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A Comprehensive Study on the Parameters Affecting
Magnesium Plating/Stripping Kinetics in Rechargeable Mg

Batteries

Muath Radi, Taniya Purkait, Deyana S. Tchitchekova, Alejandro R. Goni,
Robert Markowski, Charlotte Bodin, Cécile Courréges, Rémi Dedryvére,*

and Alexandre Ponrouch™

Mg metal anode-based battery is a more sustainable, lower cost, and higher
energy density alternative to Li-ion. However, this battery chemistry

also faces several challenges associated with the high charge density

of Mg?*, including achieving high reversibility and low voltage

hysteresis for Mg metal plating/stripping. While significant improvements
are achieved in last decades, they involve rather complex electrolyte
formulations and/or Mg salts difficult to produce, and the use of unpractical
substrates such as platinum. Here, significant improvement in terms of Mg
plating kinetics is achieved in electrolytes containing commercial magnesium
bis(trifluoromethanesulfonyl)imide salt (Mg(TFSI),) by using titanium
substrate with similar crystal structure and lattice parameter as Mg leading to
lower nucleation overpotential. Low salt concentration electrolyte and addition
of dibutyl magnesium (Mg(butyl),) also enable the formation of thinner
interphase, richer in solvent based decomposition products, further improving
Mg plating kinetics. This work highlights the complex role of Mg(butyl),,
often considered as a simple drying agent, and how it impacts ion solvation
favoring the mobility of electroactive cationic species, paving the way

toward better electrolyte design with improved cation transference number.

1. Introduction

A general agreement today is that mainstream electrical stor-
age technologies are unlikely to be sufficient to meet the

requirements for decentralization and
decarbonization networks, and a re-
stricted focus on Li-ion batteries is
putting the development of more cost-
effective alternative technologies at
risk.[!l Among intensively investigated
alternatives, the Mg metal anode based
technology has great prospect consid-
ering the low reduction potential of
Mg metal, —2.372 V versus standard
hydrogen electrode (SHE), its high vol-
umetric capacity of 3833 mAh cm73,
nearly twice that of the Li-metal analog
(2062 mAh cm™3), and its relative abun-
dance in the earth’s crust of ca. 2.3%
(roughly three orders of magnitudes
higher than Li with ca. 0.002%).23]
Thus, the starting materials are much
more available and cheaper. Despite
these promising characteristics, improv-
ing the current Mg anode performances
is strenuous, mainly due to the ionically
passivating interphase formed upon ex-
posure of the Mg surface to electrolytes,
preventing further Mg deposition. The first rechargeable Mg pro-
totype battery was reported in 2000 using Grignard reagents
as electrolytes demonstrated as stable versus the Mg metal
electrode, the downside of these halides based complex
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Figure 1. a) Cyclic voltammograms at 10th cycle of three different electrodes (Ni, stainless steel (SS) and Ti) using 0.4 m Mg(TFSI), in G1:G2 electrolyte
with a scan rate of 25 mV s™'. b,c) are magnified spectra of the two selected regions in inset (a), showing the current maximum reached during the
anodic scan (the blue circle represents the end of the cathodic scan) and the cross-over potentials (indicated by cross signs X), respectively.

electrolytes being their very low potential window for practical
use, and their corrosiveness. As a result, the MACC (magne-
sium aluminum chloride complex), an all inorganic electrolyte
was developed,>] yet it is impractical owing to its complicated
and expensive synthesis procedure, sensitivity to air and mois-
ture, and low ionic conductivity.

An appealing alternative is to use Mg salts containing weakly
coordinating anions like TFSI~, which is commercially avail-
able, halide free, have better solubility in aprotic ethereal so-
lutions and high ionic conductivity (5.22 x 1073 S cm™ for
0.5 m Mg(TFSI), in monoglyme/diglyme, G1/G2) as well as
wide electrochemical window.[®?] However, decomposition of
Mg(TFSI), based electrolytes (i.e., salt and solvent) and the
reaction of trace moisture with Mg electrode passivate the
Mg surface, resulting in prohibitive overpotential of Mg plat-
ing/stripping and low Coulombic efficiency.’!!l DFT calcu-
lations demonstrated that the Mg(G1);** solvates formed in
the Mg(TFSI),/G1 electrolyte partially decompose at the an-
ode surface, forming inactive Mg(OCH,;),(G1), products and
ethylene.l?l Another pathway for electrolyte degradation and
Mg electrode passivation arises from the anion decomposi-
tion favored by the presence of MgTFSI* contact ion pairs
(CIP),[3) the latter being facilitated by the high charge den-
sity of the divalent cations and by higher salt concentration in
solution.!*]

Here, we demonstrate that several factors, such as the sub-
strate crystallographic structure, the cycling history, the elec-
trolyte concentration and the presence of additive (dibutyl
magnesium, Mg(butyl),), can impact the Mg plating/stripping
voltage hysteresis and coulombic efficiency. Furthermore, the
correlation between the composition of Mg electrode pas-
sivation layer and the cell electrochemical performance is
revealed.

