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CONTEXT & SCALE Mg anodes suffer from insufficient electrodeposition/stripping (E/S) efficiency in com-
mon halogen-free electrolytes at high areal capacities and high rates. The formation of aMg2+-insulating solid
electrolyte interphase (SEI) due to electrolyte decomposition is a major stumbling block under demanding
conditions. Here, we report a new, intrinsically stable electrolyte that tackles this challenge by generating
a dynamically free SEI—revealed by advancedmicroscopy and spectroscopy—during the net E/S. The effec-
tively bare Mg/electrolyte interface leads to fast Mg nucleation/growth into thin platelets at high deposition
rates, showing near-unity E/S efficiency at capacities of up to 50 mAh cm�2. Our fundamental understanding
of the ternary relationship of electrolyte-interphase-morphology is distinct from conventional SEI concepts. It
opens a new avenue to the efficient utilization of multivalent cations that are often plagued with poor revers-
ibility/kinetics in electrochemical cells.
SUMMARY
Understanding and facilitating pure magnesium nucleation/growth electrodeposition behavior with ultrahigh
Coulombic efficiency is complicated by the phenomenon of solid electrolyte interphase (SEI) formation in
state-of-the-art, halogen-free magnesium electrolytes. Defining the electrolyte properties necessary to
achieve ideal electrodeposition/stripping (E/S) thus remains elusive. Here, we reveal for the first time, rapid
magnesium electrodeposition behavior that forms densely aligned, micron-sized thin platelets by establish-
ing a dynamic bare magnesium/electrolyte interface during high-rate net plating. This effectively ‘‘SEI-free’’
interface allows facile magnesium diffusion and migration in stripping with near-unity E/S efficiency under
demanding conditions over long-term cycling. The intrinsic electrolyte stability of the salt/solvent at the mo-
lecular level is the key to forming such an interface. The efficacy of the dynamic bare interface and an electro-
deposited, free-standing magnesium anode is demonstrated in a high-areal-capacity full cell. These findings
provide new design principles and fundamental understanding of interfacial chemistry in multivalent metal
batteries.
INTRODUCTION

Rechargeable magnesium batteries (RMBs) are considered to be

potential alternatives to lithium-ionbatteriesdue to thewidecrustal

abundance of magnesium, its suitable potential, safety, and its

high volumetric capacity (3,833 mAh cm�3).1–6 Magnesium elec-
All rights are reserved, including those
trodeposition/stripping (E/S) canbeachieved inconventional chlo-

ride-based magnesium electrolytes that obviate passivation layer

formation,7,8 but they suffer from low oxidative stability and high

corrosivity to battery components. Considerable effort has been

devoted to trying to achieve efficient magnesium metal E/S in

halide-free electrolytes. The challenges encountered with the
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Scheme 1. Schematic illustration of inter-

phase/interface guided magnesium growth

pattern at high deposition rates

(A) Typical slow 3D growth into hemispherical

morphology induced by Mg2+-insulating in-

terphases or solid electrolyte interphases (SEIs) in

the state-of-art halide-free electrolytes, including

carborane/alkoxyborate/Mg(TFSI)2/Mg(OTf)2-

based electrolytes.

(B) Fast (0001)Mg growth into hexagonal platelets

enabled by a dynamic clean interface with ther-

modynamically/kinetically stable solvation sheath.
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decomposition of most conventional electrolytes due to contact-

ion pairs (CIPs)9—which passivate the anode surface and induce

low Coulombic efficiency (CE) of magnesium E/S—mean that

these endeavors have been largely unsuccessful to date at high

areal capacities andcurrent densities.1,10–17Unconventional bulky

carborane and boron/aluminum-alkoxy anions were thus de-

signed to weakly coordinate Mg2+, showing greatly enhanced

electrolyte stability up to 4 V and highly efficient E/S with over

99% CE.18–25 These can be promising strategies once lowering

the cost of synthesis and the issue of commercial availability is ad-

dressed.26 Magnesium also historically has a lower tendency to

formdendrites,which are the Achilles’ heel formanymetal anodes

such as lithium, sodium, and zinc.27 Some rationales for this

behavior are based on findings from density functional theory

(DFT) calculations that report (1) a very low surface energy of the

(0001)Mg basal plane in the hexagonal P63/mmc space group28,29

and (2) strong Mg0–Mg0 bonding that favors high dimensional

phases.30 The second point is proven by three-dimensional (3D)

hemispherical growth of Mg deposits in state-of-the-art halide-

free electrolytes, including carborane/organoborate- and bis(tri-

fluoromethanesulfonimide)(TFSI)-based electrolytes.9,31,32 How-

ever, evidence for the first point—the very low surface energy of

the (0001)Mg plane—has not been experimentally observed in

these halide-free systems even with good E/S efficiency.11–17,33

Taking advantage of this could be key to realize high-functioning

divalent metal anodes (both Mg and Zn) at practical

conditions.34–37

In lithium batteries, the presence of a solid electrolyte inter-

phase (SEI) allows Li+ ions to migrate through it but prevents

lithium from (electro)chemically reacting with the electrolyte by

blocking electron transfer.38 Unlike Li+, the divalent nature of

Mg2+ makes it difficult to tunnel through such interphases at

ambient conditions, which thus increase interfacial impedance

in most cases.39 Various functional artificial/in situ interphases

have been reported to protect magnesium from such detrimental
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reactivity.7,11,12,17,31,32,40–44 Nonetheless,

depending on the thickness, composition,

and uniformity, these interphases are

either Mg2+-insulating passivation layers

or exhibit slow solid-state Mg2+ diffusion

as SEIs.39,45 Either case can hinder natu-

ral magnesium growth on the (0001)Mg

basal plane (Scheme 1A). Instead, free

magnesium ions tend to adsorb on the
exposed fresh magnesium nucleation sites due to the strong

