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Abstract

Rechargeable magnesium batteries (RMBs) are highly promising candidates for next-
generation energy storage systems due to their superior energy density and intrinsic safety.
However, severe Mg anode passivation in conventional electrolytes and non-uniform Mg
deposition significantly compromise their reversibility and cycling stability. Here, for the first
time, we introduce a multifunctional 1-bromooctane (OctylBr) additive into the strongly
passivating magnesium bis(hexamethyldisilazide) (Mg(HMDS):) electrolyte to engineer a Br-
enriched solid electrolyte interphase (SEI) and promote uniform planar Mg deposition. This
strategic electrolyte modification extends the Mg cycling lifespan of conventional electrolytes
from 0 to 3600 hours with an exceptionally low overpotential of 45 mV in symmetric cell and
a high coulombic efficiency of 99.34 % in asymmetric cell. The planar deposition enabled by
our electrolyte allows for reversible Mg plating/stripping across a broad range of areal
capacities (0.5-25 mAh/cm?). Notably, at high areal capacity of 10 mAh/cm?, the electrolyte
sustains a lifespan of 640 hours in symmetric cell, underscoring its effectiveness for high-
energy applications. Full-cell evaluations with MoeSg cathodes further validate the enhanced
cycling performance, and the approach proves effective across various conventional Mg salts.
These findings position OctylBr as a generally compatible electrolyte additive, unlocking new

pathways for high-performance, long-life RMBs.



1. Introduction

The rechargeable Mg battery (RMB) is a promising “beyond Li” technology that is cheaper
and safer than its Li-based counterpart. Such batteries typically employ a Mg metal anode that
exhibits a large volumetric capacity (3833 mAh cm™) and a low reduction potential (-2.37 V
versus standard hydrogen electrode (SHE)) that is paired with an intercalation or conversion
cathode.! The passivation of the Mg anode surface in conventional electrolytes drastically
impairs the reversibility and kinetics of the Mg deposition/stripping process, making this a
major hurdle in developing practical RMBs. To mitigate this problem, there have been
substantial efforts to create a robust solid electrolyte interface (SEI) with better Mg cycling
properties that includes designing an artificial interphase’® and establishing an SEI with

electrolyte additives.”!!

Besides regulating the formation of SEIs, the generally low areal capacities of Mg
anodes (0.02-1 mAh/cm?) in conventional electrolytes also greatly hinder the practicability of
RMBs.!>!5 Achieving high areal capacity in Mg electrodes requires homogenous Mg>" flux
distribution under a single cycle, the presence of many nucleation sites, and low voltage
hysteresis.! However, in traditional electrolytes, the Mg anodes exhibit high inhomogeneity
during Mg deposition which eventually results in a short circuit.!” The higher charge density
of Mg?* leads to higher de-solvation energy and polarization in Mg anodes, resulting in charge
accumulation and uneven electric field distribution on the electrode surface during
prenucleation. This limits the distribution homogeneity of Mg?* at nucleation sites, and as a
result, hampers self-diffusion and prevents homogeneity in Mg plating. This makes it vital that
the desired Mg deposition morphology be achieved with extremely homogenous electric fields

and Mg?" flux distributions.

To this end, highly concentrated metal chloride salts like MgCl> and AICI3 are the

additives most widely used for modifying Mg electrolytes, which yields a MgCl,-based SEI



component in common.'¥2° The use of CI" helps to break the native oxide layer but corrodes
the cell components, a problem that can be mitigated by using other less corrosive Mg-halides
(Mglz, MgF», and MgBr») instead.> ?!?3 In a previous study, we extensively investigated a
series of inorganic Mg halides as electrolyte additives to overcome passivation and improve
cycling life.?* The results indicate that MgBr» additive performs the best among the Mg halides
due to the lower activation energy and improved diffusion properties of Mg?* in the SEI layer.
However, the ionic nature of MgBr; leads to poor solubility in conventional ether-based
electrolytes, resulting in inferior cycling life. In comparison, organic bromine liquid additives
are covalent in nature and have generally high miscibility with ether solvents, which inspired

us to study this class of less-explored additives.

In this work, for the first time, we used an organic 1-bromooctane (OctylBr) additive
with a conventional electrolyte salt (Mg(HMDS),) for high-capacity and reversible Mg metal
batteries. To the best of our knowledge, OctylBr has not been previously reported as an
electrolyte additive for Mg batteries. The Br-rich SEI formed in situ that is facilitated by the
OctylBr additive suppressed anode passivation effectively and improved cycling life
substantially from 0 to 3600 hours, the longest reported to date for Mg(HMDS), based
electrolytes. The COMSOL simulation studies demonstrate that the additive-driven planar Mg
deposition promotes the homogenous distributions of both electric field and Mg>" flux at the
electrode-electrolyte interface. As a result, the planar deposition morphology ensures reversible
Mg cycling at a wide range of areal capacities (0.5-25 mAh/cm?) with narrow overpotentials.
A detailed analysis of passivation in Mg(HMDS), electrolyte and SEI layer formation in
Mg(HMDS), + OctylBr electrolyte was conducted with theoretical and ex-situ analytical
techniques. Our successful demonstration of reversible Mg cycling with other highly
passivating conventional Mg salts (Mg(OTf). and Mg(TFSI),) highlights the generality of

OctylBr as an effective electrolyte additive for high-performance RMBs.