Adv. Energy Mater. 2024, 2401587 2401587 (2 of 11)

2. Results and Discussion

2.1. The Influence of the Substrate Nature

Precious metals like Au or Pt are commonly used as substrates
because of their presumably inert surface even though they are ir-
relevant for practical rechargeable Mg battery applications. Here
we explore the kinetics of Mg plating/stripping on three non-
precious metal substrates, namely Ti, Ni and SUS316L stainless
steel (SS), using 0.4M Mg(TFSI), dissolved in G1:G2 (1:1 vol)
mixture, and the corresponding cyclic voltammograms (CVs) are
shown in Figure 1a (the 10th cycle is used for comparison, the
first cycle being shown in Figure S1, Supporting Information).
Upon cathodic scan (toward negative potential values), all CVs
present a strong reduction current below —2.0 V versus Ag quasi
reference electrode (Agyrg). Upon anodic scan (toward high po-
tential values), a reduction current maximum is observed (I,.,),
which is most discernible in the case of Mg deposition on Ti,
as shown in Figure 1b (the blue circle in the figure represents
the end of the cathodic scan). A cross-over potential is recorded
with all three substrates, i.e., the plating current during the an-
odic scan is higher as compared to the cathodic scan (Figure 1c).
This behavior is usually observed when the cathodic scan is
stopped before coalescence of the growing crystals.!’ This shape
is thus linked to the plating mechanism. Finally, above —0.4 V
versus Agqgg an oxidation peak corresponding to Mg stripping
is observed. All three studied substrates show typical features of
metallic electrodeposition, the steepest plating/stripping current
profile being achieved with Ti. However, in all cases, a prohibitive
voltage hysteresis of >1.5 V is measured between Mg plating and
stripping, which is common for Mg(TFSI), based electrolytes.!1%]
Ti was purposely introduced here due to its structural similar-
ity to metallic Mg. Indeed, by contrast to most conventional
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Figure 2. a) Cyclic voltammograms of a Ti electrode using 0.4 m Mg(TFSI), in G1:G2 electrolyte with a scan rate of 25 mV s~ at several cycle numbers.
b) Magnification of selected region in inset (a), showing the increase in the plating current during the anodic scan with further cycling.

substrates (Cu, Al, Ni, SS, Pt, Au, etc.) which have cubic struc-
tures, Mg and Ti crystallize in hexagonal close-packed structures
with similar lattice parameters (a =b = 3.2 A and c = 5.2 A for
Mg and a =b = 2.95A and c = 4.68A for Ti). The effect of lattice
matching is twofold: it can improve the deposit adhesion (by re-
ducing interfacial mechanical stress) and reduce the nucleation
overpotential,['’] hence Ti was selected as the substrate for fur-
ther investigations. It is worth mentioning that Ti is a rather ex-
pensive metal (6.6 USD/kg in 2024), which would be detrimen-
tal for application as current collector in batteries. However, Cu
which is commonly used in commercial Li-ion cells is not sig-
nificantly cheaper (4.2 USD/kg in 2024) and is considerably less
abundant on the earth crust (25th most abundant element vs 9th
for Ti) leading to much higher price volatility. In addition, the
lower density of Ti (4.5 g cm™) compared to Cu (8.93 g cm™3)
implies that, for similar foil thickness, lighter and possibly less
expensive Ti current collector could be used in Mg batteries com-
pared to Cu in Li-ion.

During the first cycle, a residual reduction current was
recorded before plating starts (Figure 2a), which may indicate
contribution from capacitive current (adsorption of ions on the
electrode) or partial electrolyte decomposition. This residual re-
duction current disappears after the first cycle, suggesting the
formation of a passivation layer preventing further electrolyte de-
composition or capacitive processes. Upon cycling, the stripping
peak broadens and continuously shifts toward higher potential
values, eventually resulting in loss of charge associated with Mg
stripping and accumulation of metallic Mg at the surface of the
substrate. By contrast, the onset potential for plating and the plat-
ing kinetics (i.e., the slope of the reduction wave) remain un-
changed during cycling. The increase in the overall plating cur-
rent upon cycling observed in Figure 2b is tentatively attributed
to the continuous accumulation of non-stripped Mg resulting in
increased surface area.

In order to investigate the possible electrolyte degradation and
formation of passivation layer, X-ray Photoelectron Spectroscopy
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(XPS) measurements were performed on Ti electrodes stopped
after 5 and 50 cycles at the end of reduction (Figure 3).

Firstly, from the Ti 2p spectrum, the Ti substrate still can be
detected at the end of the 5th reduction scan, which means the
substrate has not been totally covered by Mg deposit. The shape
of this Ti 2p spectrum is in good agreement with the spectrum
recorded for the fresh substrate (see Figure S3, Supporting Infor-
mation). After 50 cycles, the Ti substrate is no more detectable,
consistent with Mg accumulation at its surface, as concluded
from CV curves and confirmed by the detection of the Mg? signal
in Mg KLL Auger spectrum, but also with the growth of a covering
layer at the Ti surface from electrolyte decomposition products.
Indeed, the small amount of metallic Mg detected in the elec-
trode by XPS can be rationalized by the presence of a relatively
thick layer, passivating its surface. Such decomposition film can
be formed either concomitantly with the Mg plating and/or af-
ter its deposition due to the reactivity of the metallic Mg with the
electrolyte.