Mg0–Mg0 bond,30 favoring 3D growth to typically form hemi-

spherical morphologies that could cause short circuits.10 The

presence of Mg2+-insulating interphases can also lead to uneven

stripping behavior, as previously reported.46,47 Therefore,

achieving reversible E/S at significant volumes of magnesium

that can be sustained on long-term cycling with >99.9% cycling

efficiency is still a major stumbling block on the path to practical

halide-free rechargeable batteries.48,49

Here, we demonstrate that forming a dynamic clean interface

unlocks rapid magnesium nucleation/growth along the edges of

(0001)Mg, which has the lowest surface energy and self-diffusion

barrier (Scheme 1B).28,29,50 This results in the deposition of

closely stacked, aligned, and thin hexagonal platelets on the

substrate at high plating rates. The formation of such a clean

interface originates from the thermodynamically/kinetically sta-

ble CIPs within a carefully tuned solvent mixture that leads to

nearly free electrolyte decomposition during dynamic magne-

sium plating. Such a clean interface shows the very low interfa-

cial resistance that exists during dynamic electrochemical

cycling—which disappears on rest and is restored by pulsing

the current. In the absence of a thick interphase, the magnesium

deposition is fully strippable with near-unity CE (up to 99.96%) at

practical current densities (2–5 mA cm�2) and areal capacities

(4–50 mAh cm�2) and shows stable cycling in 2 mAh cm�2 full

cells with high-voltage cathodes.

RESULTS AND DISCUSSION

A dynamic bare interface guides dense magnesium
electrodeposition
We first review themagnesium depositionmorphologies in typical

organoborate salt and Mg(TFSI)2-based electrolytes that show

�4 V anodic stability.9,31 Although very different magnesium E/S

CE of �98% and �70% was obtained for these electrolytes,



Figure 1. Role of interfacial chemistry in magnesium deposition morphology

(A–C) SEM images of magnesium deposition in (A) 0.2 M magnesium hexafluoroisopropoxy borate (Mg(B(hfip)4)2)/G2, (B) 0.5 M Mg(TFSI)2/DME:TEP, and (C)

0.2 M Mg(OTf)2/G2:TEP at 0.5 mA cm�2 (0.5 mAh cm�2).

(D and E) SEM images of magnesium deposition in 0.2 M Mg(OTf)2/G2:TEP at 2 mA cm�2 and 4 mAh cm�2. The inset image corresponds to this thin Mg foil that

easily detaches from the Cu substrate as shown in Video S1.

(F) TEM images of a FIB-cut sample in (E).

(G) BF-TEM images of (a) the surface fissure-to-lath transition region and (b) lattice-resolution close-up of a lath and corresponding FFT diffractogram (inset); (c

and d) BF/DF-TEMmicrograph pair of multiple adjacent lath domains (D1–5) near fissure, showing the nucleation and growth (e.g., D3) or shrinkage (e.g., D2 and

D4) of lath domains.

(H) BF/DF-TEM micrograph-paired images of the nucleation region close to Cu substrate, showing widening (1 / 2), narrowing (3 / 1), and termination of the

laths during the growth process as indicated by yellow arrows.

(I) HAADF-STEM image of two lath domains and corresponding STEM-EDS spectral image, showing extremely low levels of F, S, and P (<0.1 atom%as shown in

Figure S14) at the respective internal interfaces and suggesting negligible electrolyte decomposition during the dynamic E/S period.
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respectively, classic 3D hemispherical growth was observed in

both electrolytes (Figures 1A and 1B) due to interphase formation

at the magnesium surface. Such electrolyte-derived interphases

have been widely reported and examined in a range of halide-

free electrolytes.11–16,26,51 Simply by adroitly tuning the molecular
structure of salt and solvent in the electrolyte, we successfully

obviate such interphase formation and achieve magnesium

(0001) growth in a 0.2 M magnesium trifluoromethanesulfonate

(Mg(OTf)2)/diglyme (G2) : triethyl phosphate (TEP). This system

was rationally designed for each electrolyte component at the
Joule 9, 101790, February 19, 2025 3
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molecular level so that the stability against reduction of coordi-

nated solvents and anions inCIPs can bemaximized, as illustrated

in Figure S1 and Note S1. Simple screening experiments were

also conducted to determine the best ratio of each electrolyte

component (FigureS2). Our results show that such precise control

results in remarkable morphological and electrochemical proper-

ties compared with previous studies of halide-free systems (see

below). We observed that hexagonal magnesium crystals deposit

parallel to the substrate at a moderate current density of 0.5 mA

cm�2 (Figures 1C and S3), similar to observations in some chlo-

ride-related systems.34,50 The magnesium morphology at a high

current density of 2 mA cm�2 and an areal capacity of 4 mAh

cm�2 is quite different, however, and more important from a prac-

tical perspective. Cross-sectional scanning electron microscopy

(SEM) images reveal thin, micron-sized magnesium platelets

aligned at an angle with respect to the substrate (Figures 1D,

1E, and S4), which stack to form a densely packed layer with

near-theoretical density. A 10-mm-thick magnesium metal foil

was obtained upon plating, which readily detached from the Cu

substrate when immersed in dimethoxyethane (DME)

(Figures 1D, 1E, S5, and S6; Video S1). The characteristics of

very dense deposition and loose attachmentwith the substrate re-

sulting from this unique growth pattern can potentially be used for

electrodepositing free-standing magnesium metal foils (see

below) to fulfill high-energy-density requirements for RMBs.52,53

Producing such foils via mechanical processing is challenging

because pure magnesium is brittle and fragile. The Mg (0001)

growth pattern sharply contrasts with the texture-free, 3D hemi-

spherical morphologies exhibited in halide-free electrolytes

(Figures 1A and 1B),11,12,17,29,30 where an artificial or in situ func-

tional SEI is reported to form on the deposited magnesium

surface.

