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ABSTRACT: Conventional electrolytes made by mixing simple Mg Sn
salts and aprotic solvents, analogous to those in Li-ion batteries, are
incompatible with Mg anodes because Mg metal readily reacts with
such electrolytes, producing a passivation layer that blocks Mg>"
transport. Here, we report that, through tuning a conventional
electrolyte—Mg(TFSI), (TFSI™ is N(SO,CF;), )—with an Mg(BH,),
cosalt, highly reversible Mg plating/stripping with a high Coulombic BHY
efficiency is achieved by neutralizing the first solvation shell of Mg Y
cationic clusters between Mg®* and TFSI™ and enhanced reductive e Ve
stability of free TFSI™. A critical adsorption step between Mg’ atoms I H - W(s

and active Mg cation clusters involving BH,™ anions is identified to be WE RE CcE

the key enabler for reversible Mg plating/stripping through analysis of Operando BISDRT

the distribution of relaxation times (DRT) from operando electro-

chemical impedance spectroscopy (EIS), operando electrochemical X-

ray absorption spectroscopy (XAS), nuclear magnetic resonance (NMR), and density functional theory (DFT)
calculations.
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transportation and electric grid applications stipulates rechargeable Mg battery was reported by Aurbach and co-
the need for low-cost, safe, and high-energy-density

battery technologies.' > Magnesium batteries are one promis-
ing technology that could potentially meet these requirements
because of the high volumetric capacity (for comparison 3832

mAh/cm® Mg 2062 mAh/cm®;;, and 1136 mAh/cm °\a), better

T he deployment of large-scale electric energy storage for made in the Mg battery field since the first prototype

workers in 2000."7 Still, significant technical challenges remain,
including the limited performance and high incompatibility of
electrolytes (with electrode materials) and sluggish solid-state

safety (Mg metal anodes can be nondendritic”® and less Received: October 9, 2019
chemically reactive than Li or Na metal), and low cost by using Accepted: December 4, 2019
the earth-abundant element Mg. Good progress(’_l(’ has been Published: December 4, 2019
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Scheme 1. Schematic Illustration of Probing the Electrified Interface Involving Adsorption of Active Mg Cation Clusters”
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“Mystery roles of Mg cation clusters at electrified interface are unveiled by a coupled method of operando soft XAS and EIS and corresponding
DRT analysis. Typical conventional Mg electrolytes (i.e. Mg(N(CF;S0,), in diglyme), with/without cosalt of Mg(BH,),, are studied to correlate
the solvate composition with potential-dependent Mg plating/stripping reactivity.

transfer kinetics of Mg>" cations. In addition, limited
fundamental understanding of Mg electrolyte/electrode
interfaces presents a scientific challenge for design and
development of better materials for Mg batteries.' "
Elucidating the electrolyte-dependent reversible Mg plating/
stripping at the electrified interface is thus of pivotal
importance to design and develop electrolytes.””*' Adsorption
of active intermediate Mg" clusters ([MgX]*) has been
identified to be a vital step for reversible Mg plating/stripping
by operando electrochemical X-ray absorption spectroscopy
(XAS).”>** However, it is still hard to detect the [M:--Mg].4
state (i.e., a transient charge-transfer reaction intermediate) by
operando XAS during the charge-transfer reaction, ie, M +
[MgX],4" +2e™ = [M-Mg],q + X~ (a key step of Mg plating)
due to the fast diffusion rate of Mg adatoms on the substrate
surface.”” Operando electrochemical impedance spectroscopy
(EIS) has gained wide popularity as a nondestructive, sensitive,
and highly informative method to explore the interfaces
between metal electrodes and liquid electrolytes, which is
complementary to operando XAS, particularly for charge-
transfer reactions involving the adsorption step of active redox
species.”* However, it is still challenging to distinguish
electrochemical processes with comparable time constants
from the complex impedance spectrum. Recently, a new
method of distribution of relaxation times (DRT), based on
analysis of the measured impedance spectrum, has been
established to interpret the complex electrochemical process
with a much higher resolution.”>** Especially, DRT analysis is
an effective method in unveiling the emergence of new
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electrochemical processes (e.g, new surface film at electrodes,
new charge transfer, new adsorption, etc.) at evolving
electrified interfaces.”””® An integrated operando method
(Scheme 1) is then proposed to probe the electrified Mg/
electrolyte interface.

