose corrosive components
effectively etch away the passivation layer.4−6 However,
chlorine-containing electrolytes usually come at the expense
of the electrolytes’ oxidative stability and compatibility
(cathode material and collector), which hinders high-voltage
battery applications and deteriorates the battery performance.7

Development of chlorine-free and passivation-free Mg electro-
lytes is imminent.8

Nevertheless, the prerequisites for building practical
chlorine-free electrolytes are still unclear. Direct conversion
of conventional Li salts into Mg salts as electrolytes for RMBs
has proven unsuccessful, even in Mg-compatible ether solvents,
distinct passivation can be observed in pure Mg(TFSI)2 salt-
based electrolytes.9,10 However, some boron-based Mg salts
with bulky delocalized anions [such as Mg(BH4)2,

11 Mg-
(CB11H12)2,

12 and Mg[B(HFIP)4]2
13 enable reversible Mg

plating/stripping. These ambiguities hinder the precise design
of passivation-free electrolyte systems. Recently, solvation
engineering in chlorine-free simple salt electrolytes has led to
several fascinating breakthroughs. Wang et al. designed a
flexible solvation structure in Mg(TFSI)2/1,2-dimethoxy-

Received: March 25, 2024
Revised: May 11, 2024
Accepted: May 22, 2024
Published: May 29, 2024

A
rtic

le

www.acsnano.org

© 2024 American Chemical Society
15239

https://doi.org/10.1021/acsnano.4c03968
ACS Nano 2024, 18, 15239−15248

D
ow

nl
oa

de
d 

vi
a 

W
U

H
A

N
 U

N
IV

 O
F 

T
E

C
H

N
O

L
O

G
Y

 o
n 

Ju
ne

 1
2,

 2
02

4 
at

 0
3:

00
:5

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juncai+Long"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ze+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuangshuang+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fangyu+Xiong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hantao+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weixiao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ge+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhongzhuo+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhongzhuo+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qinyou+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c03968&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c03968?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c03968?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c03968?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c03968?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c03968?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/18/23?ref=pdf
https://pubs.acs.org/toc/ancac3/18/23?ref=pdf
https://pubs.acs.org/toc/ancac3/18/23?ref=pdf
https://pubs.acs.org/toc/ancac3/18/23?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c03968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


ethane (DME) electrolyte for fast Mg2+ (de) intercalation in
high-voltage manganese oxides;14 Yang et al. tuned Mg2+

coordination structure with trimethyl phosphate additive
enabling highly reversible Mg metal anodes;15 Nuli and Tan
et al. developed a methoxyethylamine cosolvent coordination
Mg(SO3CF3)2/ether electrolyte for optimized Mg plating/
stripping.16,17 Unfortunately, their implementation is also
plagued by necessary additives and expensive costs. To date,
apart from boron/aluminum-based Mg salts containing bulky
delocalized anions, there is no simple Mg salt enabling efficient
Mg plating/stripping with a single-solvent.
Inspired by the beneficial role of the solvation structure,

herein, we present a solvation sheath with weakly coordinated
anions that facilitates passivation-free Mg plating/stripping
behavior. Via detailed molecular dynamics (MD) simulation
and extensive spectroscopic studies, we identified that the
more electron-localized fluoride alkyl Mg salts [Mg(OCH-
(CF3)2)2, abbreviated as Mg(HFIP)2; Mg(OC(CF3)3)2,
abbreviated as Mg(PFTB)2] are more inclined to form weakly
contact ion pair (CIP) structures in DME than the
conventional Mg(TFSI)2 salt. In this anion-enriched solvation
environment, the charge density of Mg2+ is diluted, thereby
facilitating the desolvation process. Besides, rational regulation
of the abundance of weakly CIPs and electrolyte concentration
is also crucial. Among them, weakly solvating 2 M Mg(HFIP)2
electrolyte demonstrate a higher Coulombic efficiency (CE,
∼98.5%), decreased overpotential (150 mV), and improved
oxidative stability (∼3.5 V vs Mg2+/Mg). Furthermore,
multidimensional interfacial analysis reveals that this speci-
alized solvation structure facilitates the formation of an anion−
enrichment interface, which prevents the Mg metal anode from
continuous passivation. Based on these improvements, Mg-
(HFIP)2 electrolyte demonstrates excellent inorganic and
organic cathode compatibility, contributing to the stable
cycling of Mg metal full cells.