2. Results and discussion
2.1. Suppression of passivation and deposition regulation by OctylBr additive.

Conventional Mg electrolytes readily passivate at the surface of the Mg anode due to the
spontaneous reduction of electrolyte components and decomposition of solvents, which result
in low Mg-ion diffusion and high overpotential.>>?® As predicted, the conventional electrolyte
using 0.1 M Mg(HMDS); salt in DME solvent (abbreviated as Mg(HMDS).) displayed typical
Mg anode passivation, indicated by a rapid voltage drop to -3.2 V on initial plating (Figure
1a). To suppress this passivation, we modified the electrolyte by adding OctylBr to allow
reversible Mg deposition/dissolution, as evidenced by the voltage profiles of the first cycle in
Mg//Mg cells with different volumes of OctylBr added (Figure S1). By understanding the
electrochemical performance (Figure S2-3), we calculated that a 5 vol% of OctylBr additive
is the optimal concentration for use with 0.1 M Mg(HMDS),; this is hereafter described as
Mg(HMDS), + OctylBr. The scanning electron microscopy (SEM) morphological study of
initial Mg plating indicates that no Mg deposition occurred with the Mg(HMDS), electrolyte,
with many dead Mg sites seen (Figure la-inset). However, homogeneous planar Mg
deposition occurs with the Mg(HMDS). + OctylBr electrolyte using a very low initial plating
overpotential of only 0.28 V (Figure 1b). To assess the unique effectiveness of the OctylBr
additive in enhancing the reversibility of Mg(HMDS): electrolyte, we investigated other octyl
halides (OctylF, OctylICl, Octyll) as additives in both symmetric and asymmetric cells (Figure
S4). OctylF and Octyll failed to sustain cycling due to passivation. While OctylCl initially
exhibited behavior similar to OctylBr, its long-term cycling life was significantly shorter.
Additionally, electrolyte modified with inorganic bromide (MgBr2) additive also failed to
sustain cycling due to surface passivation (Figure S5). These findings demonstrate the
superiority of organic bromide (OctylBr) additives over inorganic counterparts and further
highlight the advantages of bromine-based organic additives compared to other organic halides
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Figure 1. Voltage profile of initial plating in different electrolytes: (a) Mg(HMDS),, (b)
Mg(HMDS); + OctylBr, (a-b insets show corresponding SEM images). COMSOL simulations
of electric field distribution in Mg deposits for different electrolytes: (c) Mg(HMDS),, (d)
Mg(HMDS), + OctylBr. COMSOL simulations of Mg?" flux distribution in Mg deposits for
different electrolytes: (e) Mg(HMDS),, (f) Mg(HMDS). + OctylBr. The evolution of Mg?" flux
distribution with selected simulation time for different electrolytes: (g) Mg(HMDS),, (h)
Mg(HMDS); + OctylBr. (i) Raman spectra of DME solvent, Mg(HMDS), salt, OctylBr

additive, and different electrolytes.

The dynamic characteristics of Mg deposition are greatly influenced by the distributions

2931 which can be studied

of electric field and Mg?" flux at the electrode-electrolyte interphase,
by a finite element method (FEM) in COMSOL theoretical simulations. The 2D geometric

models of Mg deposition in each electrolyte were first constructed based on the SEM results

(Figure S6). Due to a passivation-impeded, non-homogenous deposition in Mg(HMDS),



electrolyte, the electric field distribution is highly distorted, and the local current density tends
to concentrate on the sharp edges of randomly existing dead Mg sites (Figure 1¢).>? This leads
to the unfavorable tip effects through distorted distributions of Mg ion concentration alongside
“hot spots” in the local electric field, further perturbing the non-uniform Mg** flux distribution
(Figure 1d) and inducing the possibility of dendrite growth.?* Introducing OctylBr into the
electrolyte significantly homogenizes both the electric field (Figure 1d) and Mg?* flux (Figure
1f) distributions by suppressing surface passivation and forming an SEI in situ that results in
an even Mg deposition process. The evolution of the Mg?* ion flux distribution at different time
scales indicates anode passivation to occur rapidly in the Mg(HMDS); electrolyte, as indicated
by a reduced Mg?" ion concentration at 0 s and further substantive decreases at 0.3 s and 0.6 s
(Figure 1g). In comparison, the planar Mg deposition from the Mg(HMDS), + OcylBr
electrolyte shows constant Mg?" ion flux distribution near the electrolyte-electrode interface at

all time scales (Figure 1h).

To investigate the electrolyte structure and the influence of additives on solvation
structure, we analyzed the Raman spectra of the DME solvent, Mg(HMDS). salt, pure OctylBr
additive, and different electrolytes (Figure 1i). The pure Mg(HMDS); salt exhibit peaks at 567
cm!, 617 cm™!, and 671 ¢cm’!, corresponding to MgHMDS", 1D veymSi—C (A1) and 2D
VeymSi—C (Ey), respectively.!® *43¢ Dissociation of Mg(HMDS), salt into Mg*" cation and
HMDS" anion on dissolving in DME solvent is evidenced by the disappearance of MgHMDS"
peak in Raman spectra of both Mg(HMDS), and Mg(HMDS), + OctylBr electrolytes.>* Further,
the redshift of VeymSi—C (A1) and 2D vsymSi—C (Eg) peaks in both the electrolytes strengthen
the observation.!'” In contrast, the Raman spectrum of Mg(HMDS), + MgBr; electrolyte retains
the MgHMDS" peak, indicating poor salt dissociation. Additionally, a key peak at 869 cm™,
attributed to solvent-separated Mg*-DME complexes (the major electroactive species), is

present in the Mg(HMDS), and Mg(HMDS), + OctylBr electrolytes but absent in the



Mg(HMDS), + MgBr electrolyte. The Raman spectrum of pure OctylBr displays two
characteristic peaks at 564 cm™' and 646 cm™'. Upon addition to Mg(HMDS): electrolyte, these
peaks undergo a red shift, confirming the presence of free OctylBr in the electrolyte. Notably,
apart from these free OctylBr peaks, the remaining spectral features of the additive-modified
electrolyte remain identical to those of the baseline Mg(HMDS). electrolyte. This spectral
consistency demonstrates that the fundamental solvation structure remains unaltered by

OctylBr incorporation.