The degradation of the salt is evidenced by the presence of sev-
eral reduced sulfur species in the S 2p spectra. A greater propor-
tion of these reduced species after 50 cycles indicates further re-
duction (degradation) of the electrolyte upon prolonged cycling.
Especially, MgS is detected after 50 cycles. Moreover, F 1s spectra
show higher amounts of MgF, (9%) after 50 cycles with respect
to 5 cycles (4.5%), as deduced from Table S1 (Supporting Infor-
mation).

The C 1s spectra show that the surfaces of both electrodes are
covered by the same chemical species: hydrocarbon (~285 eV),
organic constituents containing C-O and COO environments, a
carbonate environment probably due to MgCO,, and CF, groups
from the salt. Regardless of this qualitative similarity, the surface
of the electrode stopped after 50 cycles was covered with more
carbonate (12%) than the one at 5 cycles (7%) (see Table S1, Sup-
porting Information). The O 1s spectra show all the local envi-
ronments of oxygen present at the surface of the substrates, with
oxygen atoms bound to carbon (C-O and COO environments), as
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Figure 3. XPSTi 2p, S 2p, F 1s, C 1s, O Ts, and Auger Mg KLL spectra of Mg deposits formed on Ti electrodes cycled in 0.4 M Mg(TFSI), electrolyte:
a) at the end of 5th plating scan, b) at the end of 50th plating scan. The solid and dashed lines represent the measured and fitted data, respectively.

well as oxygen from the salt. Additionally, the electrode stopped
after 5 cycles shows the oxygen from the substrate (TiO,). For
both electrodes, an extra O 1s (red) component at #531.5 eV is
attributed to MgO. This component is necessary for the correct
fit of the spectra, and cannot be attributed to Mg(OH), due to
the observed quantitative O to Mg ratio, which is equal to one.
Actually, this MgO component appears at a higher binding en-
ergy (B.E.) than expected (~530 eV). This can be explained by
the direct electronic contact of this very thin MgO layer with the
Mg metallic surface, as also observed for different oxides, re-
sulting in a shift in the binding energy!'®?’! (see the support-
ing information for more explanation and justification of our
attributions). For the electrode stopped after 50 cycles, an addi-
tional weak peak at lower B.E. (=530 eV) is also attributed to
MgO, the existence of two peaks for the same compound being
explained by the increase in the MgO thickness: indeed, if the
thickness is great enough, the outermost part of MgO is no more
in electronic contact with the metal underneath and is no more
shifted.

Thus, the presence of a passivation layer is confirmed through
both electrochemistry (capacitive current) and XPS, and it grows
with further cycling, as indicated by the accumulation of re-
duction species at the electrode surfaces (sulfur species, MgF,,
MgCO;, MgO etc.). This continuous growth of the passiva-
tion layer explains the drop of the stripping current with
cycling.

Adv. Energy Mater. 2024, 2401587 2401587 (4 of 11)

2.2. The Influence of the Electrolyte Concentration

It was previously reported that “free” TFSI~ anion in solution is
stable against the Mg metal electrode, while its reductive decom-
position is favored when coordinated in MgTFSI* CIP.[132829]
The presence of anion decomposition products evidenced by our
XPS data therefore points at some degree of ion pairing in this
electrolyte. Accordingly, we further explored the possibility to en-
gineer the Mg?* solvation shell through modification of the salt
concentration. Figure 4a illustrates the CV of Ti electrodes in
glyme-based electrolyte with Mg(TFSI), salt concentrations rang-
ing from 0.1 up to 0.4 M. Interestingly, the 0.1 M concentration
shows a distinct plating/stripping profile with lower overpoten-
tial compared to the higher electrolyte concentrations, but the
kinetics of plating and stripping remain sluggish with evidence
for mass transport limitation (a peak appears during the cathodic
scan), possibly because of unavailability of Mg?* at the electrode
surface.

With prolonged cycling, however, the overall kinetics at 0.1 m is
significantly improved as evidenced in Figure 4D, with a steeper
reduction wave slope and cross-over potentials being observed
again. Although Mg stripping appears as a very broad peak,
spreading over 1 V, much lower voltage hysteresis (350 mV)
between the onset potentials for plating (ca. —1.6 V vs Agqgg)
and for stripping (ca. —1.25 V vs Agqgg) was recorded, which
is remarkably low for a Mg(TFSI), based electrolyte without
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Figure 4. a) Cyclic voltammograms (first cycle) of Ti electrodes using different concentrations of Mg(TFSI), salt in G1:G2 mixture with a scan rate of
25 mV s~'. b) Cyclic voltammograms of a Ti electrode using 0.1 M Mg(TFSI), electrolyte with a scan rate of 25 mV s™! at several cycle numbers.

halogenated additives.!'®) In order to better understand this be-
havior observed for the 0.1 M concentration, we proceeded with
XPS analysis of the surface of the deposit obtained at this
concentration.