2. RESULTS AND DISCUSSION
The metal salt dissolves in the solvent, releasing anions and
cations while acting as a medium, physically separating the two
electrodes from direct electron transport and allowing working
ions to be transported within the cell, which is the fundamental
working mechanism of electrolyte.18 In principle, any medium
capable of conducting Mg2+ may serve as the electrolyte;
however, due to the extremely poor interfacial compatibility of
the Mg anode, particular attention must be focused on the
desolvation behavior at the electrode−electrolyte interface.
Conventional chloride-free simple Mg-salt electrolytes [such as
Mg(TFSI)2, Mg(CF3SO3)2, and Mg(HMDS)2] typically form
fully solvation Mg2+ or strong CIPs, which have been proven to
generate complex parasitic reactions on the anode that
ultimately passivate the Mg metal and destroy the host
structure on the cathode (Figure 1a).15,19,20 Compared to
monovalent metal ions, divalent Mg2+ exhibit greater charge
densities; reasonable designing solvation sheaths with weakly
coordinated anions to mitigate cation−solvent interactions
while ensuring rapid cation−anion dissociation could be a
promising approach (Figure 1b).21

Previous work has already confirmed that fluoride alkyl
(HFIP− and PFTB−) can preferentially coordinate with Mg2+
in chloride-containing electrolytes.22 Besides, compared to the
most typical Mg(TFSI)2, the electron distribution of Mg-
(HFIP)2 and Mg(PFTB)2 is more centralized due to the
smaller anionic structure (Figure S1), which is more favorable
for the formation of CIPs. It is worth noting that these fluoride
alkyl salts also have a high solubility in Mg-compatible ether
solvents (Figure S2). Therefore, this beneficial structure is
expected to be directly applicable to Mg electrolytes.
MD simulation was performed to provide a more intuitive

comprehension of the difference between the solvation
structure of these electrolytes with the conventional Mg-
(TFSI)2 electrolyte. As expected, interactions between the
Mg2+−solvent (DME) and Mg2+-anions exhibit contrasting
trends. The Mg2+ in Mg(TFSI)2 electrolytes is strongly

Figure 1. Schematic illustrating the design concept for a weakly coordinated anion-involved solvation sheath. Solvation structure schematic
and the process of Mg2+ desolvation and intercalation in (a) conventional electrolyte and (b) weakly solvating electrolyte.
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coordinated with both anions and solvents. The simulated
primary solvation sheath contains both solvent-separated ion
pairs (SSIPs) and CIPs forms (Figure 2a), corresponding to
the distinct radial distribution function (RDF) peaks (Figure
2d). The results of mass spectrometry were also consistent
with the above description (Figure S3). On the other hand,
Mg(HFIP)2 and Mg(PFTB)2 salts exhibit a reduced solvation
effect that enables Mg2+ to prior interact with the anion in the
primary solvation shell, which is the classical CIPs and
aggregate solvation structures (Figure 2b,c).23 RDFs of these
solvation structures are shown in Figure 2e,f, apparently, the
g(r) intensity of Mg2+-anions is almost an order of magnitude
greater than Mg2+ to DME. The more electron-localized anions
(HFIP− and PFTB−) lead to competitive coordination
between cations and anions; hence, the solvation sheath of
Mg2+ is always wrapped by anions. Additionally, the statistical
proportions of the number of anions in the Mg2+ solvation
sheath in each electrolyte system are also consistent with the
abovementioned results. In Mg(TFSI)2 electrolytes, solvation
structures without anionic participation are abundant, yet their
proportion is almost 0% in Mg(HFIP)2 and Mg(PFTB)2