Along with suppressed anode passivation, the crystal structure and deposition
morphology are also important in improving the cycling reversibility of Mg batteries.’! The
uneven deposition morphology and impure Mg deposition usually lead to rapid electrolyte
depletion and hinder cycling performance. To elucidate crystal purity, we electroplated Mg
into an Al substrate in an asymmetric cell and measured the electrodes retrieved with X-ray
diffraction (XRD). The XRD pattern of the electrodeposited Mg in Mg(HMDS), + OctylBr
electrolyte (Figure 2a top panel) agrees closely with the P63/mmc space group of hexagonal
Mg (JCPDS No. 35-0821), verifying the high purity of the electroplated Mg.*” No Mg
diffraction peaks were detected in the XRD pattern for the electrode retrieved from the cell
cycled in Mg(HMDS), electrolyte, in which only Al substrate peaks can be observed (Figure
2a lower panel). These results were corroborated by the SEM images of the same electrodes,
where uniform deposition of electrodeposited Mg in Mg(HMDS), + OctylBr electrolyte can be
seen all over the Al substrate, whereas only dead Mg sites were seen with the Mg(HMDS),
electrolyte (Figure 2b). To ensure the high phase purity and to easily visualize the
morphological evolution of Mg deposition in the Mg(HMDS). + OctylBr electrolyte,
electroplated Mg at extremely high areal capacity (25 mAh/cm?) were studied with XRD and
SEM. The XRD pattern of the electroplated Mg obtained agrees closely with a hexagonal Mg

crystal structure (JCPDS No. 35-0821), indicating that the purity remains high even at an



extremely long deposition time of 50 hours (Figure 2¢). The SEM images provide evidence
for the planar growth of Mg deposits in the Mg(HMDS), + OctylBr electrolyte, in which the
deposits are stacked well on the substrate surface and have a highly homogenous hexagonal

morphology (Figure 2d).

Based on the theoretical COMSOL simulations and experimental crystal structure analyses of
electrodeposited Mg with and without the OctylBr additive, we determined the characteristics
of initial Mg deposition (Figure 2e-f) as follows. In the Mg(HMDS), electrolyte, the moisture
content, and the anion reduction to the surface form an irreversible passivation layer on the
anode surface, leading to the formation of many dead Mg sites. This eventually hinders the
Mg?" flux and electric field distributions, leading to a larger voltage drop and restricting Mg
deposition (Figure 2e). In the Mg(HMDS), + OctylBr electrolyte, the passivation-free planar
Mg deposition leads to the highly homogeneous electric field and Mg?" flux distributions,

enhancing the reversibility of the Mg deposition/dissolution (Figure 2f).
2.2. Interfacial electrochemical Kinetics

As interfacial electrochemical kinetics at the anode-electrolyte interface greatly influence the
Mg plating/stripping process, we investigated this aspect with Tafel measurements and
electrochemical impedance spectroscopy (EIS) using Mg//Mg symmetric cells (Figure 2g-I).
With the Mg(HMDS), electrolyte, the Tafel plot reflected typical passivation characteristics,
demonstrated by a plateau in a wider potential region.>® With the Mg(HMDS), + OctylBr
electrolyte, a passivation-free Mg plating and stripping process is indicated by a drop in current
at 0 V. The exchange current density (jo) calculated from the Tafel curves commonly reveals
the ion transport kinetics of the plating/stripping process.***° The exchange current density for
Mg plating/stripping in the Mg(HMDS), + OctylBr electrolyte (158 pA/cm?) is many times

higher (Figure 2h) than that in the Mg(HMDS); electrolyte (0.00859 pA/cm?).



Q

S e . Mg(HMDS),+ OctyIBr of

s a<| | . Al - -
~| 8 & = = — ~
3| % g 'w & 8 §EF
« | I - F T TYz
S WOV L PP BT o | \ o 2 W Pl
'ﬁ I
g , Mg(HMDS),
S

WWWWMWMW WW

2 meta (degree)

8

PDF: #35-0821

| | N
70

Intensity (a.u.) O
— (100)
I (002)

(101)
(102)
(110)
(103)
(200)
(112)
(201)

30 35 4 45 50 55 60 65
2 theta (degree)
e Mg(HMDS), f Mg(HMDS),+ OctylIBr g 0 o h 160 158
3¢ severe anode passivation v Reversible Mg deposition NE 2 Y o~ 150
o electric field @ Uniform electric field distribution s " £ 140
% Mg?* flux % Uniform Mg?* flux distribution 4 s
“dead” Mg Planar Mg deposition = 20.04
‘ N . -6 =
S @ QD v S "~ Mg(HMDS), 0.02
s Mg(HMDS), + OctylBr 0.00859
B 0.00
04 02 00 02 04 Mg(HMDS), Mg(HMDS),
Potential (V) + OctylBr
1, 400
| —a— Mg(HMDS), J Eo -12{lonic conductivity K ° @ 10
M1 - Mg(HMDS), + OctylBr So0.09 o 50
B 006 300 o 100 —
£ 900k o—"0"° £ > 200 E
5 B/o/ =0.03 — -g 200 @ 500 S 130
— - ‘/A ~— —
= 600k ,o"/ am s i M - Charge transfer : o 2
N o> K4 [ 2m resistance N m"’
300k{ »° " < 100
o . R T« 7% 3k ‘% 2'0( — 0
300k 600k 900k 1M 14 Mg(HMDS), Mg(HMDS), 0 200 400 600 800 10 50 100 200 500
Z' (ohm) + OctylBr Z' (ohm) Cycle number

Figure 2. (a) XRD patterns of initial Mg deposits in different electrolytes; (b) SEM images of
initial Mg plating in different electrolytes; (¢) XRD pattern of Mg deposits in the Mg(HMDS),
+ OctylBr electrolyte at 25 mAh/cm?, 0.5 mA/cm?; (d) SEM images of Mg deposits in the
Mg(HMDS), + OctylBr electrolyte at 25 mAh/cm? 0.5 mA/cm?; (e-f) Schematic
representation of Mg deposits and related effects from different electrolytes. Electrochemical
kinetics studies at anode electrolyte interface in different electrolytes: (g) Tafel curves of
symmetric Mg//Mg cells; (h) Measured exchange current from Tafel curves; (i) EIS Nyquist
plot of Mg//Mg cells before cycling in different electrolytes; (j) Graphical representation of
measured parameters from Nyquist plots in different electrolytes, (lower panel) R, (upper
panel) ionic conductivity; (k) EIS Nyquist curves of Mg//Mg cells in Mg(HMDS), + OctylBr