In this Letter, we used Mg(BH,), as cosalt, together with a
conventional electrolyte composition, i.e,, Mg(TFSI), (TFSI™
is the bis(trifluoromethanesulfonyl)imide anion N-
(SO,CF;),7) in diglyme, to study the Mg/electrolyte interface
with the aim to identify key reaction steps for reversible Mg
electrochemistry. A highly reversible Mg plating/stripping is
achieved by neutralizing the first solvation shell of Mg cationic
clusters between Mg”* and TESI™ and enhanced reductive
stability of free TFSI". The charge-transfer reaction with
adsorption of active Mg cation clusters involving BH,™ is
identified by a set of operando analysis tools to be the key
mechanism for reversible Mg plating/stripping.

Magnesium electrochemistry is first studied in the conven-
tional electrolyte 0.2 M Mg(TFSI), in diglyme. Figure la
shows the cyclic voltammogram (CV) with a Pt working
electrode in 0.2 M Mg(TFSI),/diglyme. A reduction peak
occurs below —0.4 V, with a small oxidation peak near 0.4 V
and a larger oxidation peak near 2.0 V (vs Mg). An
electrochemical experiment was designed to identify these
peaks. Mg metal was initially electrodeposited from a Mg
electrolyte (it has been confirmed that only Mg’ was
deposited).”” The Mg’ was then rinsed with diglyme and
transferred to a cell with the 0.2 M Mg(TFSI),/diglyme
electrolyte. The electrochemical stripping of the Mg’ was
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Figure 1. BH, -dictated reversible Mg electrochemistry. (a) CV (20 mV/s on Pt) in 0.2 M Mg(TFSI),/diglyme; (b) XPS patterns of the Mg
deposition from 0.2 M Mg(TFSI),/diglyme; (c) CV (20 mV/s on Pt) in 0.4 M Mg(TFSI), + 0.1 M Mg(BH,),/diglyme; (d) XPS patterns of
the Mg deposition of the Mg deposition from 0.4 M Mg(TFSI), + 0.1 M Mg(BH,),/diglyme; (e) >*C NMR spectra; and (f) line width of
three carbon resonances of diglyme with Mg(TFSI), concentration varying from 0.1 to 1 M without and with 0.1 M Mg(BH,), cosalt. E1: 0.1
M Mg(TESI), in G2; E2: 0.4 M Mg(TFSI), in G2; E3: 1.0 M Mg(TFSI), in G2; E4: 0.4 M Mg(TFSI),—0.1 M Mg(BH,), in G2.

carried out after holding the electrode in the electrolyte for a
certain period of time (0, 1, and S min, respectively). With
increasing holding time, a dramatic decrease in the peak at 0.4
V is observed in Figure Sla. This decrease is clearly linked with
the corresponding increase in the second peak at 2.0 V. It can
be deduced from the peak evolution, peak potential, and Mg
electrochemistry in “Mg electrolytes” (ie., other electrolyte
formulations that do enable highly reversible Mg plating/
stripping) that the first oxidation peak (0.4 V) is ascribed to
the electrochemical dissolution of Mg® and the second peak
(2.0 V) to the oxidation of reaction products formed from the
side reaction between Mg’ and the electrolyte components
(specifically the TFSI™ anion; see the SI); the reduction peak
below —0.4 V (Figure 1a) is due to the electrochemical
deposition of Mg metal. It is thus clear that Mg can be
electrodeposited from the conventional electrolyte without a
cosalt (see further information in the following physicochem-
ical characterization). Once Mg’ is formed, however, it rapidly
reacts with the conventional electrolyte, resulting in Mg
reaction products that can only be oxidized at high overvoltage.
The reaction(s) take(s) place on a time scale of minutes with
an estimated ¢, of less than 30 s (Figure Sla). By controlling
the reaction time, the Mg° that has not reacted with the
electrolyte can be electrochemically stripped at low potential
(i.e., the peak noted at 0.4 V).