We confirmed the denseMgmorphology by examining the bulk

structure and composition of the electrodeposited magnesium

using analytical transmission electron microscopy (TEM) to char-

acterize cross-sections of the deposit at 2 mA cm�2 and 4 mAh

cm�2. Details of sample preparation and analysis are provided in

the experimental procedures and FigureS7.Wefind that themag-

nesium crystallites are ensembles of finer-scale crystalline do-

mains characterized by a parallel lath structure (Figures 1F and

S8). This microstructure dominates through the entirety of the

10-mm-thick deposit. We note that the outermost region of the en-

sembles (%1 mmbelow the deposit surface) contains fissures that

run parallel to the finer-scale laths (Figures 1Ga and S9) and are

likely a consequence of competitive growth dynamics of the un-

derlying laths themselves. Most of these lath-lath boundaries

appear continuous, only occasionally exhibiting an elongated

void or inclusion running parallel to the laths (Figure S10). These

laths grow consistently in the [1000] direction to form �30 nm-

thin hexagonal platelets stacked parallel to the (0001)Mg basal

plane, propagating at pyramidal planes as confirmed through

diffraction analysis (Figures 1Gb and S8). Consistent with this

structural model is the presence of long propagation distances

of lathdomains (FigureS9),with lathwidening,narrowing, termina-

tion, and re-nucleation occurring throughout thewhole bulk depo-

sit in both the initial nucleation (Figure 1H) and subsequent growth

regions (Figures 1Gc and 1Gd). This indicates the existence of dy-

namic clean interface chemistry during the net plating process,
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where no significant interphase forms to hinder the facile nucle-

ation/growth behavior. Clearly, ion depletion—which would

induce dendrite growth—does not occur even at high plating

rates.The innermost regionof thenodule (>9mmbelow thedeposit

surface) contains smaller-scale laths in smaller-sized domains,

along with a low density of voids emanating from the original Mg

deposit/Cu substrate interface (Figures 1H and S11). These fea-

tures are consistent with this region being one of nucleation and

early-stage competitive growth.Overall, plating at 2mAcm�2 pro-

duces a dense, crystalline magnesium deposit.

Parasitic decomposition of the electrolyte and impurity incor-

poration in the deposit is quite limited. Scanning transmission

electron microscopy-energy-dispersive X-ray spectroscopy

(STEM-EDS) imaging of the (1) fissure/void transition region (Fig-

ure S12), (2) interfacial voids in the nucleation region (Figure S13),

and (3) lath domain boundaries throughout the bulk (Figures 2I

and S14) yield signatures for extremely low levels of F, S, and

P (<0.1 atom %) at the respective internal interfaces, which are

chemical markers for the OTf� anion and the TEP coordinating

solvent. The presence of trace oxides is possibly from the trace

impurity/moisture in the electrolyte54,55 or minor air exposure

(see experimental procedures). As these buried interface-form-

ing inclusions are produced during deposition, this finding indi-

cates that the electrolyte supports near-free-interphase magne-

sium deposition, exhibiting a dynamic clean interface during the

cycling. At the very top surface of the fissure region—where lath

growth ends—depth-profiling X-ray photoelectron spectros-

copy (XPS; Mg 1s, S 2p, F 1s, P 2p, and C 1s) reveals an ultrathin

interphase that likely forms due to equilibration between the

electrolyte and freshly deposited superficial magnesium during

the rest period (Figure S15). However, it does not affect the

behavior of the dynamic clean interface during the net E/S and

its efficiency (see below). The lack of structure related to impu-

rities and resulting passivation can enable exhaustive stripping

of magnesium, preventing localized deposition and ensuring for-

mation of a dense, crystalline deposit after repeated cycling. The

reversibility and stability of magnesium E/S is thus maximized by

such a magnesium (0001) deposition pattern.

To confirm the absence of any electrolyte-derived interphase in

the bulk of the magnesium deposit in the Mg(OTf)2/G2:TEP elec-

trolyte, we further performed depth-profiling time-of-flight sec-

ondary ion mass spectrometry (TOF-SIMS) studies (Figure 2A).

A similar analysis was also conducted on plated magnesium in

the Mg(TFSI)2/DME:TEP electrolyte for direct comparison. All

data points collected in 3D space were summed into 2D XZ and

YZ planes to alleviate the variance of homogeneity of different

morphologies of platedmagnesium. In theMg(OTf)2/G2:TEP elec-

trolyte (Figures 2B and S16), F� species can be found on the sur-

face of themagnesium deposited, with an areal capacity of 4mAh

cm�2 at a current density of 2 mA cm�2, but are absent in the bulk

region. The S� species shows the same behavior but with less in-

tensity compared with the F�. These results are consistent with

the previous TEM-EDS (Figure 1I) and XPS (Figure S15) results,

showing the absence of an electrolyte-derived interphase in the

bulk region that suggests the presence of an ‘‘effectively bare’’

magnesium/electrolyte interface during plating. These results,

together with the XPS above, support our conclusion that the

interphase only forms at the surface, where the fissures form. In



Figure 2. TOF-SIMS studies of interphase

chemistry on deposited Mg surface

(A) Scheme of 3D TOF-SIMS analysis. A 100 3

100 mm2 area on the top surface (XY plane) was

selected as the region of interest, where the ion

sputtering was performed in the Z direction.

(B and C) The summed distribution of F� and S� in

XZ and YZ plane in (B) 0.2 MMg(OTf)2/G2:TEP and

(C) 0.5 M Mg(TFSI)2/DME:TEP.