electrolyte at different cycles; (1) graphical representation of cycle number vs Rsgr.
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The higher jo in the Mg(HMDS), + OctylBr electrolyte indicates faster reaction kinetics at the
microelectrode surface, suggesting that minimal overpotential is required to drive the
electrochemical reaction.*’ The extremely low join Mg(HMDS), electrolyte indicates the need
for a larger overpotential to drive the Mg plating/stripping process as a result of a passivated
surface. Subsequently, the electrolyte may not be able to ‘refill’ the consumed Mg** near the
electrode surface, which leads to concentration gradient-induced Mg dendrite growth.*! The
EIS Nyquist plots of Mg//Mg symmetric cells in Mg(HMDS), and Mg(HMDS), + OctylBr
electrolytes before cycling (Figure 2i) were fitted using the equivalent circuit (Figure S7a),
which comprises a series resistance/electrolyte resistance (Rs), a charge transfer resistance
(Ret), and a constant phase element (CPE). In the Mg(HMDS); electrolyte, an extremely high
Rt of 2.6x10° Q justifies the anode passivation behavior observed in the studies described
previously. Meanwhile, in the Mg(HMDS). + OctylBr electrolyte, the Ret decreases drastically
to only 2428 Q, indicative of a passivation-free anode surface and improved charge transfer
kinetics at the interface (Figure 2j (lower panel)). Likewise, the Rs in the Mg(HMDS), +
OctylBr electrolyte (194.6 ohms) is also much lower than that of the Mg(HMDS); electrolyte
(624.3 ohms). The ionic conductivity (o, mS/cm) of the electrolytes was calculated by Equation
(1)

L
" Rg xS

(&

(1

where L represents the thickness of the separator (cm), S represents the contact area between
the electrolyte and the electrode (cm?), and R, is the intrinsic series resistance/electrolyte
resistance (€2). The ionic conductivity (o) of electrolytes measured by EIS (Figure 2j, upper
panel), is much higher in the Mg(HMDS); + OctylBr (0.11 mS/cm) electrolyte than in the
Mg(HMDS); electrolyte (0.03 mS/cm). This confirms that introducing the OctyBr additive

drastically improves the ionic mobility of the electrolyte.’” ** Since the Mg(HMDS)>
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electrolyte cannot undergo cycling, the EIS measurements after different cycles were only
measured for the Mg(HMDS), + OctylBr electrolyte. The Nyquist plots at different cycling
states (0.5 mA/cm? and 0.5 mAh/cm?, Figure 2Kk) changed from a single semicircle to two
semicircles through a newly generated semicircle in the high-frequency region, proving the
progression of SEI during cycling.***¢ The curves obtained after cycling were obtained by
using the equivalent circuit (Figure S7b), which comprises of additional resistance component

).*2 The Rsg indicates the resistance of Mg?*

(Rser) and constant phase element (CPE2
migration through the SEI, and after 10 cycles it is only at 145.5 Q, which reduces further to
0.905 Q after just 50 cycles. This proves that a highly Mg** diffusive SEI is formed during
cycling which enhances the Mg plating/stripping process (Figure 2I).>” Further cycling
effectively promotes SEI progression and subsequently enhances the reversibility of Mg

plating/stripping, which can be seen from the reduced Rsg values after 100, 200, and 500 cycles

(as low as 0.321 Q, 0.211 Q, and 0.205 Q respectively).
2.3. Interfacial chemistry

We used time-of-flight secondary ion mass spectrometry (TOF-SIMS) and X-ray photoelectron
spectroscopy (XPS) to elucidate the chemical composition of anode passivation in the
Mg(HMDS); electrolyte and the SEI formed in situ for the Mg(HMDS), + OctylBr electrolyte.
For both TOF-SIMS and XPS studies, the anode passivated in an Mg//Mg symmetric cell at
the first cycle in Mg(HMDS), electrolyte, and the anode retrieved from the Mg//Mg symmetric
cell after 20 cycles (0.5 mA/cm?, 0.5 mAh/cm?) in the Mg(HMDS), + OctylBr electrolyte were
used. The 3D-rendered TOF-SIMS images (Figure 3a-b) helped us understand the three-
dimensional distribution of the different interfacial species. The high intensity of the MgO"
fragments observed on the surface of the anode in Mg(HMDS), (Figure 3b) easily explains
the surface passivation of the anode by the native oxide, which also confirms the impediment
to Mg deposition observed from the SEM and XRD studies. The distribution of C2H;0"

12



fragments in bulk is ascribed to the presence of electrolyte decomposition products on the
anode. Notably, no Br" and MgBr~ species were found in the anode passivated in the
Mg(HMDS); electrolyte, and weaker C™ fragments indicate the absence of desirable organic-
rich surfaces. Meanwhile, the anode retrieved from the cycled cell in the Mg(HMDS), +
OctylBr electrolyte (Figure 3a) displays a passivation-free surface as evidenced by the weaker
MgO" fragments on it. The anode is predominantly enriched with Br-based species (Br~ and
MgBr), confirming the effective formation of Br-rich SEI during cycling. The decomposition
product (C2H30") signal is notably weaker and limited only to the surface; this is the result of
effective anode protection through a robust Br-rich SEI formed in situ. The strong signals from
the C™ fragments on the surface prove the formation of an organic-rich surface and the presence
of Si” fragments beneath the surface also can be considered part of inorganic SEI. The intensity
vs etching depth graph obtained from TOF-SIMS analysis (Figure 3c-d) shows that the MgO"
peak intensity in the Mg(HMDS): electrolyte is extremely high, which is indicative of Mg
anode passivation by native oxides, and the flattened peak for Br™ is evidence for the absence
of the SEI. In the Mg(HMDS). + OctylBr electrolyte, the high Br™ signals the in-situ formation

of a Br-rich SEI, and the flatter MgO" peak intensity confirms passivation suppression.