Figure 5a,b displays XPS Ti 2p, F 1s, C 1s, O 1s and Auger
Mg KLL spectra of Ti electrodes at the end of 50% plating scan
(cathodic scan) using 0.4 and 0.1 M concentrations of Mg(TFSI),
salt, respectively, while the corresponding Mg 2p, S 2p and N 1s
spectra are shown in Figure S5 (Supporting Information). A dif-
ference between the two electrodes is that a small metallic Mg sig-
nal can be detected in the Mg KLL spectrum for 0.4 M, but not in
the case of 0.1 M concentration. This can be ascribed to the slug-
gish plating kinetics at 0.1 M as discussed for Figure 4. By com-
paring the C 1s, O 1s, and F 1s spectra, there is no qualitative dif-
ference in the surface chemical composition of the two deposits.
For instance, both of them include organic constituents contain-
ing C-0O and COO environments, MgCO,, several reduced sulfur
species, MgO, and MgF,. However, the surface of the deposit in
0.1 M contains less inorganic species than the 0.4 m: 9 versus
12 at.% of MgCO;, 20 versus 25 at.% of MgO, and 8 versus 9
at.% of MgF,, as deduced from Table S1 (Supporting Informa-
tion). Therefore, the passivation layer formed in 0.1 M solution
appears to be richer in solvent based decomposition products,
while the passivation layer formed in 0.4 m electrolyte is richer
in anion decomposition products. This could be rationalized by
the tendency to form contact ion pairs when salt concentration
is increased,'*1%] the coordinated anions being more easily re-
duced at the substrate surface, leading to the breaking of the C—S
bond between O = S = O and CF, groups.['*?3% Unfortunately,
presence of MgTFSI* CIP could not be confirmed or infirmed
by Raman measurements at these two Mg(TFSI), concentrations
in the G1:G2 mixture (see Figure S10, Supporting Information
and related discussion in Section 2.4). Besides, at higher elec-
trolyte concentrations, more impurities are expected, especially
more water traces, thus promoting the salt degradation.l!l In-
deed, OH" ions forming at the MgO surface from water traces,
can weaken the C-S bond in the [Mg?*—TFSI~|* complex via a
nucleophilic attack*'-33] and aggravate the passivation process of
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the Mg surface, leading to a dramatic increase in the stripping
overpotential and a decrease in the overall deposition/stripping
process efficiency. Additionally, H,O influences the kinetics of
Mg deposition, as it is capable to alter the solvation structure
of Mg?* ions in the double layer, forming strongly bound H,O-
Mg?*complexes,['!l which require an extra plating overpotential
to initiate Mg deposition, further favoring the TFSI~ degradation.

Going back to Figure 5a,b, it is worth mentioning that the sub-
strate surface in both cases is not detectable anymore, indicating
it is fully covered by a passivation layer of greater thickness than
the XPS probing depth (~5-10 nm). This means that the presence
of this passivation layer does not hinder the plating/stripping
reversibility improvement observed in Figure 4b when decreas-
ing the salt concentration. Moreover, the surface composition of
the electrode at the end of the 50" stripping scan (Figure 5c) is
very similar to that observed at the end of the 50th plating scan
(Figure 5D). In both states, the surface consists of the same chem-
ical components with similar quantities, as shown in Table S1
(Supporting Information), indicating that the passivation layer is
stable upon cycling.

2.3. The Influence of Dibutyl Magnesium Addition

Although all prepared electrolytes were carefully dried before
cell assembly (see experimental section) and contained less than
5 ppm of water (as per Karl Fisher titration measurements), the
use of a conventional drying agent such as dibutyl magnesium
(Mg(butyl),) was explored. Mg(butyl), being a strong reducing
agent serves as a scavenger to eliminate traces of water,>3°] but
also potential organic impurities originating from glymes.[3!
Cyclic voltammograms of Ti electrodes in 0.1 M Mg(TFSI),
in G1:G2 electrolytes containing 130 mM of Mg(butyl), are pre-
sented in Figure 6a. The main difference observed after addition
of Mg(butyl), is the quasi absence of overpotential between plat-
ing and stripping (below 50 mV), already at the first cycle, without
any conditioning procedure prior to CV. The overpotential grad-
ually increases upon cycling with ca. 100 and 120 mV for cycles
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Figure 5. XPS Ti 2p, F 1s, C 1s, O 1s, and Auger Mg KLL spectra of the Mg deposits formed on Ti electrodes in the following conditions: a) 0.4 m
Mg(TFSI), at the end of 50th plating scan; b,c) 0.1 m Mg(TFSI), at the end of 50th plating and stripping scans, respectively; d) 0.1 m Mg(TFSI), +
130 mm of Mg(butyl), at the end of 50th stripping scan; e) 0.1 m Mg(TFSI), + 130 mm of Mg(butyl), after 250th stripping scan followed by 10 min of

Mg potentiostatic deposition at —1.0 V versus Aggpe-

5 and 10, respectively. However, it appears to reach a stable value
of #180 mV after the 20th cycle. To the best of our knowledge, this
overpotential value is the lowest ever reported for a Mg(TFSI),
based electrolyte, pointing at the combination of low salt con-
centration and the use of Mg(butyl), as very promising for Mg
metal anode based batteries. While the coulombic efficiency for
this non optimized system still requires improvements (for in-
stance via glymes distillation!*®)) and reaches 87% after 20 cycles
(Figure 6a), a symmetric Mg/Mg cell can cycle (Figure 6b—e) for
extended period of time even though very limited amount of elec-
trolyte was used (<140 uL).