(D and E) Schematic illustrations of interphase-

controlled magnesium deposition morphologies

with estimated region of interest (ROI) in (D) 0.2 M

Mg(OTf)2/G2:TEP and (E) 0.5 M Mg(TFSI)2/DME:-

TEP.
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contrast, in the Mg(TFSI)2/DME:TEP electrolyte (Figures 2C and

S16), both F� and S� species are distributed with much higher in-

tensity on both the top surface and in the bulk of the magnesium

deposit, suggesting that interphases were formed during magne-

sium plating. The variance of interphase formation/distribution

leads to the very different morphology vis a vis the Mg(OTf)2/

G2:TEP electrolyte. In the latter, interphases formed only on the

surface can be ascribed to the equilibration process during the

rest and do not interrupt the spontaneous magnesium growth

into closely packed hexagonal platelets during the dynamic

plating period (Figure 2D). However, in Mg(TFSI)2/DME:TEP, the

significant interphase formation in the bulk (Figure 2E) duringmag-

nesium plating greatly hinders such growth behavior due to the

very slowmigration of Mg2+ through the interphase, thus resulting

in a hemispherical morphology.

Near-unity CE of magnesium electrodeposition/
stripping
To investigate the magnesium E/S behavior, Mg||Cu cells were

subjected to galvanostatic cycling at a realistic current density of

2 mA cm�2. Figure 3A shows that an ultrahigh plating capacity of

over 50 mAh cm�2 (based on Cu electrode area) can be achieved

at a low overpotential of�250 mV. This corresponds to a magne-

sium utilization rate (MUR) of up to 94.3%, and the platedmagne-

siumcan be reversibly strippedwith a highCEof 98.6%. The long-

term magnesium E/S was further examined at various conditions

(Figures 3B and S17). At a fixed areal capacity of 4 mAh cm�2 to

adhere to practical cycling protocols (Figures 3B and 3C), a high

initial CE of �98% was achieved at 2 mA cm�2, which quickly

increased to over 99.9% after 20 cycles and was maintained for

over 250 cycles. This results in an unprecedented average CE of
99.96% ± 0.17% (after 20 cycles). The

very stable E/S profiles throughout the

entire measurement rule out the possibility

of any soft shorts (Figures 3B and 3C).56

The gentle curve at the end of stripping is

similar to that seen in many previous

studies. It is due to alloying between Mg

and the Cu substrate,30,42,54 in contrast to

the Au substrate, which does not alloy

(Figure S18). An average 99.8%CEcan still

be achieved at an areal capacity or current

density of up to10mAhcm�2 or 5mAcm�2
(FiguresS17andS19), respectively. Similar near-unityCEwasalso

obtained by adopting a modified Aurbach method (Figure S20).

The excellent stability of magnesium E/S is also confirmed in a

Mg||Mg cell at 4 mAh cm�2 that operates for over 2,000 h at

1 mA cm�2 (Figure 3D). The overpotential at 2 mA cm�2 is only

slightly higher than that at half the current density, indicating very

good kinetics. At a high current density of 5 mA cm�2, the cell still

functions for up to 700 h. The stable cycling of symmetric cells is

also demonstrated at an ultrahigh areal capacity of 20 mAh cm�2

for over 450 h (Figure S21). To the best of our knowledge, this is

the first demonstration of such promising performance under

practical electrochemical protocols (Figure 3E).We attribute these

outstanding E/S behaviors to the dynamic clean interface that in-

duces fast magnesium (0001) growth and the subsequent uncon-

strained stripping process, as Mg2+ solid-state diffusion is not

blocked or thwarted by a thick interphase.

We verified the presence of dynamic bare metal interface by

impedance analysis. We observed that the interfacial resistance

increased during the rest period (Figures 3F and S22), indicating

a new interphase formed on the freshly deposited magnesium

surface close to the fissure region; however, it reverted back to

its original state after reversing the E/S current. These results

confirm that a dynamic interfacial chemistry exists during the

net E/S with fast charge transfer kinetics, consistent with the

TEM analysis (Figures 1F–1I). Such behavior is not affected by

the interphase formed at rest, as further verified by the stable

and similar �100% CE of magnesium E/S with the addition of

open-circuit voltage (OCV) period after each plating (Fig-

ure 3G).24,57 It is worthy to note that the stability and reversibility

of magnesium E/S is greatly compromised upon simply chang-

ing the salt from Mg(OTf)2 to the more common Mg(TFSI)2,
Joule 9, 101790, February 19, 2025 5



Figure 3. The electrochemical performance

of magnesium electrodeposition/stripping

(A) Voltage profiles of a Mg||Cu cell at 2 mA cm�2

with cutoff voltages of�1.5 and 1.5 V at plating and

stripping, respectively, showing the magnesium

utilization rate (MUR) of 94.3%.

(B) Selected voltage profiles of a Mg||Cu cell at 2

mA cm�2 with a fixed areal capacity of 4mAh cm�2.

The inset shows the corresponding evolution of CE

as a function of cycle number, where solid circles

and error bars are themean and standard deviation

of three independent cells, respectively.

(C) Stable and continuous voltage profiles of Mg||

Cu cell at 2 mA cm�2 (4 mAh cm�2) show no sign of

soft shorts.

(D) Long-term stability of magnesium E/S inMg||Mg

cells at various current densities with an areal ca-

pacity of 4 mAh cm�2.

(E) Comparison of the electrochemical perfor-

mance with that reported in the literature

(Table S1). The size and color of each circle

correspond to as-labeled areal capacity per cycle

and current density, respectively.

(F) The EIS spectra of a Mg||Mg cell measured after

cycling, resting for 2 h, and re-cycling period. Full

measurement and analysis can be seen in Fig-

ure S22.

(G) The CE evolution as a function of cycle numbers

with different OCV periods after each plating.
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suggesting the significantly higher electrochemical stability of

the triflate anion that spurred our investigation below. Direct

electrochemical comparison of the two salts and additional

SEM images of Mg deposit morphology are given in

Figures S23A–S23D.