electrolytes. The snapshots of MD simulation present more
visual evidence, in fully solvation Mg2+(DME)3, Mg2+ is
enclosed in a ring by three DME molecules in the Mg(TFSI)2
electrolyte and forms a six-coordinated bridge with the oxygen
atom in the DME, which has been confirmed by previous
studies.14,15 In contrast, Mg2+ is surrounded by two DME
molecules and two anions in an anion-involved solvation
sheath in Mg(HFIP)2 and Mg(PFTB)2 electrolytes. Single-
crystal X-ray diffraction of these three Mg salts in DME
exhibited more convincing results. The minimum structural
units in Mg(HFIP)2 and Mg(PFTB)2 electrolytes are 2[Mg·
2HFIP·DME] (CCDC number: 2245741) and [Mg·2PFTB·
DME] (CCDC number: 2245740),22 respectively. However, in
the Mg(TFSI)2 electrolyte, Mg2+ exhibits a greater tendency to
coordinate with the solvent, resulting in the formation of [Mg·
3DME][2TFSI] structure (Figure 2g−i and Table S1).24
Fourier transform infrared spectroscopy and nuclear

magnetic resonance (NMR) measurements were carried out
to distinguish the interaction between cations and solvent
molecules experimentally. The C−O vibrations in DME near
1050 cm−1 exhibited a blue shift in the Mg(TFSI)2 electrolyte,

Figure 2. Simulation and characterization of solvation structures for different electrolytes. Snapshots of the MD simulation boxes and
corresponding proportion distributions of solvation structures containing different numbers of anions for (a) Mg(TFSI)2, (b) Mg(HFIP)2,
and (c) Mg(PFTB)2 electrolytes. RDFs of interactions between Mg2+ to solvent (DME), Mg2+ to anions, and the coordination number of (d)
Mg(TFSI)2, (e) Mg(HFIP)2, and (f) Mg(PFTB)2 electrolytes. ORTEP plots of the coordination structure of crystallized (g) [Mg·3DME]
[2TFSI], (h) 2[Mg·2HFIP·DME], and (i) [Mg·2PFTB·DME], the thermal ellipsoid is shown at 40% probability. Yellow, S; red, O; orange, F;
blue, C; brown, Mg; and purple, N.
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which results from the inductive effect of electron-withdrawing
Mg2+.25 In contrast, cation−solvent interactions in Mg(HFIP)2
and Mg(PFTB)2 electrolytes are drastically reduced in the
presence of abundant CIPs (Figure S4). Besides, the NMR
results of these electrolytes also exhibit the same tendency. The
chemical shift of 1H signals in DME shows a red-shift in the
order of Mg(TFSI)2 > Mg(HFIP)2 > Mg(PFTB)2, which
suggests that strong anion−solvent interactions lead to higher
electron cloud densities, increased shielding effects, and
reduced chemical shift values (Figure S5).26 The 19F signals
in anions also follow the same order, with increasing intimate
interactions between anions and Mg2+, the noticeable down-
field (more positive) shift was observed (Figure S6). It is worth
mentioning that in the Mg(TFSI)2 electrolyte, strong
Mg2+(DME)3 coordination structure leads to a pronounced
downfield shift in the 1H signal of the part bonded DME
molecule (4.1 and 4.4 ppm).24 Nevertheless, even at elevated
concentrations, no comparable shift was observed in the other
electrolyte (Figure S7), confirming the more relaxed cation−
solvent interaction.
In conclusion, both theoretical and experimental results

suggest that an anion-involved solvation sheath shell is formed

in the Mg(HFIP)2 and Mg(PFTB)2 electrolytes. This solvation
structure holds the promise to reduce the charge density of
Mg2+ and weaken the cation−solvent interactions, leading to a
rapid desolvation process at the electrode−electrolyte inter-
face, and we will investigate this in more detail further on.
These simple Mg electrolytes were then subjected to