Evidence from the surface XPS spectra (Figure 3e-h) further supports the observations from
TOF-SIMS and helps determine the chemical composition of interface species. The C 1s
spectrum (Figure 3e) of the anode in Mg(HMDS), electrolyte shows a strong intensity of C-C
peaks at 284.5 eV, and less intense peaks at 286.3 eV, 288.2 eV, and 289.5 eV, corresponding
to C-O, C=0, and C,04>/COs* respectively, which all originate mainly from the
decomposition of the DME solvent.” *-*® Conversely the surface C 1s spectrum of the anodes
cycled in Mg(HMDS), + OctylBr shows relatively less intense C-C, C=0, and C>04>/CO3*
peaks, and is missing a C-O peak, which verifies the paucity of solvent decomposition products

on the anode surface. Instead, a strong peak can be indexed at 285.6 eV, which is attributed to

13



the C-O-C signal of the ether functional group from polyether. Ethereal species have been
proven to have superior compatibility with Mg metal anodes, effectively protecting the anode
surface from passivation and solvent/electrolyte decomposition.” *° The results from surface O
Is spectra (Figure 3f) further confirm that only the anode cycled in the Mg(HMDS), + OctylBr
electrolyte exhibits the peak that corresponds to the ether functional group (C-O-C) at 532.4
eV.>* In comparison, the passivated anode in the Mg(HMDS): electrolyte shows a high

concentration of solvent decomposition species (C-O/C=0) at 531.3 eV.*
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Figure 3. Chemical and elemental composition studies of passivated anode in Mg(HMDS),
electrolyte and cycled anode in Mg(HMDS), + OctylBr electrolyte: (a-b) 3D-rendered TOF-

SIMS images; (c-d) Intensity evolution of MgO™ and Br™ species as a function of etching depth;
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(e-h) Surface XPS composition analysis; (i-k) Calculated Mg migration barrier in bulk MgO,
MgBr,, and Si; (I) Graphical comparison of Mg migration barrier values in different

passivating native oxide layers and SEI components.

The peaks in the Mg 2p spectra (Figure 3g) can be deconvoluted into Mg® (49.8 eV),
Mg(OH), (50.6 eV), MgBr2/MgO (51.3 eV), and Mg dangling bonds (48.3-48.8 eV).2* The
passivated Mg anode in the Mg(HMDS); electrolyte has substantially fewer inorganic SEI
components (Mg(OH), and MgBr») than the anodes cycled in the Mg(HMDS), + OctylBr
electrolyte. Since both the MgBr2 and MgO species have the same peak position in the Mg 2p
spectra, it is hard to discern the contribution of each component. However, a flat Br 3d spectrum
in the Mg(HMDS), electrolyte confirms the absence of MgBr> species, rendering the
MgBr2/MgO peak in Mg 2p only attributable to MgO (Figure 3h). Three doublet peaks related
to Br’, organic-Br, and MgBr; species can be seen in Br 3d spectra of the anode cycled in the
Mg(HMDS); + OctylBr electrolyte. This strongly confirms the formation of a bromine-rich
SEI during cycling. The Si 2p peaks indicate the existence of metallic Si and residual Si-C,
which result from the reduction of HMDS™ anions at the Mg metal surface (Figure S8). Metallic
silicon can protect an anode from passivation by being an interim SEI component.!” The
combined results of the XPS and TOF-SIMS studies indicate that the SEI formed in the
Mg(HMDS); + OctylBr electrolyte is of a hybrid nature, with an organic-rich surface and a
robust inorganic layer beneath it. The organic-rich surface can provide mechanical stability to
the SEI and prevent it from cracking during cycling, while the inorganic layer provides high
Mg?" ion conductivity.!” 305! Moreover, the passivated anode in Mg(HMDS); electrolyte,
majorly comprises native oxide with a considerable amount of -electrolyte/solvent
decomposition products. We used density functional theory (DFT) calculations to understand
the Mg diffusion mechanism in the different anode-electrolyte interphase species (Figure 3i-

k). The calculated diffusion energy barrier of the Mg atoms on MgBr; is 0.14 eV, which is
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substantially lower than those of either the passivating MgO (2.03 eV) present in the
Mg(HMDS); electrolyte or of other reported SEI layers such as MgCOs (2.17 eV).>* The Mg

ion diffusion barrier in MgBr» is superior to that of the MgCl,-based (0.17 eV) SEI component

(Figure 31).%°
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Figure 4. (a-c) Depth profiling XPS spectra of cycled Mg anode in the Mg(HMDS), + OctylBr
electrolyte: (a) C s, (b) Mg 2p, (¢) Br 3d; (d) Cryo-STEM images and the corresponding EDS
mapping of Mg deposits in the Mg(HMDS)> + OctylBr electrolyte; (e) Schematic illustrations
showing the evolution of electrode-electrolyte interphases in Mg(HMDS), and Mg(HMDS), +

OctylBr electrolytes.
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To further understand the chemical composition of the in-situ formed SEI layer in the
Mg(HMDS), + OctylBr electrolyte, we conducted depth profiling XPS analysis of the cycled
anodes at different etching times of 0, 0.5, 5, and 30 min of Ar etching. The C 1s (Figure 4a)
and O 1s (Figure S9a) spectra at different etching times indicate that the surface is enriched
with higher organic ethereal compounds (C-O-C), which substantially decreases at an etching
time of 0.5 min and completely disappears at longer etching times. A protective organic layer
is necessary to protect the electrode from electrolyte degradation and improve the reversibility
of Mg deposition.'® The deconvoluted Mg 2p spectra (Figure 4b) at different etching times
reveal that MgBr: is the key inorganic SEI species. This is further confirmed by the Br 3d
spectra (Figure 4c¢). Even though the surface is dominated by organic-Br and adsorbed Br-
species, both the species completely diminished with an etching time of only 0.5 min, and the
deeper SEI layer is largely comprised of MgBr: species in agreement with observations from
the TOF-SIMS analysis. In the Si 2p spectra (Figure S9b), metallic Si can be seen at all etching
depths. Their presence is the result of the reduction of HMDS" and they are thought to be part

of the inorganic SEI.**

Cryogenic electron microscopy (cryo-EM), an emergent imaging technology renowned
for the structural elucidation of biomaterials, recently offers increased possibilities for
analyzing sensitive battery materials.’*>* The Cryo-STEM and corresponding EDS images of
the Mg deposit not only indicate a planar structural morphology that is regulated from the
Mg(HMDS); + OctylBr electrolyte but also help us directly visualize the Br-rich SEI (Figure
4d). The EDS images obtained from Cryo-STEM are a clear representation of this SEI which
contains high concentrations of Br at the edges of the electrodeposited Mg, but not any other
atomic species. However, the Cryo-STEM images of Mg deposits from Mg(HMDS), (Figure

S10) only indicate agglomerated Mg particles, indication of numerous “dead Mg” which
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restrict the Mg plating. Further the EDS images reveal that the surface possesses higher oxygen

content, which is attributed to surface passivation of anode by MgO species.