Figure 5d illustrates the XPS spectra obtained at the end of
the 50" stripping scan when adding 130 mM of Mg(butyl),. The
quantification data are shown in Table S2 (Supporting Informa-
tion). It can be noticed from Ti 2p spectrum that the Ti substrate
is detectable, which means either that the interphase is very thin
or it is not totally covering the electrode surface. From Mg KLL,
the metallic Mg is not detectable which is not surprising because
itis expected that all deposited Mg has been stripped at this stage.
However, the addition of Mg(butyl), changes the composition of
the surface, and the C 1s spectrum shows that the amount of
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carbonate is divided by two compared to the interphase formed
without Mg(butyl),. While degradation of the salt is still detected
from F 1s (Figure 5c,d) and S 2p spectra (Figure S5¢,d, Support-
ing Information), the amounts of MgF, (2.5 at.% vs 7 at.%) and
of reduced sulfur species (0.3 at.% vs 2.3 at.%) are significantly
lower for the sample cycled with Mg(butyl),. The O 1s spectrum
shows oxygen from the Ti substrate (TiO,, Ti,O5) and from car-
bonaceous groups (C-O, COO), as well as oxygen from the salt.
Interestingly, based on the observed quantitative ratio between O
and Mg, this electrode surface does not contain MgO, but a great
amount of Mg(OH), (~24 at.%) at the same binding energy as
CO, groups, i.e., corresponding to the unresolved blue peak at
~532 eV (Figure 5d). In summary, XPS data indicate that usage
of Mg(butyl), in the electrolyte formulation produces a thinner
passivation layer with less inorganic components and containing
Mg(OH), instead of MgO.

Complementary Time-of-Flight Secondary Ion Mass Spec-
trometry (ToF-SIMS) analysis was conducted on the surface
of Mg deposits derived from a 0.1 m Mg(TFSI), electrolyte,
both with and without the addition of 130 mM Mg(butyl),, as
illustrated in Figure S6 (Supporting Information). ToF-SIMS
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Figure 6. a) Cyclic voltammograms (cycles 1 to 100) of a Ti electrode in

0.1 M Mg(TFSI), electrolyte with 130 mm of Mg(butyl), (25 mV s7).

b—e) Charge/discharge curves of symmetric Mg/Mg cell cycled in similar electrolyte at 0.1 mA cm™2.

measurements (Figures S6-S9, Supporting Information and full
description in Supporting Information) point at the addition of
Mg(butyl), to the electrolyte decreasing both inorganic and or-
ganic components of the passivation layer on the Mg deposits
consistent with the general conclusions from XPS. It is worth
mentioning that similar trends toward thinner passivation layer
in Mg(TFSI), based electrolytes was also achieved in amine co-
solvent containing electrolytes.3’]

For the electrode obtained after 250 cycles of plating/stripping
followed by 10 min of potentiostatic deposition at —1.0 V versus
AgQRE (Figure 5e), the Mg KLL spectrum shows a high signal
of metallic Mg, corroborating the successful Mg metal deposi-
tion. However, the Ti substrate is still detectable as observed in
the Ti 2p spectrum, which means that the Mg deposit is not to-
tally covering the substrate surface or it is extremely thin. Scan-
ning electron microscopy images of the Mg deposits (Figure S12
and S13, Supporting Information) confirm the non-fully cover-
ing nature of the Mg deposit. The C 1s and F 1s spectra show the
same features as for the other electrodes in Figure 5 indicating
the formation of the same chemical species and environments.
Nonetheless, it contains more carbonate (=10 at.%) than the elec-
trode shown in Figure 5d, which can be explained by further elec-
trolyte degradation over 250 cycles and potentiostatic deposition.
The O 1s spectrum displays the characteristic signature of the Ti
substrate, with a decreased intensity. The Mg/O ratio, consider-
ing the presence of C-O, COO, CO; groups and TFSI, indicates
the formation of a mixture of Mg(OH), (=23 at.%) and MgO (~13
at.%). The formation of MgO is mostly related to the deposition

Adv. Energy Mater. 2024, 2401587 2401587 (7 of 11)

of metallic Mg and is due to the electrolyte degradation on the
fresh Mg surface.

Electrodeposition of Mg was further investigated using elec-
trochemical quartz crystal microbalance (EQCM, Figure 7 and
Figure S14). Similar CV curves were obtained as compared to
Figure 6a and the CE improves to 88% after the second cycle
(CV2) from an initial value of 82% for the first cycle. However,
by contrast with the previous data, a gradual decrease of the CE
reaching 70% after 20 cycles was recorded, most likely due to the
cell configuration and possible contamination of the electrolyte
upon time (open cell operated within an Ar filled glove box). It
is also worth noting that the overall plating/stripping kinetics is
improving upon cycling, with the slopes of the reduction and ox-
idation waves becoming increasingly steeper. The overpotential
between plating and stripping (%400 mV), however, remains sta-
ble and is higher than with Ti electrodes (<200 mV, Figure 6a),
suggesting lower nucleation overpotential on Ti than on Pt sub-
strates, confirming the importance of the crystallographic lattice
matching considerations.