preliminarily cyclic voltammetry tests using stainless-steel
(SS) foil as the working electrode. As anticipated, Mg(HFIP)2
and Mg(PFTB)2 electrolytes both exhibit reversible plating/
stripping curves (Figures 3a and S8), whereas blank Mg-
(TFSI)2 electrolyte strongly passivate Mg metal anode (Figure
S9).27 Among the two weakly solvating electrolytes, the
Mg(HFIP)2 electrolyte exhibits improved plating/stripping
efficiency and increased peak current at the elevated electrolyte
concentration. That is probably due to a higher proportion of
active weakly CIPs in high-concentration electrolytes, which
can even be directly monitored by mass spectrometry (Figure
S10). In addition, the decreased free DME proportion also
contributes to the higher oxidative stability of the 2 M
Mg(HFIP)2 electrolyte, which reaches approximately 3.5 V in
various nonprecious metal collectors (Figure 3b). Moreover,
both conventional CE tests (Figure 3e) and standard Aurbach

Figure 3. Electrochemical and spectra analysis of electrolyte. (a) Cyclic voltammograms of the Mg plating/stripping process in various
concentrations of the Mg(HFIP)2 electrolyte at 25 mV s−1. (b) Oxidation stability of 2 M Mg(HFIP)2 electrolyte in different metal
electrodes tested by linear sweep voltammetry. (c) Raman spectra of pure DME, Mg(HFIP)2 salts, and Mg(HFIP)2 electrolytes from 0.25 to
2 M. (d) PDFs of pure DME, Mg(HFIP)2 salts, and 0.5 M Mg(HFIP)2 electrolyte. (e) Mg plating/stripping CEs in Mg||SS asymmetric cells
using different electrolytes at 0.5 mA cm−2 and 0.25 mAh cm−2. (f) Cycling performance of the Mg||Mg symmetric cells with Mg(HFIP)2 and
Mg(PFTB)2 electrolytes at 0.1 mA cm−2 and 0.1 mAh cm−2. (g) Cycling performance of the Mg||Mg symmetric cells with Mg(TFSI)2 (with
polished Mg electrodes) and Mg(HFIP)2 electrolytes (with passivated Mg electrodes) at 0.1 mA cm−2 and 0.1 mAh cm−2.
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method tests (Figure S11) of this electrolyte show the average
CE up to 98% in Mg||SS asymmetric cell.28 In contrast, the
absence of weakly CIPs results in the Mg(TFSI)2 electrolyte,
leading to direct passivation of the Mg metal anode, even when
concentration is increased (Figure S12). Discrepancies of
properties in weakly solvating electrolytes [Mg(HFIP)2 and
Mg(PFTB)2] may also arise from differences in the content of
active weakly solvating CIPs. The presence of three electron-
withdrawing groups −CF3 in the PFTB− anion facilitates
dissociation from Mg2+, resulting in a relatively low content of
weakly CIPs, which hinders the effective Mg plating/stripping
(Figures S13 and S14).16 Furthermore, variations in the
solvation structure result in significant discrepancies in the
ionic conductivity of these electrolytes. The diffusion rate of
cations in electrolytes is primarily influenced by the size of the
solvated cations and the solvation structure. In the Mg(TFSI)2
electrolyte, the abundance of more flexible SSIP solvation
structures ensures the ultrahigh ionic conductivity through the
vehicular shuttle mechanism. On the contrary, in weakly
solvating electrolyte, cation shuttling occurs via slower
structural transport modes, such as exchanging coordinating
solvents with free solvents (Figure S15).29 Considering the
higher solubility and increased content of active weak CIPs, we

selected 2 M Mg(HFIP)2 electrolyte as the main research
target for the following experiments.
Raman spectroscopy was employed to further investigate the

effect of the electrolyte concentration on the solvation
structures. The peak for solid salts, Mg(TFSI)2 at 748 cm−1