In contrast to these results, when small amounts of
Mg(BH,), salt are added to the 0.2 M Mg(TFSI),/diglyme
electrolyte, dramatic changes of the electrochemical stripping
of Mg” occur (Figure S1b). Only the oxidation peak at low
overpotential (0.4 V) is observed, and this peak does not
change with holding time in the electrolyte. This inspired us to
further explore this system to understand the fundamental
mechanisms that is responsible for the change in behavior from
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the pure Mg(TFSI), system and the implications for reversible
Mg electrochemistry.

Upon the basis of the above observations, we used
Mg(BH,), as an cosalt to prepare a 0.4 M Mg(TFSI),—0.1
M Mg(BH,),/diglyme electrolyte, in which we observed highly
reversible Mg plating/stripping, and the Coulombic efficiency
(CE) was calculated to be 98.8%. The XRD pattern (Figure
S4) shows that Mg metal was deposited, and the SEM image of
the surface (Figure S4) shows a smooth and dendrite-free Mg
deposition morphology. The XPS analysis exhibits Mg peaks
for the Mg deposition (Figure 1d) and no Mg signal after
stripping, indicating fully reversible Mg plating/stripping
processes. No F, S, N, or B signals are observed on Mg
deposition (Figure S5). The narrow peak for the high-
resolution XPS Mg 2p peak (Figure 1d) indicates a simple
Mg composition, most of which is Mg0 with little or no MgZJ’,30
in drastic contrast to the observations in Figure 1b. This
confirms that with the Mg(BH,), cosalt Mg’ does not react
with or decompose the TESI™ anions present in the electrolyte.

To investigate the change of the chemical environment of
bulk electrolytes by Mg(BH,), cosalt, solution-state 'H, "*C,
'F, and "B NMR measurements were carried out to provide
molecular-level structural and dynamic information on
diglyme, TFSI", and BH, . As shown in Figure le(f, by
increasing Mg(TFSI), concentration from 0.1 to 1 M, the "*C
line widths of the three carbon species in diglyme increase,
indicating that the mobility of diglyme is significantly reduced
due to its coordination to Mg®* in solution. When 0.1 M
Mg(BH,), is introduced to 0.4 M MgTFSI,/diglyme, the '*C
line widths of all three carbon resonances drop dramatically,
suggesting an enhancement in the diglyme mobility. "H NMR
shows the same trend (Figure S6), a rapid decrease in 'H
spin—spin relaxation time (T,) by increasing Mg(TFSI),
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Figure 2. Evidence of the adsorption of active Mg cation clusters with BH,™. Potential-dependent impedance evolution of the working
electrode of the Pt disk in a three-electrode Swagelok cell (Pt: WE; Mg: RE; Mg: CE) using 0.4 M Mg(TFSI), + 0.1 M Mg(BH,),/diglyme
(a) and 0.4 M Mg(TFSI),/diglyme (b); (c) pre-edge evolution of the X-ray absorption near-edge spectroscopy (XANES) region of the Mg K-
edge upon cathodic sweeping from 0 to —0.15 V (i.e., prior to the onset Mg electrodeposition) between the interface of Pt and 0.4 M
Mg(TFSI), + 0.1 M Mg(BH,),/diglyme or 0.4 M Mg(TFSI),/diglyme; (d) typical impedance spectrum and corresponding fitted one with a
loop in the lower frequency range using electrolyte with Mg(BH,), after Mg bulk electrodeposition. The proposed electrical equivalent
circuit is a typical one of modeling the faradic reactions in the presence of one adsorption species.