From the results of our studies on the interface chemistry, we propose the mechanisms
associated with anode passivation in the Mg(HMDS), electrolyte and SEI development in the
Mg(HMDS); + OctylBr electrolyte (Figure 4e). In the Mg(HMDS); electrolyte, the Mg salt
dissolves and forms the Mg?*-solvent coordinate with DME, leaving the electrolyte without
any SEI-forming species. Due to solvent decomposition and moisture attack on the anode
surface, irreversible anode passivation is inevitable. The addition of OctylBr additive enriches
the electrolyte with Br-based SEI forming species. The more rapid reaction kinetics between
Mg anode and OctylBr produce an SEI formed in situ from the very initial cycle, whose
subsequent growth is enhanced through further cycling. The SEI thus formed is of a hybrid
nature, having an organic-rich surface and an MgBr;-rich inorganic layer. It inhibits anode

passivation and drastically improves cycling.
2.4. Electrochemical performance of Mg(HMDS): + OctylBr electrolyte.

Understating the long-term cycling stability and voltage polarization of the Mg
plating/stripping process is necessary for developing an effective Mg electrolyte, which was
demonstrated by galvanostatic cycling in symmetric Mg//Mg cells (Figure 5a).*® 37 Due to
predicted severe anode passivation in the Mg(HMDS): electrolyte, the initial voltage hysteresis
of the cell was undesirably high at 3.2 V, followed by rapid short-circuiting and the loss of
cycling ability.’® 58> By contrast, the Mg(HMDS), + OctylBr electrolyte exhibited high Mg
plating/stripping reversibility, which was confirmed by a cycling life of 3600 hours at 0.5
mA/cm? and 0.5 mAh/cm®. The voltage profile at different time stamps of the Mg

plating/stripping process (Figure Sa-insets) indicates that voltage hysteresis is £ 175 mV in
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the earlier cycles that progressively reduced to = 75 mV after 500 cycles. This is attributed to

the apparent activation process in the initial stage.*’
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Figure 5. (a) Galvanostatic cycling profiles of Mg//Mg symmetric cells in Mg(HMDS), and
Mg(HMDS), + OctylBr electrolytes (insets: different time stamps of voltage profile in
Mg(HMDS), + OctylBr electrolyte); (b) Comparison of Mg(HMDS), + OctylBr electrolyte
performance with previously reported Mg(HMDS), based Mg battery electrolytes in terms of
cycling life and overpotential; (c) Galvanostatic cyclic profiles of Mg//Mg symmetric cells in
the Mg(HMDS), + OctylBr electrolyte at different applied current; (d) Galvanostatic cyclic
profile of the Mg//Al asymmetric cell during Aurbach tests with the Mg(HMDS), + OctylBr
electrolyte; (e) Cycle number vs CE of Mg//Al cell in the Mg(HMDS), + OctylBr electrolyte
during long term cycling test; (f) Linear sweep voltammetry curves with different metals as

working electrodes in the Mg(HMDS); + OctylBr electrolyte.
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The slight voltage drop observed after 1600 h of cycling likely stems from negligible
noise in the voltage profiles of few cycles (from 813-818 cycles), suggesting a transient soft
short circuit (Figure S11). However, subsequent cycles exhibit no abrupt voltage decline, and
prolonged cycling reveals no evidence of this soft short escalating into a hard short circuit, a
scenario that would typically manifest as severe overpotential or flat voltage profile. Notably,
the cell immediately recovers its stability and continues cycling for over 1800 cycles without
degradation. This rapid recovery is attributed to free OctylBr additives present in the electrolyte
as evidenced from Raman analysis of electrolytes, which dynamically repair and reinforce the
SEI layer during cycling. Due to the promotion of the Mg plating/stripping process during
cycling by reinforced SEI, a lower voltage hysteresis of + 45 mV can be achieved after about
1000 cycles, which is attributed to the enhanced Mg?* mobility through the SEI, and confirmed
by the EIS measured at different cycles (Figure 21).9%" The gradual increase in voltage
hysteresis only at a very long cycling time of about 3600 h (1800 cycles) is due to slight
electrolyte loss/decomposition as a result of prolonged cycling.” The flatter curves at all the
cycling states indicate Mg deposition to be highly homogenous as a result of planar Mg
deposition and an SEI established in situ. The electrolyte continued to show a commendable
cycling life of 804 hours with a voltage hysteresis of only + 55 mV even when the cycling
conditions were doubled to 1 mA/cm? and 1 mAh/cm? (Figure S12b). The cycling life and
overpotential performance of the Mg(HMDS), + OctylBr electrolyte in symmetric cells
outperformed the previously reported electrolytes based on Mg(HMDS), salt (Figure Sb and
Table S1).!%- 24 316268 Eyrthermore, compared with the best performing Mg electrolytes, the
cycling life and overpotential of the Mg(HMDS), + OctylBr in symmetric cells is better than

most of them in the literature based on different Mg salts (Table S2).% 2% 47-48. 35, 57. 61,69-73

The high current densities applied during cycling typically increase the possibility of

dendrite formation and deter the reversibility of Mg plating/stripping.®! * Interestingly, the
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Mg(HMDS), + OctylBr electrolyte performed exceptionally in the multi-current rate test
conducted in Mg//Mg symmetric cells (Figure 5c) with a high limiting current of 4.5 mA/cm?,
surpassing the performances reported for most of the best-performing electrolytes that show
limiting currents of less than 2 mA/cm?,!% 37-38 44.47. 49, 57-38, 60 Dyegpite showing increasing
overpotential with increasing applied current density, the voltage profiles remain flat,
indicating that the electrolytes allowed homogenous Mg deposition even at high current
densities (Figure S13a). Even at an elevated applied current of 4.0 mA/cm?, the Mg(HMDS)»
+ OctylBr electrolyte demonstrated a much lower voltage hysteresis of only = 400 mV (Figure
S13b). To examine the reversibility and real-time coulombic efficiency (CE) of the Mg
plating/stripping process, we evaluated the Mg//Al asymmetry cell using the Aurbach CE
test.* 7 A Mg reservoir (Q7= 5 mAh/cm?) was deposited on the Al/C cathode at a current
density of 0.5 mA/cm? (Figure 5d), after which the cell was cycled at 0.5 mA/cm? and 0.5
mAh/cm? (Q,) for 20 cycles, and the electroplated Mg was stripped with a cutoff potential of