(Figure S16),24 Mg(HFIP)2 at 739 and 327 cm−1 (Figures 3c
and S17),30 and Mg(PFTB)2 at 762 cm−1 (Figure S18), are
typical for CIPs. However, upon dissolving salts in the solvent,
the CIP peak exclusively persists in weakly solvating electro-
lytes, whereas a vibrational band at significantly lower
wavenumbers is observed in the Mg(TFSI)2 electrolyte,
indicating the formation of SSIPs. Moreover, the existence of
CIPs in the Mg(HFIP)2 electrolyte even at an extreme salt:
solvent molecular ratio (0.25 M) indicates the inherent
incomplete dissociative nature of the salt.31 Besides, pair
distribution function (PDF) tests show that the local CIP
organization of Mg salt molecules remains well-preserved in
weakly solvating electrolytes, as evidenced by minor variations
in the Mg−O bond lengths (Figures 3d and S19). However,
the Mg−N bond in the Mg(TFSI)2 salt nearly vanished after
dissolution, corresponding to complete solvation of Mg2+
(Figure S20).
Mg||Mg symmetric cells were assembled to assess the overall

ion transport, particularly interfacial conduction. As expected,

Figure 4. Characterizations of the SEI layers on the Mg metal anodes. C 1s, O 1s, Mg 2p, and F 1s XPS spectra of the cycled Mg metal in (a)
Mg(TFSI)2, (b) Mg(HFIP)2, and (c) Mg(PFTB)2 electrolytes. Atomic contents of various elements (d) before and (e) after etching 30 s.
TOF-SIMS 3D rendering models and depth profiles in the positive and negative modes of the SEI layers on the Mg metal anodes cycled in
(f) Mg(TFSI)2 and (g) Mg(HFIP)2 electrolytes. (h) Illustrations of the desolvation process of conventional electrolytes (red zone) and
weakly solvating electrolytes (blue zone) at Mg metal anodes.
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Mg(HFIP)2 and Mg(PFTB)2 electrolytes demonstrated
acceptable overpotentials at 0.1 mA cm−2 (150 and 200 mV,
respectively) (Figure 3f), and the Mg(HFIP)2 electrolyte
exhibits a low polarization (460 mV) even at 5 mA cm−2

(Figure S21). In contrast, the Mg(TFSI)2 electrolyte delivers a
high overpotential exceeding 2 V. Previous studies have
claimed that the passivation layer formed on the Mg anode
leads to the unavailability of this electrolyte.32,33 However,
passivated Mg metal [after being cycled in the Mg(TFSI)2
electrolyte] presents a low overpotential of 400 mV in the
Mg(HFIP)2 electrolyte and sustains a stable cycling for more
than 200 h (Figure 3g). The passivation layer only slightly
hinders the transportation of Mg2+ at the interface in the
Mg(HFIP)2 electrolyte; obviously, the “passivation” of the Mg
metal anode is more likely to be determined by the inherent
solvation structure of the electrolyte.
To elucidate the desolvation mechanism of different

solvation sheaths at the interface, our investigation further
involved a comprehensive multidimensional characterization of
the cycled Mg anode. Figure 4a−c displays the X-ray
photoelectron spectroscopy (XPS) spectra of the Mg anode