The evolution of the mass accumulated at the surface of the
Pt coated quartz is displayed in Figure 7b for the first five cy-
cles. Even though a maximum coulombic efficiency of 88% was
recorded, the mass reversibility evaluated using the Sauerbrey’s
equation is close to 100% after the third cycle, indicating that
the mass being deposited upon reduction (plating) is removed
upon oxidation (stripping) after the first cycle. Therefore, contin-
uous growth of passivation layer and/or accumulation of dead
Mg during cycling, if any, could not be recorded by EQCM,
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Figure 7. a) Electrochemical behavior of a platinum coated EQCM sensor cycled against a Mg electrode with 25 mV s~! CV scan rate with 0.1 m
Mg(TFSI), in G1:G2 electrolyte with 130 mm of Mg(butyl),. b) Evolution of the charge (in mC) and frequency (KHz) during the first five CV cycles.

suggesting that the origin of the coulombic inefficiency is related
to irreversible reduction processes associated with the formation
of soluble or gaseous products. The absence of dead Mg is also
in agreement with the absence of Mg metal from XPS data per-
formed on electrodes after stripping scan. During the first cycle,
an irreversible mass accumulation of ~0.7 pg is evaluated and is
tentatively ascribed to both the formation of a passivation layer
and to the irreversible formation of Pt, Mg, alloy identified by X-
Ray diffraction (Figure S15, Supporting Information).

2.4. The Influence of the Electrolyte Bulk Physico-Chemical
Properties

Among other important parameters influencing the electro-
chemical performances in batteries, the electrolyte ionic con-
ductivity (in mS cm™!), the nature of the cation solvation shell
and the cation transference number are key factors determining
the redox process kinetics. While our results demonstrated that
lower salt concentration is beneficial for Mg plating / stripping
reversibility and kinetics, one can foresee such low salt concen-
tration (0.1 M) to be detrimental in terms of ionic conductivity. In-
deed, rather low ionic conductivities were measured (Figure 8a)

for 0.1 M solution with ~0.4 mS cm™" for temperatures ranging
from 10 to 60 °C. As expected, the ionic conductivity increases
with the salt concentration, values at 0.4 M ranging from 3.0 up
to 3.8 mS cm~! when the temperature is varied between 10 and
60 °C. Raman spectroscopy measurements were carried out in or-
der to obtain more information regarding the coordination chem-
istry of the TFSI™ anion (Figure S10, Supporting Information)
at these two concentrations. Indeed, the strong Raman band of
the TFSI~ anion at ~#740 cm™!, corresponding to the expansion
and contraction mode of the whole anion, is commonly used
for analysis of ion-ion interactions in electrolytes.l*’] From our
measurements, the bands are centered at ~737 cm™! with a cer-
tain dissymmetry in their shapes being observed, but no relevant
change in the peak position could be detected between 0.1 and
0.4 M Mg(TFSI), concentrations (black and pink lines, respec-
tively). DFT calculations of the Raman frequencies for the free
TFSI™ anion and the MgTFSI* CIP were done for both TFSI~ iso-
mers, giving 738.57 and 737.68 cm ™!, respectively, for TFSI~ and
MgTFSI* with the trans isomer, and 744.32 and 748.29 cm™, re-
spectively, with the cis isomer. It is therefore, difficult to conclude
if the degree of contact ion pair formation is affected within the
range of salt concentration in the solvent mixture (G1:G2) inves-

Intensity (a.u.)

Wave number (cm™)

Figure 8. a) lonic conductivity plots for Mg(TFSI), in G1:G2 at different concentrations and temperatures. The influence of the Mg(butyl), additive at
0.1 ™ salt concentration is highlighted with red dots. b) Raman spectra of 0.1 M Mg(TFSI), electrolytes with different concentrations of Mg(butyl),: no
additive (black curve), with 50 mm (green curve), with 130 mm (red curve), and with 190 mm (blue curve). The solution without Mg(TFSI),, containing
only 130 mm Mg(butyl), in G1:G2 (1:1 vol) is shown for sake of comparison (orange curve).
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tigated in this study (Figure S10, Supporting Information), but
seems to indicate prevalence of trans-TFSI based species.

Nevertheless, upon gradual addition of Mg(butyl),, a clear
splitting of the ~737 cm™' peak with an additional band appear-
ing at higher wavenumbers, spreading up to 750 cm™, is ob-
served (Figure 8b), which implies thata TFSI~ fraction is involved
in coordinated species and/or its conformational change is trig-
gered. Despite the agreement of the new band with the DFT cal-
culated frequencies when considering the cis isomers, it does not
necessarily correspond to an increased formation of CIP with the
cation. Indeed, increased presence of CIPs is expected to result in
higher degree of anion decomposition at the interface with more
anion decomposition products in the interphase, which was not
observed form XPS data. In addition, the formation of CIPs sig-
nificantly decreases the mobility of both charge carriers in so-
lution leading to lower ionic conductivity, but here higher ionic
conductivities are measured with Mg(butyl), (Figure 8a). We thus
tentatively ascribe the splitting in the TFSI~ band with additional
contribution at higher wavenumbers arising from an interaction
with the Mg(butyl),.