High electrochemical stability of the electrolyte
We attribute the dynamic clean interface to the high electro-

chemical stability of the electrolyte, which directly relates to its

solvation structure and nature of the CIPs. The electrolyte solva-

tion dynamics were investigated by nuclear magnetic resonance

(NMR) spectroscopy, combined with DFT calculations and mo-

lecular dynamic (MD) simulations to unravel the molecular

behavior underpinning the intrinsic stability of the electrolyte.
31P variable-temperature (VT) NMR was performed to examine

the role of the TEP in coordinating theMg2+ cations and the inter-

action of the solvation shell with the counter anions participating

in CIP formation. The commonly studied Mg(TFSI)2 system was

used as a comparison. Figures 4A and 4B show stack plots for

both the TFSI and OTf compositions that span the temperature

regime from 313 to 243 K. As the temperature is decreased,

the lone 31P signal splits to reveal a distinct, low-T signal at lower

frequency. In contrast, in neat G2/TEP at the same ratio (Fig-

ure S24), the 31P VT-NMR peaks appear at higher frequency

and with a characteristic 1H-31P scalar coupling septet. The

lack of scalar coupling in Figures 4A and 4B is due to reduced

tumbling imparted by the coordination to the salt and the induc-

tive effect of anion participation in the solvation shell. This iden-

tifies the secondary, low-T 31P signal as the CIP formed with

TEP-coordinated Mg2+. As the temperature is decreased, the

anion exchange rate in the equilibrium solvation structure corre-

spondingly moves to a ‘‘slow exchange’’ regime.58
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A key difference is immediately apparent between the TFSI

and OTf compositions, reflected quantitatively in the VT 31P T2
measurements of the corresponding signals (Figures 4C and

4D). Whereas the TFSI composition undergoes a classical ex-

change transition—first exhibiting broadening, then coales-

cence, and finally splitting of signals as the exchange rate slows

with decreasing temperature—the OTf composition inversely

shows very little exchange broadening before bifurcation and a

significantly smaller relative CIP population once the signal

splits. This indicates that the lifetime of the OTf CIPs is much

shorter. The CIP interaction is therefore much weaker, corre-

lating with the much-reduced electrolyte decomposition and

‘‘clean’’ reversible Mg deposition. The T2 magnitudes for both

electrolytes are considerably shorter than TEP in the neat G2/

TEP mixture (Figure S25), indicative of TEP coordination to the

cation itself in both cases, as proven by DFT studies (see below).

Additional 31P exchange spectroscopy (EXSY), 19F T2 relaxation,

and 19F pulsed-field gradient (PFG-NMR) diffusivity measure-

ments also bear out this difference between the electrolyte com-

positions (see Figures S26–S30 and accompanying discussion in

Note S2).

Results from classical MD (Figure S31) vindicate the experi-

mental evidence obtained from VT NMR, underlining the role of

TEP in promoting Mg2+-OTf� dissociation and simultaneously

diversifying the population fractions with reduced CIP concen-

tration (Figures S32 and S33). DFT results from our previous

work9 reported a highly exergonic bond dissociation energy

(BDE) of -1.25 eV for the C–S bond in a partially reduced Mg+-

TFSI�CIP, which became increasingly exergonic in the presence

of explicit solvent molecules (Figure S34). The visualized spin

density in the dissociated fragments revealed that the thermody-

namically favorable electrolyte decomposition enabled the



Figure 4. Electrolyte solvation dynamics and

DFT analysis of electrolyte stability

(A and B) VT 31P NMR line shapes of the (A) 0.2 M

Mg(TFSI)2 and (B) 0.2 M Mg(OTf)2 in G2:TEP (3:1 in

vol) compositions, from 243 to 313 K, illustrating

the appearance of distinct signals for TEP-coordi-

nated Mg2+ and TEP-coordinated CIP at low tem-

perature.

(C and D) The corresponding difference in solvation

dynamics is quantitatively reflected in the VT 31P T2
curves for the (C) TFSI and (D) OTf compositions.

(E) DFT calculations for thermodynamic C–S bond

dissociation energies of [Mg-OTf] CIPs in the

presence of different explicit solvents.

(F) DFT calculations for the kinetic barriers to bond

dissociation for different [Mg2+-OTf�] and [Mg2+-

TFSI�] CIPs in different solvation environments.

(G) Effect of explicit solvent and deprotonation on

the DFT-calculated adiabatic ionization potentials

of different solvent molecules.
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complete reduction of Mg+ to Mg0. In comparison to TFSI�, the
BDE for a partially reduced Mg+-OTf� CIP in implicit solvent is

higher by more than 1 eV (Figure 4E). Similarly, the introduction

of explicit solvent molecules increased the exergonicity of the

dissociation process, but they were consistently greater when

compared with that in the TFSI system (Figure S34).9 Although

thermodynamically favorable, the kinetic barrier for the C–S

dissociation in theMg+-OTf�CIP (Figure 4F) was�0.1 eV greater

than the partially reduced Mg+-TFSI� CIP. The kinetic barriers in

the presence of explicit solvents (G2 and TEP) were only slightly

lower in the Mg+-OTf� CIP. However, in Mg+-TFSI�, optimiza-

tions with a G2-explicit solvent molecule led to the spontaneous

dissociation of either the C–S or the S–N bond. Even in the pres-

ence of a TEP-explicit solvent, the calculated barrier was

extremely low (0.032 eV). These results indicate that, in addition

to the thermodynamic favorability, the dissociation process in

the Mg+-TFSI� CIPs—especially in the presence of explicit sol-

vents—is near barrierless. In contrast, Mg+-OTf� CIPs are not

only thermodynamically more stable but also protected by

higher kinetic barriers, which potentially explains their intrinsic

stability against spontaneous decomposition during cycling.