after cycling in Mg||Mg symmetric cells with different
electrolytes. The results from C 1s and O 1s spectra suggest
that the Mg anode cycled in the Mg(TFSI)2 electrolyte has the
highest signal intensity of C−F bond (293.2 eV)34 and C�O
bond (533 eV),14 which is attributed to the extensive and
incomplete decomposition of anions and solvents. Besides,
crystalline Mg(OH)2 (52 eV) and inorganic MgF2 (685.2 eV)
are also abundant on this passivation layer.20 In contrast,
reduced electrolyte residues and increased Mg metal signals
(49.1 eV) were observed on the Mg anode cycled in weakly
solvating electrolytes,35 which implies the formation of a
thinner anion-derived SEI layer. The detailed average
elemental concentrations were further investigated via XPS
etching. The sputter-depth profiles show organic species (C
and O containing species) and fluorides (F element >10 at. %)
accumulations on the Mg anode cycled in the Mg(TFSI)2
electrolyte even after 30 s etching (Figure 4d,e). In contrast,
following a brief etching period, there are almost no other
impurities on the Mg anode cycled in Mg(HFIP)2 and
Mg(PFTB)2 electrolytes (Mg element ∼90 at. %), suggesting a
significantly thinner SEI layer.

Figure 5. Mg metal full cells tests. (a) Schematic illustrations of the working mechanism of the Mg(HFIP)2 electrolyte. (b) Cycling
performance of Mg||PDI−EDA full cell over 100 cycles at 0.5 C (1 C = 257 mAh g−1). (c) Selected charge/discharge curves with a voltage
range of 0.1−2.5 V (vs Mg2+/Mg) and (d) long-term cycling performance at 1 C. (e) Performance comparison of Mg metal batteries that
store Mg2+ ions in simple Mg-salt electrolytes. The detailed calculation parameters are summarized in Table S2. (f) Long-term cycling
performance of the Mg||Mo6S8 full cell at 0.5 C (1 C = 128 mAh g−1). (g) Radar plots comparing this work to other reported representative
electrolytes.
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Time-of-flight secondary ion mass spectrometry (TOF-
SIMS) was used to further assess the chemical state of these
elements in SEI. As shown in the 3D reconstruction images in
Figure 4f, the passivation layer in the Mg(TFSI)2 electrolyte
predominantly contains organic segments (C2H2−) and
fluorinated anionic fragments (F−), besides, inorganic MgF3−,
MgF+, and MgOH+ also abundantly present. During the Mg2+
desolvation process, anions and organic ether-derived frag-
ments accumulate and continuously react with the Mg anode
(Figure S22), eventually forming a thick passivation layer. The
TFSI− anion exhibits oxidative stability up to 4 V due to its
relatively low highest occupied molecular orbital energy level,
its comparatively low lowest unoccupied molecular orbital
energy level results in its facile reduction and decomposition
on the Mg metal anode (Figures S23 and S24). Therefore, the
content of these species remains constant, even after 600 s
sputtering. In contrast, Mg anode cycled in the Mg(HFIP)2
electrolyte shows minimal quantities of organic fluorides and
organic species adsorption (Figure 4g). In addition, this anion-
derived SEI layer is present only on the very narrow surface of
the Mg anode, again confirming a much thinner SEI layer
formation that allows for rapid cross-interfacial transport of
Mg2+.
The solvation structure exerts a significant influence not only

on the composition and thickness of the anode-electrolyte
interface layer but also on the morphology of Mg metal
deposition. Due to the lowest Mg plating/stripping over-
potential, the deposited Mg in Mg(PFTB)2 and Mg(HFIP)2
electrolytes is more homogeneous,36 and no corrosive craters
are observed in the Mg metal anode after cycling (Figure
S25).37 In contrast, the intense desolvation process of Mg2+ in
the Mg(TFSI)2 electrolyte leads to the formation of
inhomogeneous black precipitates, and corresponding energy
dispersive spectroscopy analysis shows that it is a mixture of
deposited Mg and decomposed solvent (Figure S26). It is
worth mentioning that all of the above test samples were
prepared under an inert atmosphere; therefore, the results
discussed in this work are excluded from the interference of air.
Based on a thorough analysis of the solvation structure and