concentration and a remarkable increase with the addition of
0.1 M Mg(BH,),, confirming the faster solvent motion enabled
by Mg(BH,), cosalt. ’F NMR spectra of 0.4 M Mg(TFSI),/
diglyme and Mg(TFSI),—Mg(BH,),/diglyme exhibit little
change in chemical shift but a slight line broadening (reduced
T,) in the mixture, while ''B NMR spectra of Mg(BH,),/
diglyme and Mg(TFSI),—Mg(BH,),/diglyme display identical
pentet B resonances centered at —42.23 and —42.28 ppm,
respectively, and also a slight line broadening in the mixture.
Combining these observations with a previous Mg NMR and
computational modeling study on the same system,’’ we have
thus harvested a complete picture of the change in solvation
structures and molecular dynamics by addition of Mg(BH,),.
Because TFSI™ is a weakly coordinating anion, Mg(TFSI), is
expected to mostly dissociate at low concentrations (0.1 M)
and form contact the ion pair at a higher concentration (0.4
M) with the dominant solvation structure [Mg-
(TESI)*(diglyme),] (Scheme S1).° Because two diglyme
molecules are involved in the first solvation shell, solvent
mobility decreases with Mg** concentration, especially for the
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terminal CHj, due to the coordination between neighboring
oxygen and Mg**. In contrast, BH,  is a much stronger
coordinating ligand and forms stable ion association [Mg-
(BH,),(diglyme)] even at a very low concentration (0.01 M).
In the mixture of 0.4 M Mg(TFSI), and 0.1 M Mg(BH,),,
both TFSI™ and BH,™ anions maintain in the first solvation
shell, as suggested by the unaltered '°F and "B NMR. The
significantly elevated solvent dynamics demonstrated by 'H
and C NMR compared to the neat Mg(TFSI), solution
indicates the release of diglyme from the first solvation shell.
This is consistent with the solvation structure [Mg(BH,)-
(TFSI)(diglyme)] obtained from ** Mg NMR studies.”’ The
chemical environment of Mg*" is significantly changed by
addition of BH,; the first solvation shell of contact ion pairs
between Mg’* and TFSI™ is accordingly neutralized (Scheme
1), which significantly inhibits the reduction of TFSI™ in the
monocationic Mg clusters (i.e., [Mg(TFSI)*(DGM),]) acces-
sible to the substrate during Mg plating.32 However, the role of
active Mg" clusters with BH,  in reversible Mg electro-
chemistry on an electrified interface is still unknown.
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Figure 3. Adsorption-dependent nonpassivation. Operando EIS evolution and corresponding analysis of DRT upon galvanostatic
electrodeposition of Mg onto Cu at 0.5 mA cm™ in 0.4 M Mg(TFSI), + 0.1 M Mg(BH,),/diglyme. (a) Discharge cell potential vs time curve;
(b) evolution of recorded impedance spectra in the frequency range of 10°~0.01 Hz; (c) corresponding DRT spectra.

Figure 2a,b shows potential-dependent operando EIS
evolution of the working electrode of a Pt disk in a three-
electrode Swagelok cell (Figure S7) using electrolytes with/
without BH,”. As we pointed out at the beginning, the
adsorption step of key intermediates is critical for reversible
Mg plating/stripping; here we try to identify the adsorption
intermediates if any. Operando EIS has been developed to
identify the adsorption intermediates.”"** For the cell using
electrolyte with BH,”, the impedance of the Pt working
electrode substantially increases upon sweeping from 0 to
—0.10 V, then gradually decreases from —0.10 to —0.20 V, and
then suddenly decreases at —0.25 V due to the Mg
electrodeposition. The initial impedance increase is probably
associated with the generation of a negative-charged Pt surface
to repel anions. The later gradual decrease likely originates
from the continuous adsorption of active cationic clusters (e.g.,
(MgBH,)*; this step involves the repelling of TFSI™ in
neutralized solvation shells away from the Pt working
electrode). However, a totally different scenario was observed
for the cell using electrolytes without BH, . No significant
impedance change was observed in the full cathodic sweep
from 0 to —0.20 V, indicating no occurrence of effective
adsorption and bulk electrodeposition. To further confirm the
adsorption step prior to the onset of Mg electrodeposition,
operando potentiostatic XAS was performed at 0 and —0.15 V
for both electrolytes using the three-electrode homemade cell
(Figure S7). Figure 2c shows an obvious shift to the low-
energy edge (i.e., to the energy of Mg metal) for the cell using
electrolyte with BH,™ but not for the cell using electrolyte
without BH,*!. The pre-edge shift of the Mg K-edge can be
useful to probe the near-surface region of the electrolyte if
there is a chemical difference for the new species with respect
to the bulk components. The observed shift should be largely
associated with active Mg cation clusters involving BH,~
absorbed at the Pt/electrolyte interface before the onset of
Mg electrodeposition. A similar shift was observed in other
electrolytes that contain Mg adsorption intermediates to
enable reversible Mg plating/stripping.””*> Despite low
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signal-to-noise ratios stemming from a low beam flux at the
Mg K-edge energy, the spectra were collected in one
experiment, and the energy shift was clearly identified. Further,
the adsorption of active Mg cation clusters involving BH,™ was
demonstrated, after Mg bulk electrodeposition, by the presence
of a loop for the Cu working electrode (Figure S7) in the
lower-frequency range of 1—0.01 Hz in Figure 2d.”* The
proposed electrical equivalent circuit is often used to model
the faradic reactions with one adsorption species, and the fitted
spectrum is close to that of the raw one, indicating the
rationality and validity of this electrical equivalent circuit.”*
Besides, preliminary periodic density functional theory (DFT)
calculations (Figure S8) indicate a thermodynamically
favorable coordination interaction between BH,™ and the Mg
surface as compared to TFSI™.