A coordination of the anion is expected to affect the overall
mobility of the latter, and thus, the cation transference number
(T*) was evaluated using the Bruce-Vincent method.*! Poten-
tiostatic polarization measurements were conducted with an ap-
plied potential of 100 mV in symmetric Swagelok cell with two
Mg disks until the current reached a steady state (I ). Electro-
chemical impedance spectroscopy was performed before and af-
ter the potentiostatic polarization in order to evaluate the initial
and the steady-state interfacial resistance (R, and R, respec-
tively). The T+ was calculated according to:

SS?

—_ I,. (AV-1,R,) )
I,. (AV-IRy)

where AV is the applied potential and [, and I are the initial and

steady state currents, respectively.

Values for T+ were calculated to be 0.12, 0.18, and 0.22, respec-
tively for Mg(TFSI), electrolytes containing 50, 130, and 190 mM
of Mg(butyl), indicating that the addition of Mg(butyl), results
in an increase in the cation transference number, in agreement
with the Mg(butyl), being involved to some extent in the anion
coordination, thus impeding its mobility. It is important to stress
out that, since different cationic species can be expected in these
electrolytes, the term transference number (T™) is preferred here
instead of t* (transport number, used for single cationic species).
Furthermore, since the measurements are performed with rela-
tively high salt concentrations, the term “limiting current frac-
tion”, F* would be more appropriate. While the measured val-
ues should be considered as a qualitative estimate of the ratio
between the cationic and anionic species mobility in solution,
it does provide a relevant trend in the design of new electrolyte
formulations. Here, although the values are rather low (as ex-
pected for divalent cation based solutions) and the most mobile
species remain the anionic ones, the combined increase of the
cation transference number and ionic conductivity upon addi-
tion of Mg(butyl), are playing a major role in the significant im-
provement of the kinetics and reversibility of Mg metal anode in
Mg(TFSI), electrolytes. However, the rather limited anodic sta-
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bility of Mg(butyl), (Figure S17, Supporting Information) call for
future development of alternative anion coordinating agents.

3. Conclusion

In summary, several parameters affecting the voltage hysteresis
between plating and stripping of Mg in Mg(TFSI), G1:G2 elec-
trolytes and the overall kinetics were evaluated. First, the crystal
structure of the substrate was found to significantly impact the
Mg electrodeposition and higher plating kinetics was recorded
with Ti electrodes which have similar hexagonal close packed
crystal structure and lattice parameters to Mg, also resulting in a
lower nucleation overpotential. Pt electrodes, often used for Mg
plating studies, having quite different crystal structure and lat-
tice parameters result in slightly higher nucleation overpotential
compared to Ti. Furthermore, the formation of a Pt Mg, alloy,
demonstrated in this work, is expected to favor interfacial pro-
cesses while impairing the Mg deposit adherence.

The reversibility of Mg plating/stripping was also significantly
improved by use of low salt concentrations and addition of
Mg(butyl),. The salt concentration was found to mainly impact
the composition of the passivation layer, with interphases richer
in solvent-based decomposition products at low salt concentra-
tion, as opposed to interphase richer in anion decomposition
products and more resistive for higher concentrations. The in-
fluence of Mg(butyl), on the other hand appeared to be much
more complex than being a mere scavenging agent, as commonly
assumed. Indeed, addition of Mg(butyl), lead to much thinner
interphases with limited inorganic / anion decomposition prod-
ucts, yet with some amounts of MgO and Mg(OH),, further high-
lighting the fact that the water scavenging effect of Mg(butyl), is
rather limited. More importantly, Mg(butyl), was found to inter-
act with the anion in solution, impeding its mobility and causing
an enhanced cation transference number (or more accurately a
limiting current fraction of cationic species). Therefore, this work
paves the way toward better electrolyte design with improved mo-
bility of electroactive cationic species. Such development is cru-
cial for multivalent cation-based battery chemistries, where an-
ions are always expected to be significantly more mobile than the
electroactive cationic species.

4. Experimental Section

Electrolyte Preparation: The electrolyte was composed of mag-
nesium bis(trifluoromethanesulfonyl)imide, Mg(TFSI),, (99.5% purity,
Solvionic) at different concentrations dissolved in a 1:1 vol mixture of
Dimethoxyethane; monoglyme (DME, from Sigma-Aldrich, anhydrous,
99.0%) and Diethyleneglycol dimethylether; diglyme (G2, from Sigma-
Aldrich, anhydrous, 99.7%). The salt was dried under vacuum for 12 h at
90 °C. The solvents were dried over molecular sieves (3 A from Alfa Aesar)
for a minimum of 2 days. The water content of the electrolyte was below
5 ppm measured by Karl Fischer titrations inside a glove box. A total of
400 pL of electrolyte was used in each cell.