In addition to the reduction behavior of the triflate salt, we also

investigated the oxidative stability for the solvent molecules

constituting the electrolyte system. The significant deviation be-

tween adiabatic and vertical ionization potentials has been previ-

ously discussed.59Moreover, previous studies have also reported
the lowering of the oxidation potential in

the presence of an explicit anion when

compared with the results from a contin-

uum implicit solvent60 (e.g., polarizable

continuum model [PCM]61). As observed

in Figure 4G, in an implicit solvent, the adia-

batic ionization potentials (vs. Mg2+/Mg)

are similar for the G2 and the TEP solvent

molecules. Nonetheless, the presence of

explicit anions significantly reduces the

immunoprecipitation (IP) for the G2 mole-
cules. On the other hand, the oxidative stability of the TEP mole-

cules is preserved. A possible explanation of this enhanced stabil-

ity is the absence of spontaneous proton transfer in the TEP

molecules. DFT calculations (Figure S35) reveal that the oxidation

of G2 is accompanied by a spontaneous proton transfer to the

anion, which has previously been reported to lower the oxidative

stability of solvent molecules.62 The enhanced oxidative stability

of the TEPmolecules can be potentially attributed to its coordina-

tion geometry (Figure S35). The coordination in (OTf�-TEP) , is

facilitated by the O atom in the P=O motif, which potentially

shields the ethyl groups from participating in a spontaneous pro-

ton transfer. The overall analysis ofMD, DFT, and VTNMRdirectly

correlates with the significant suppression of electrolyte decom-

position relevant to reduced CIPs. We also note the steric effect

of solvent molecular structures plays a role (Figure S1): G2, with

an extra methoxyethoxy group, results in much faster exchange

rate between its bound state and free state than frequently used

dimethoxyethane, leading to faster Mg2+ desolvation while sup-

pressing the easy decomposition of bound molecules. Further-

more, TEP, with an extra methylene group, greatly increases its

stability against reduction during magnesium plating (Figure S36).

Application to a high-areal-capacity full battery with
free-standing thin magnesium anode
The reversibility of this magnesium anode and oxidative stabil-

ity of the electrolyte was further demonstrated in a full cell.
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Figure 5. The electrochemistry of full battery

with n-type organic cathode materials

(A) The cycling stability of PTO-COF||Mg cell.

(B) The cycling stability of high areal capacity PTO||

Mg cell where the magnesium was an electro-

deposited thin foil with an areal capacity of 4 mAh

cm�2. The CE was calculated as charge capacity

divided by discharge capacity because both cells

start with discharge.

(C) Comparison of areal capacity and the thickness

of magnesium anode in this work to that reported

elsewhere at room temperature.
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Linear sweep voltammetry (LSV) reveals over 4 V anodic sta-

bility on various substrates (Figure S37): much higher than

conventional chloride-based electrolytes (�2.5 V). Although

sulfide-based3,63 or conversion-type materials (for example,

CuS) (Figure S38),64,65 are commonly used as benchmark

Mg cathodes, they are limited to low voltages. Therefore, we

synthesized an organic n-type pyrene-4,5,9,10-tetraone-

based covalent organic framework (PTO-COF, Figure S39)

that was previously reported as a high-voltage and high-ca-

pacity organic cathode for lithium-ion batteries.66 As shown

in Figures 5A and S39, PTO-COF shows an initial capacity

of �180 mAh g�1 at C/2 (1 C = 200 mA gPTO-COF
�1), with an

average voltage of 2.1 V, and can cycle for 750 cycles at a

fast rate of 2 C. We ascribe the gradual decrease in capacity

and slightly >100% CE to the continuous dissolution of un-

reacted PTO monomers in this organic cathode material,

which has been well-noted in the literature.20 We further

used the state-of-art PTO20 as a prototype high-areal-capac-

ity Mg cathode owing to its higher theoretical capacity of 408

mAh g�1. A high-loading PTO cathode (2.5 mAh cm�2) was

coupled with the electrodeposited, free-standing, 10-mm-thick

magnesium foil at a low negative/positive (N/P) ratio of 1.6.

The cell was cycled at C/5 (1C = 408 mA gPTO
�1) after one-cy-

cle activation (Figure 5B and S40), exhibiting an areal capacity

of 1.8 mAh cm�2 for over 40 cycles without short circuiting. To

our knowledge, this is the first demonstration of magnesium

full cells at such high areal capacity with a thin magnesium

anode at room temperature (Figure 5C). We also note that

the cell-level energy density of such organic RMBs is limited

by the carbon content in the cathode (�50 wt %: note <5%

discharge capacity contribution; Figure S41).67 This could be

overcome with improved, dense cathode materials that func-

tion at high voltage and take advantage of the desolvation af-

forded by this electrolyte, albeit being beyond the scope of

the present work.
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Conclusions
Here, we demonstrate a ‘‘dynamic’’ bare

magnesium/electrolyte interface during

net E/S by tuning electrolyte stability via

precise control of the molecular structure

of solvents and salts. The term dynamic is

meant to indicate that such a clean inter-

face shows the very low interfacial resis-

tance that exists during the dynamic elec-
trochemical cycling—which disappears on rest and is restored

by pulsing the current.

Such unique interficial phenomenon is closely related to the ki-

netic difference of various electro/chemical reactions at the Mg/

electrolyte interface. The side reactions between electrolyte and

freshmagnesium have very slow kinetics, as verified by DFT. Dur-

ing the dynamic plating process, anions move away from the Mg

surface and the Mg deposition kinetics are far faster than electro-

lyte decomposition: thus, virtually no decomposition occurs that

could forman interphase. During the rest, because theMgelectro-

deposition is terminated, the exposed fresh Mg deposit can grad-

ually react with electrolyte to form some interphase, as shown via

XPS and TOF-SIMSanalysis. However, once the freshMgdeposit

is covered by a thin interphase, the electrolyte decomposition will

stop due to the contact loss with fresh Mg. Therefore, only a very

thin layer of such interphase forms on the Mg surface that has mi-

nor impact on Mg diffusion. Once we restore the electrochemical

plating/stripping, theclean interface is restoreddue to the fasterki-

neticsofMgplating thanelectrolytedecomposition.TheTEManal-

ysis also provides solid evidence that the bulk region of the depos-

ited Mg is clean and free of any electrolyte-derived species.