Operando EIS evolution of galvanostatic electrodeposited
Mg onto Cu was recorded during the OCV resting period at
0.5 mA cm™ every hour in 0.4 M Mg(TESI), + 0.1 M
Mg(BH,),/diglyme in Figure 3. The loop was always observed
in the low-frequency range (1—0.01 Hz) during the steady
galvanostatic Mg electrodeposition, indicating the sustainable
presence of an adsorption (R,) by intermediate active Mg
cation clusters.”* The first loop in the high-frequency range is
associated with the charge-transfer process (R.), which
evolved into a steady state when the cell potential reached
ca. —0.18 V. Post-mortem analysis of corresponding DRT
spectra show peaks for R, in the high-frequency range (i.e.,
10*—10* Hz) and for R, in the middle—low-frequency range
(ie, 10—0.01 Hz), which align well with the proposed
electrical equivalent circuit in Figure 2d. DRT results also
clearly present the evolving interface in detail, without the
fitting process, in terms of the evolution of the charge-transfer
process (i.e., from R ¢, to R Mgo) and the emergence of a
new adsorption step (R4 Mgo). Both new peaks are associated
with newly formed Mg electrodeposits onto the Cu substrate.
Especially, the charge-transfer reaction with the adsorption
step of active Mg clusters onto Mg electrodeposits is
uncovered by the DRT analysis.
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However, Figure S9 shows a totally different scenario for the
cell without addition of Mg(BH,),. Galvanostatic electro-
deposition of Mg onto Cu is terminated by the passivation
with the emergence of the second large semicircle in the
middle—low-frequency range (10—0.1 Hz) and an inclined line
(Ryarburg Mg 0-1—-0.01 Hz), which can be explained by the
modified Randle circuit. DRT analysis suggests that the charge-
transfer process (R Mgo) is a dominant electrochemical
process at ca. 10 Hz, and the migration of Mg2+ toward this
surface film (i.e Rgg Mgo) is sluggish, which is revealed by the
peak positioned at a middle frequency of ca. 400 Hz, analogous
to the reported typical frequency range for SEI (1 kHz to 10
Hz) and for the charge-transfer process (10 Hz to mHz) in Li-
ion batteries.”® It is thus concluded that nonpassivation is
driven by the adsorption of active Mg cation clusters with
BH,".

In summary, the stronger interaction between Mgo, Mg“,
and BH,” (as compared to TFSI”) is revealed to render a
preferred absorption (but not decomposition) of the BH,~
anions on the Mg metal surface during the charge-transfer
reaction. This in turn prevents undesirable side reactions
between the Mg’ and passivating Mg cationic clusters with
TESI™, thus allowing highly reversible Mg plating/stripping.
The adsorption mechanism may plausibly be extended to other
multivalent electrolyte systems.
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