1V (Qg). The average CE is calculated by Equation (2)

CEpvg = (20Qc +Qs)/(20Qc +Qr)  (2)

The Mg(HMDS), + OctylBr electrolyte showed a remarkable average CE of 98.83%,
highlighting excellent Mg reversibility due to planar Mg deposition even at high areal
capacities and the ready formation of SEI during the early cycles. To ascertain the long-term
cycling stability in asymmetric cells, we tested the Mg(HMDS), + OctylBr electrolyte in
Mg//Al cell at 0.5 mA/cm? and 0.5 mAh/cm?, which resulted in an average CE of 99.34% with
a cycling life of 703 cycles with a minimal Mg plating/stripping overpotential of only 0.22 V
(Figure Se and Figure S14). We subjected the Mg(HMDS), + OctylBr electrolyte to linear
sweep voltammetry (LSV) in a three-electrode flooded cell (Figure 5f) to understand its anodic

stability window. We found our electrolyte to achieve reasonable anodic stability with different

21



non-noble metals as working electrodes [2.20 V (Ni1), 2.30 V (SS), and 2.33 V (Mo)], markedly
superior to the organic chloride-modified analogue (Mg(HMDS), + OctylCl) which showed
lower stability at 1.79 V (Ni), 1.97 V (SS), and 1.75 V (Mo) (Figure S15). Both electrolytes
exhibited almost similar anodic stability with inert Pt electrode (2.95 V for Mg(HMDS)> +
OctylBr and 2.97 V for Mg(HMDS), + OctylCl). Furthermore, the comparison (Table S3) of
LSV onset potential reveals that our electrolytes are comparable to or only slightly lower than
reported Cl/Br additive modified commercial salt-based electrolytes. Since the LSV curves
only allows rapid testing, the chronoamperometric profiles (Figure S16) were recorded on both
Pt and non-noble metal electrodes to understand the oxidation stability and corrosion behavior
of our electrolyte.!® Crucially, the absence of abrupt current surges during prolonged
polarization at fixed potentials confirms robust resistance against electrolyte oxidative
decomposition and/or metal electrode corrosion. This is further corroborated by post-mortem
SEM analysis of metals after chronoamperometry tests (Figure S17), which reveals pristine
electrode surfaces without morphological degradation, a critical indicator of the electrolyte

compatibility with practical current collectors.

Generally, the constrained areal capacities of Mg anodes (0.02-1 mAh/cm?) in traditional
electrolytes due to inhomogeneous distributions of electric field and Mg?" flux from uneven
Mg deposition hampers the practical applicability of RMBs.!>1¢ However, owing to planar
deposition that results in highly homogenous electric fields and Mg?* flux distributions, the
Mg(HMDS), + OctylBr electrolyte performed very commendably in a stepwise incremental
capacity test both in symmetric (Figure 6a) and asymmetric cells (Figure S18), which showed
reversible cycling up to 20 mAh/cm? at 0.5 mA/cm?. Encouragingly, our electrolyte performs
consistently at all areal capacities, as demonstrated by flatter voltage profiles that ensure highly
homogeneous Mg deposition (Figure S19). The high average CE values (96.39-99.25%) in

asymmetric cells ensure excellent reversibility even at high areal capacities (Figure 6b). The
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standalone cycling stability of the Mg(HMDS), + OctylBr electrolyte under different areal
capacity (1, 2, 5 10, 20 and 25 mAh/cm?) was also assessed by galvanostatic cycling at 0.5
mA/cm? (Figure 6¢-d and Figure S20). Even at such high areal capacities, the electrolyte
demonstrated a superior cycling life with low overpotentials. For instance, the Mg//Mg
symmetric cells at higher areal capacities of 5 mAh/cm? (Figure 6¢) and 10 mAh/cm? (Figure
6d), the electrolyte achieved a cycling life of 820 hours and 640 hours, respectively. In
asymmetric cells, the electrolyte demonstrated promising CE values at all tested areal
capacities, at 1 mAh/cm? the CE is 99.46%, with 25-fold increase of areal capacity, the CE
remains as high as 98.10% for 25 mAh/cm? (Figure 6e). Notably, the flatter voltage profiles
obtained in symmetric (Figure S21) and asymmetric cells (Figure 6f) at different areal
capacities proves the effectiveness of the Mg(HMDS). + OctylBr electrolyte in allowing for
homogeneous planar Mg deposition with a minimal voltage hysteresis to drive electrochemical

reactions.
2.5. Full cell testing

To determine the capability of the Mg(HMDS), + OctylBr electrolyte in practical
applications, we studied the performance of full cells assembled with a MoeSg cathode. The
CV curve obtained with the Mg(HMDS), electrolyte is flat, indicating anode passivation that
limits cycling in the cell (Figure 6g). A well-defined pair of anodic and cathodic peaks are
observed with the Mg(HMDS), + OctylBr electrolyte that correspond to the intercalation and
deintercalation of divalent Mg>" ions respectively. The initial discharge and charge capacities
with the Mg(HMDS), + OctylBr electrolyte are 77.88 mAh/g and 71.85 mAh/g respectively.
The polarization voltage (AE), which is the potential difference at 50% of the charge and
discharge capacities, is only 0.70 V (Figure S22a). The cycle number vs discharge capacity
and coulombic efficiency curves indicate that the full cell can cycle for up to 70 cycles with an
average CE of 99.15 % at 0.1 C (Figure 6h). Rate capability tests conducted showed that the
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cells can cycle at up to 0.2 C, verifying electrolyte effectiveness under full-cell testing (Figure