electrode−electrolyte interface, the passivation mechanism in
simple Mg electrolytes is established (Figure 4h). In a
conventional Mg solvation sheath, the divalent Mg2+ with
high charge density promotes the formation of SSIP and tight
CIP structure. This interaction is strong and leads to increased
overpotential during the desolvation process. As a result, the
electrolyte components decompose, and a dense passivation
layer is eventually formed on the Mg metal anode. In contrast,
in weakly solvating electrolytes, the anion-involved solvation
structure disperses the charge density of Mg2+, thereby
weakening its binding to the solvent and facilitating a rapid
desolvation process. This solvation structure contributes to the
formation of a thin anion-derived SEI layer, which enables the
long-term stability of RMBs.
Given their excellent compatibility with Mg anodes and

potential compatibility with cathodes due to their noncorrosive
nature, Mg(HFIP)2 and Mg(PFTB)2 electrolytes were further
evaluated in Mg metal full cells. The Mg||Mo6S8 full cell with
the Mg(PFTB)2 electrolyte exhibits a low reversible capacity of
52 mAh g−1 at 0.2 C and experiences dramatic capacity fading
within 40 cycles (Figure S27). This can be attributed to the
low concentration of active weakly CIPs, which we have
discussed abovementioned. On the contrary, in the Mg-
(HFIP)2 electrolyte, the abundant easily dissociated [Mg−

HFIP]+ ion pairs facilitate a rapid desolvation process and
simultaneously ensure the rapid diffusion of Mg2+ in cathode
materials. As a consequence, this chlorine-free Mg(HFIP)2
electrolyte allows direct Mg2+ storage in both organic and
inorganic cathode (Figure 5a).38 The Mg||PDI−EDA full cell
delivers 90% capacity retention (141 mAh g−1) after 100 cycles
at 0.5 C (Figures 5b and S28). Besides, the cell was further
tested at a higher current density of 1 C, which still realizes an
80% capacity retention (117 mAh g−1) over 400 cycles. The
corresponding charge−discharge profiles show a sloping
plateau during the discharge process at an average of ∼1.4 V
vs Mg2+/Mg (Figure 5c,d). Such energy density and stability
are at the forefront of simple Mg-salt electrolytes that store
Mg2+ (Figure 5e and Table S2).16,19,39−43 We tested this
electrolyte in different full cells to further assess its
compatibility with a chalcogenide-based cathode and high-
voltage Prussian blue analogue cathode. The Mg||Mo6S8 full
cell with Mg(HFIP)2 electrolyte demonstrates a reduced
polarization, improved rate performance (Figures S29 and
S30), and outstanding stable cycling at 0.5 C (Figure 5f).
Besides, the typical Mg||CuS full cell and high-voltage Mg||
FeHCF full battery also demonstrated reversible charge/
discharge processes (Figures S31 and S32). To conclude, the
properties of Mg(HFIP)2 electrolyte are summarized in radar
plots in Figure 5g, which exhibits a more comprehensively
improved performance over other classical Mg electro-
lytes.12,15,44

3. CONCLUSIONS
In summary, we proposed an electrolyte that enables
passivation-free Mg metal anode and reversible Mg2+ ion
storage in cathodes. By introducing an electron-localized
fluoride alkyl Mg salt [Mg(HFIP)2] in DME, we constructed a
weakly coordinated anion-involved solvation sheath to mitigate
the charge density of divalent Mg2+. This beneficial solvation
structure enables efficient Mg plating and stripping with single-
salt and single-solvent. The as-designed electrolyte enables a
highly reversible Mg anode and excellent compatibility with
cathode materials. Moreover, our electrolyte features a low-
cost, noncorrosive, highly compatible, and wide electro-
chemical window (∼3.5 V vs Mg2+/Mg). As a result, the
practical Mg metal full cells (with both organic and inorganic
cathodes) using our electrolyte demonstrate an exceptional
cycling stability. This work addresses the challenges of directly
applying simple Mg-salt electrolytes in RMBs and brings
insightful understanding toward the reasonable designing of
organic multivalent ion electrolytes.