Overall, such a clean interface is stabilized under dynamic

plating/stripping due to the kinetic difference betweenMgelectro-

deposition and electrolyte decomposition.

Our approach contrasts that of engineering the electrolyte via

additives, which are consumable and form an SEI that hinders

Mg2+ interfacial diffusion. This strategy thus successfully

achieves electrodeposition of densely aligned thin hexagonal

magnesium platelets under practical conditions. This leads to a

close-to-unity CE of magnesium electrodeposition/stripping at

demanding conditions over long-term cycling in both half and

full cells. Our understanding, built on the ternary relationship of

electrolyte-interphase-morphology, is distinct from conventional

concepts of the invaluable role of functional SEIs in ensuring

reversible operation of various batteries.
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Building on the above insights, the remarkable properties of

our electrolyte deliver the possibility to ensure a new generation

of high-energy-density RMBs that are comparable or superior to

other systems. First, the near-unity CE of magnesium E/S allows

the implementation of ultrathin magnesium anodes and hence

assembly of cells with low negative:positive (N/P) ratios to

benefit energy density. Second, the high boiling points of the sol-

vents (G2:162�C, TEP: 215�C) are much higher than that of

commonly used DME (85�C), which is essential for achieving

lean electrolyte conditions.26 Third, the high anodic stability of

this electrolyte provides excellent compatibility with high-voltage

cathodes. Last, the propensity for facile desolvation of Mg2+ at

the anode that we demonstrate here with Mg(OTf)2/G2:TEP

should also extend to the cathode. This opens up a new avenue

for the discovery of possible high-rate and high-voltage/capacity

materials—with good electronic conductivity—that may resolve

the long-standing question of whether Mg2+-ion diffusion in the

bulk or Mg2+-ion desolvation at the interface are the limiting fac-

tors at the positive electrode. We expect these insights and

design principles can be extended to other multivalent battery

systems and stimulate wider research attention.

EXPERIMENTAL PROCEDURES

Preparation of electrolytes

Mg(OTf)2 (Solvionic, 99.5%) and Mg(TFSI)2 (Solvionic, 99.5%) was dried in a

Buchi vacuum oven at 150�C for over 3 days. DME (Sigma-Aldrich, 99.5%),

G2 (Sigma-Aldrich, 99.5%), and TEP (Sigma-Aldrich, R99.8%), were dried

over molecular sieves (Sigma-Aldrich, 3 Å) for > 24 h twice before use. All salts,

solvents, and additives were stored in an Ar-filled glove box with H2O and O2

levels less than 0.1 ppm. To prepare the electrolyte, a weighed mass of

Mg(OTf)2 was added into G2:TEP mixtures at specific volume ratios and the

mixture was stirred at 25�C for at least 24 h to fully dissolve the salt.

Electrochemical measurements

Coin cells (2032) with a standard spring were used to investigate the magne-

sium plating/stripping behavior in both symmetric and asymmetric cells using

a VMP3 potentiostat/galvanostat station (Bio-Logic). Magnesium foils

(100 mm, Changsha Rich Nonferrous Metals) were polished by sandpaper

before being punched into small disks (diameter: 12.7 mm; mass: �18.9 mg)

for symmetric cell assembly, and two glass fiber separators (0.7 mm pore

size, 475 mm, Sigma-Aldrich) were used (diameter: 16mm) with 100 mL electro-

lyte in each cell. The Cu foil (9 mm, MTI Corporation) was washed with ethanol

and punched into disks (diameter: 10mm). Electrochemically polishedmagne-

sium electrodes were obtained by cycling a symmetric cell for 5 cycles and

then used to assemble asymmetric cells for CE measurements with bare Cu

as the working electrode. LSV was performed to measure the anodic stability

of the electrolyte at a sweep rate of 1 mV s�1, with magnesium as both the

reference and counter electrodes and various metal foils (Pt, Ti, SS, and Al,

diameter: 11 mm) as working electrodes. Electrochemical impedance spec-

troscopy (EIS) was performed on a magnesium symmetric coin cell, with a

voltage amplitude of 10 mV in the frequency range of 1 MHz to 100 mHz.

The CuS/C was prepared with a CuS mass ratio of 30%, using our reported

method where the presence of porous nitrogen-doped carbon matrix en-

hances the kinetics of CuS.68 The electrode was fabricated by mixing CuS/C

(Sigma-Aldrich, 99.99%) and polyvinylidene fluoride at a weight ratio of 9:1

with 1-methyl-2-pyrrolidinone as the dispersion agent. The mixed slurry was

coated on copper foil by doctor blading with an active mass loading of

�1mg cm�2. PTO-COF electrode was synthesized following a previous report

with a mass loading of �1 mg cm�2.66 Polished magnesium foil was directly

used as the counter electrode to assemble CuS||Mg and PTO-COF||Mg full

cells. For high-loading PTO electrodes, PTO powder (Chemscene) was first

ball milled with Ketjen black carbon at a weight ratio of 4:5 for 100 min at
250 rpm. The PTO electrode was fabricated by mixing the above mixture

with polytetrafluoroethylene (Sigma-Aldrich, 60 wt % dispersion in H2O) at a

weight ratio of 9:1, using isopropanol as the dispersion agent. The free-stand-

ing PTO cathode obtained was dried at 60�C overnight and punched into small

disks (diameter: 8 mm) for full-cell assembly. The mass loading for active ma-

terial is 6.2 mg cm�2. An electrodeposited 10-mm-thick magnesium foil was

used as the counter electrode, which is not commercially available because

producing such thin foils via mechanical processing is challenging as pure

magnesium is brittle and fragile. Following the previous study,26 a graphene

oxide (GO) membrane was used to mitigate the shuttling of dissolved

Mg1PTO. Single-layer GO powder (8 mg; H Method, ACS Material) was

dispersed in 20 ml ethanol by ultrasonic agitation for 30 min. The free-standing

GO membrane was then obtained by a vacuum-filter method, with a mass

loading of�0.5 mg cm�2. All cathodes examined in this work were discharged

first and the CE was thus calculated by the charge capacity divided by

discharge capacity.