6i and Figure S22b).
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CE graph of Mg//Al cell measured at stepwise incremental areal capacities; (¢) Galvanostatic

cycling profile of the Mg//Mg cell at 5 mAh/cm? (0.5 mA/cm?); (d) Galvanostatic cycling

profile of the Mg//Mg cell at 10 mAh/cm? (0.5 mA/cm?); (e) Cycle number vs coulombic

efficiency plot of Mg//Al cells measured at different areal capacities. (f) First cycle Voltage

profile of Mg//Al cells at different areal capacities in Mg(HMDS), + OctylBr electrolyte at 0.5

mA/cm?. Electrochemical performance of full cell testing with MoeSs cathode: (g) Cyclic
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voltammetry curves at a scan rate of 10 mV s!; (h) Cycle number vs discharge capacity and
coulombic efficiency measured at 0.1 C; (i) Cycle number vs discharge capacity and coulombic

efficiency at different C rates.
2.6. Future potential of OctylBr as an additive in Mg electrolytes

To ensure the effectiveness of the OctylBr additive in improving the reversibility of other
passivating Mg salts, we tested it with electrolytes formulated with magnesium triflate
(Mg(OTf)2) and magnesium bis-(trifluoromethanesulfonimide) (Mg(TFSI);) salts. In
symmetric Mg/Mg cells, Mg(OTf), + OctylBr and Mg(TFSI), + OctylBr electrolytes were
found to cycle for up to 827 hours and 155 hours respectively, at 0.5 mA/cm? and 0.5 mAh/cm?
(Figure S23). The asymmetric Mg//Al cells (Figure S24a) tested were found to cycle for up
to 270 cycles and 70 cycles in Mg(OTf), + OctylBr and Mg(TFSI), + OctylBr electrolytes,
respectively, with average CEs of 98.52% and 93.50%. The Mg plating/stripping overpotential
in the asymmetric cells are as low as 0.27 V (Mg(OTf), + OctylBr) and 0.18 V (Mg(TFSI), +
OctylBr), indicating a regulated deposition morphology and a robust SEI that enables
passivation-free Mg deposition/dissolution (Figure S24b-c). The SEM images (Figure S25a)
and XRD patterns (Figure S25b) of initial deposits in different OctylBr-modified conventional
electrolytes indicate the occurrence of very similar Mg deposition and phase pure hexagonal
Mg crystal structure (PDF No: 35-0821) irrespective of the Mg salt used. We further
determined the elemental composition of SEI formed in each of the systems by studying the
cycled anodes in the corresponding electrolytes. The 3D rendered TOF-SIMS images of the
cycled anodes suggest suppressed anode passivation in all cases, as indicated by fewer
MgO" fragments on the anode surface (Figure S26). Moreover, Br-rich SEIs were observed to
form in situ for all electrolyte systems, along with highly reduced electrolyte degradation
products (CoH30O™ and CF3SO3Y). The shorter cycling life observed with the Mg(TFSI), +
OctylBr and Mg(OTf), + OctylBr electrolytes may be due to thicker SEI formation and
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interference from the MgF»-based SEI component that typically possesses poor Mg?* migration
properties. Further, the surface XPS F 1s spectra comparison (Figure S27a) of anodes cycled
in Mg(TFSI), + OctylBr and Mg(OTf)> + OctylBr electrolytes corroborates these findings.
Notably, the Mg(TFSI), + OctylBr electrolyte system exhibits significantly higher MgF»
content throughout the SEI layer, as evidenced by depth-profiling XPS analysis (Figures S27b-
¢). This pronounced presence of MgF> in SEI layer with poor ionic conductivity directly
correlates with the inferior cycling stability of Mg(TFSI), + OctylBr compared to the other
electrolyte formulations studied. The surface XPS comparison of anodes reveals cycling life to
be directly proportional to the amount of ethereal O-C-O components, which can be visualized
by the C 1s and O 1s spectrum (Figure S28a-b). This strongly confirms the importance of
achieving an organic-rich SEI surface. Raman spectroscopic analysis of conventional Mg salt-
based electrolytes reveals that the incorporation of OctylBr additive preserves both the
solvation structure and electroactive species, regardless of the electrolyte anion composition
(Figure S29). The commendable performance enhancement conferred by the OctylBr additive
to conventional passivating electrolytes indicates its adaptability and opens new avenues for

future investigation.
3. Conclusion

In summary, we introduced a multifunctional OctylBr additive to the heavily passivating
traditional Mg(HMDS); electrolyte to improve the reversibility of Mg plating/stripping by
regulating the SEI and Mg deposition morphology. The additive offered several advantages
including (1) suppressed Mg anode passivation, (i1) improved surface electrochemical kinetics,
(i11) planar deposition with uniform morphology, and (iv) formation of Br-rich anode-
electrolyte interphase in situ. The modified electrolyte significantly extended the cycling life
from 0 hours to nearly 3600 hours in symmetric cells and a higher CE of 99.34% in asymmetric
cell at 0.5 mA/cm? and 0.5 mAh/cm?. Due to the planar deposition morphology, the electrolyte
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demonstrated reversible Mg plating and stripping even at high areal capacities of up to 25
mAh/cm?. Significant cycling times of 820 hours and 640 hours were achieved at higher
operational areal capacities of 5 mAh/cm? and 10 mAh/cm?, respectively, in symmetric cells,
underscoring the effectiveness of the electrolyte for high-energy applications. Furthermore, full
cell cycling with MoeSs cathode and the superior generalized performance of the OctylBr
additive with other conventional Mg salts indicate the effectiveness of the electrolyte additive
in increasing RMB performance. Our study highlights the importance of regulating both
deposition morphology and SEI via organic bromine additives for highly reversible Mg anode
with superior areal capacity and ultralow voltage hysteresis.
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Traditional Mg(HMDS): electrolytes tend to heavily passivate the magnesium anode surface,
hindering reversible Mg deposition. The incorporation of an OctylBr additive modifies the
electrolyte, resulting in reversible Mg deposition. The additive promotes a planar morphology

and facilitates the in-situ formation of a bromine-rich interface, enabling the electrolyte to

undergo seamless cycling at high areal capacities with minimal overpotentials.
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