4. METHODS
4.1. Electrolyte Preparation. Mg(TFSI)2 salt were purchased

from Sigma-Aldrich. Mg(HFIP)2 and Mg(PFTB)2 salts were
synthesized according to previous report.22 Briefly, in an argon-filled
glovebox, 1,1,1,3,3,3-hexafluoro-2-propanol [(CF3)2CHOH, 22
mmol] was dissolved in 10 mL of dry DME, then, 10 mL of di-n-
butyl magnesium ([CH3(CH2)3]2Mg, 10 mmol, 1.0 M in heptane)
solution was added slowly to the above solution and stirred overnight,
the reaction is violently exothermic. Finally, the solvent is removed
under vacuum to obtain a white powder, which is Mg(HFIP)2 salt.
Mg(PFTB)2 salt were synthesized by the same procedure by
regulating the 1,1,1,3,3,3-hexafluoro-2-propanol as perfluoro-tert-
butyl alcohol [(CF3)3COH]. Mg(HFIP)2 and Mg(PFTB)2 salts
must be vacuum-dried to remove traces of moisture. The electrolyte is
easy to prepare, in an argon filled glovebox, different Mg salts are

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c03968
ACS Nano 2024, 18, 15239−15248

15245

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03968/suppl_file/nn4c03968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03968/suppl_file/nn4c03968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03968/suppl_file/nn4c03968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03968/suppl_file/nn4c03968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03968/suppl_file/nn4c03968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03968/suppl_file/nn4c03968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03968/suppl_file/nn4c03968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03968/suppl_file/nn4c03968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03968/suppl_file/nn4c03968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03968/suppl_file/nn4c03968_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c03968/suppl_file/nn4c03968_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c03968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


added separately to the DME solvent to form the transparent and
stable solutions.

4.2. Cathode Preparation. 4.2.1. Synthesis of the Mo6S8
Cathode. The Chevrel Mo6S8 was synthesized using a modified
procedure to the previous work.45 Briefly, 0.8 g of CuS, 1.6 g of MoS2,
1.2 g of Mo powder, and 16 g of KCl were mixed and ball milled at
350 rpm for 3 h. The ground powder was then transferred to a
crucible for sintering. Under a sealed argon atmosphere, the sample
was sintered in a tubular furnace at 300 °C for 1 h, then, the sample
was heated up to 1000 °C for another 24 h. After cooling to room
temperature, the products were washed with deionized water, and
CuMo6S8 could be obtained. As prepared, CuMo6S8 was then
immersed into a 6 M HCl solution and stirred for 72 h. The solution
was centrifuged, and Mo6S8 precipitates were washed with deionized
water and dried under vacuum at 80 °C. The Mo6S8 cathodes were
prepared by spreading the mixed slurry composed of 70 wt % Mo6S8
powder, 20 wt % super P, and 10 wt % polyvinylidene fluoride in the
NMP solvent to SS foils and dried at 70 °C. The mass loading of the
active material is about 1.5 mg cm−2.
4.2.2. Synthesis of the PDI−EDA Cathode. PDI−EDA was

synthesized using a modified procedure to the previous work.46

Typically, perylene-3,4,9,10-tetracarboxylic dianhydride (0.5 mmol)
and ethylenediamine (EDA) (0.5 mmol) were first dissolved in 50 mL
of 1-methyl-2-pyrrolidinone (NMP). This procedure was carried out
in an argon-filled glovebox. Subsequently, the polymerization reaction
was carried out by heating the mixed solution to 180 °C for 12 h
under argon. The resulting suspension was cooled to room
temperature and filtrated. The filtered solid was washed with NMP
and ethanol several times and vacuum-dried at 80 °C. Finally, the
polymer material was further washed through Soxhlet extraction in
DME for 48 h to remove the soluble short-chain polymer and dried at
80 °C for 12 h under vacuum. The PDI−EDA cathodes were
obtained with 50 wt % PDI−DEA powder, 40 wt % ketjen black, and
10 wt % PTFE. These three materials are mixed and molded on a
roller press. The loading of the active material was about 3−5 mg
cm−2.
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