Materials characterization

The thin-filmmagnesiumused forcharacterizationwaspreparedbyelectrodepo-

sition on a Cu substrate at 2 mA cm�2 current density to an areal capacity of 4

mAh cm�2. The Cu electrode with deposited magnesium was dissembled from

the cell and washedwith DME three times in a vial, after which the thin-filmmag-

nesium self-detached from the Cu substrate. After drying in vacuumat 25�C, the
thin-filmmagnesiumwas transferred into anAr-filledglovebox for further charac-

terization. Powder X-ray diffraction (XRD) studies were carried out on an X-ray

diffractometer using Cu-Ka radiation (PANalytical Empyrean) equipped with a

PIXcel bidimensional detector. The scanning electronmicroscopy (SEM) images

ofMgplating/strippingmorphologies and energy-dispersive X-ray spectra (EDX)

were collected on a Zeiss Ultra field emission SEM instrument. XPS experiments

were conducted on a Thermo Scientific K-Alpha XPS instrument. CasaXPS soft-

ware was used to conduct XPS data analysis, where the C 1s peak of 284.8 eV

was used to calibrate the binding energies. Spectral fitting was based on

Gaussian-Lorentzian functions and a Shirley-type background. The Ar+ etching

ratewas estimated to be�1.0 nmmin�1. The ionic conductivity of the electrolyte

was measured via an Orion Star A325 pH/Conductivity Meter (Thermo) at 25�C.
The detailed procedures of molecular dynamic (MD) simulations and DFT calcu-

lations are outlined in supplemental information.

TEM analysis

A cross-sectional lamella for TEM examination was prepared via focused ion

beam (FIB) lift-out using a Scios 2 dual-beam FIB/SEM. The region from which

the lift-out was taken is indicated by the yellow box in Figure S7A. This area

was selected due to its possessing surface fissures but without the topog-

raphy being too variable in height such that it might risk the structural integrity

of the lamella. Figure S7B shows a tilted view of the area after trenching but

prior to lift-out and final thinning. The Mg anode was transferred from the

argon-atmosphere glove box into the FIB inside an Ar-filled sealed bag tomini-

mize exposure. After the lift-out was completed, the mount holding the grid

was transferred back into the glove box using the Ar-filled bag method.

The TEM grid containing the lift-out was loaded into a Gatan 648 air-free

transfer holder while inside the Ar-filled glove box. This prevented the sample

from exposure to air/moisture during transport and loading into the TEM. At

some point between removal of the grid from the FIB and loading into the

air-free transfer holder, a portion of the protective Pt cap fell off the lamella.

This did not appear to have any meaningful impact on the underlying sample.

Bright-field (BF), dark-field (DF), and high-resolution (HR) conventional TEM

images and selected area electron diffraction (SAED) were acquired using an

FEI/Thermo Fisher Titan G2 ETEM at an operating voltage of 300 kV and beam

dosage of 72 e/Å2s. High-angle annular DF scanning TEM (HAADF-STEM) was

performed on an FEI/Thermo Fisher Titan G2 ChemiSTEM equipped with a

SuperX EDS detector, at an operating voltage of 200 kV and a probe current

of 120 pA. No alteration/damage of the sample during TEM characterization

was observed.

TOF-SIMS

TOF-SIMSspectrawere collected byan ION-TOFTOF-SIMS5machine in nega-

tive-ion mode with a 30-keV cluster primary ion gun over an area of 100 3
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100 mm2. 2563 256 pixelswere used to raster this area. The principal ion current

was approximately 0.3 pA. The stop condition was set to 53 1,012 ions per cm2

for semiquantitative analysis. The2D imagesessentially collapse the3Ddatasets

in one direction parallel to the surface, yielding 2D XZ and YZ images. This

method was used to alleviate the variance of homogeneity of different morphol-

ogies. The pixel-by-pixel signal intensities in the other surface parallel direction

(but perpendicular to X or Y) are summed to create the pixels in the resulting im-

age. The vertical direction in the image shows the surface at the top of the image

and the bottom of the profile at the base. The horizontal axis of the image is the

lateral dimension of the sputter crater (100 mm).

NMR spectroscopy

All NMR experiments were performed on an 11.7-T magnet with a Bruker Neo

console, using a specially modified, broadband-tuning Bruker SmartProbe

(with low-g tuning capability). Both 19F (470.60 MHz Larmor frequency) and
31P (202.47 MHz) were studied, with the former referenced to 0.1 M sodium tri-

fluoroacetate (NaTFA) (aqueous) (at -77 ppm) and the latter to 85% H3PO4 (at

0 ppm). 25Mg measurements were also carried out, but the much-reduced

sensitivity rendered these impractical for the scope of the current study. Nuta-

tion curves collected on the references were used for pulse calibrations,

yielding p/2 pulses of 12.7 ms for 19F and 19.2 ms for 31P. VT experiments

were performed with both nuclei for samples of Mg(TFSI)2 in G2/TEP,

Mg(OTf)2 in G2/TEP, and neat G2/TEP (31P only) over a temperature range of

243–313 K, corrected by the VT unit, which was self-tuned at 298 K. Refer-

encing was performed with the substitution method before and after the VT

collection run, with the chemical shifts corrected for magnet drift. Additional

NMR methods details are presented in the supplemental information.
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