Electrochemical Measurements: The 3-electrode Swagelok cells with
T-shape were assembled with a working electrode (WE) composed of
a Nickel, stainless-steel (SUS316L) or titanium disks (Goodfellow, @10
mm), a magnesium disk (99.98%, Mateck) as a counter electrode (CE)
and a silver wire (Sigma Aldrich) as quasi-reference electrode. A cellulose
separator was used. All cells were assembled inside an argon-filled glove-
box with O, and H,O concentrations below 1 ppm and tested using a

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85US017 SUOLILLIOD BAIFeR1D) 3|edlidde au Aq pausenob a1e ssjoiie YO ‘s o S3In1 10y Afeiq 1 8UIIUO 8|1 UO (SUORIPUOD-PUR-SLUBY /W00 A3 | 1M Ae.q 1 BUI|UO//SUNY) SUORIPUOD PUe SWie | 8L} 88S *[202/0T/ET] Uo Ariqiaulluo A8|IM ‘20Ul aueiyo0D Aq 285TOK20Z WUSe/Z00T OT/I0p/L0d A8 |mAriq1jeul|uo//sdiy woiy papeojumod ‘0 ‘0v89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Bio-Logic VSP300 potentiostat. The electrochemical protocol includes two
or three consecutive steps depending on the electrolyte being used: 1) the
cells were connected at open circuit voltage (OCV) for 2 h. 2) Only for elec-
trolytes without Mg(butyl),: Galvanostatic Cycling with Potential Limita-
tion (GCPL) was applied as conditioning step for 50 cycles at 0.1 mA cm™2
with two constraints, potential limitation —4 to 2V and 10 minutes for each
cycle. 3) The cells were cycled between 0.4 and —3.0 V (vs Agqpge) or be-
tween 1.1and —0.3 V (vs Mg metal) with a scan rate of 25 mV s~ with -5
or —3 mA as a current limitation at reduction using a Modular Potentio
(MP) technique.

X-Ray Photoelectron Spectroscopy Analysis:  The cells were disassem-
bled inside an Ar-filled glovebox and the recovered electrodes were washed
with dry DME before letting it dry in the glovebox for a few hours. Thermo
Scientific ESCALAB 250 spectrometer equipped with an argon-filled glove
box, to maintain the samples under inert atmosphere during all times of
preparation to their analysis, was utilized. XPS measurements were per-
formed with a focused monochromatized Al Ka radiation (hv = 1486.6
6 eV) and the spectra were recorded with pass energy of 20 eV and 600 um
spot size. The analysis was done using the standard charge compensation
and the analysis chamber pressure was maintained at ~2 x 10~/ mbar.
The binding energy scale was calibrated using the C 1's peak at 285 eV
associated with adventitious hydrocarbon. The data were fitted and ana-
lyzed using CasaXPS software with the relative sensitivity factor (RSF) of
the ESCALAB database.

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS):  ToF-SIMS
analysis was conducted using a TRIFT V Nano ToF Il Tandem MS
(Physical Electronics, Chanhassen, MN, USA) equipped with a 30 kV
Bi, 9% — LMIG (Liquid Metal lon Gun) primary ion gun. Samples were
transferred from the glove box to the spectrometer in a transfer vessel to
avoid any exposure to air. The same experimental conditions were main-
tained for all surface analyses, allowing for semi-quantitative comparisons
of peak intensity ratios. The LMIG gun was configured to deliver Bi; ™ pri-
mary ions with a DC current of 12 nA over a 50 x 50 um? raster size. The
mass range was set between 0 and 2000 m/z, with the number of frames
set to 30 (dose: 2.2 X 102 ions/cm?). For all analyses, charge compensa-
tion (with low dose of e~ and/or Art) was applied to limit charging effects.
Depth profile experiments (series of 40 “analysis/sputtering” cycles) were
performed in negative polarity using the same previous analysis condi-
tions (with 20 frames) and a 5 kV Ar* gas gun for etching (with a sputtering
time of 10 s for each cycle, over a 300 x 300 um? area and a DC current of
150 nA). ToF-SIMS data were processed using ToF-DR software (supplied
by Physical Electronics). Negative polarity mass spectra were calibrated
using C,~ (m/z 24.00), F~ (m/z 19.00), and C,H~ (m/z 25.01) peaks, and
positive polarity ones using Na‘t (m/z 23.00), Mg* (m/z 23.98) and MgH*
(m/z 24.99) peaks. For the graphical representation of depth-profiles, the
intensity of the secondary ions of interest was normalized related to the
total ion counts.

Electrochemical Quartz Crystal Microbalance (EQCM): A three-
electrode EQCM cell setup was assembled with a Pt quartz crystal
working electrode (WE) (AT-Cut, 8.98 MHz), a magnesium ribbon
(99.98%, Mateck) counter electrode (CE), and another thinner mag-
nesium ribbon (99.98%, Mateck) as quasi- reference electrode. The
electrolyte, composed of 0.1 M Mg(TFSI), in G1:G2 1:1 vol mixture
with 130 mm Mg(butyl), as an additive, was used to characterize the
electrochemical magnesium deposition and dissolution by EQCM. All cell
fabrications and electrochemical measurements were conducted in Ar
filled glove box with O, and H,O concentrations below 1 ppm and tested
using a Bio-Logic SP200 potentiostat, connected with a SEIKO EG&G
QCM922A as an external system equipped with resonance frequency
change and motional resistance change detectors. The electrochemical
protocol includes three consecutive steps: 1) the cells were connected at
open circuit voltage (OCV) for 2 h. 2) The cells were then cycled between
1.6 and —1.1V (vs Mg metal) with a scan rate of 25 mV s~ using a Cyclic
voltametric (CV) technique. Subsequently corresponding mass change
of the working electrode was monitored by the change in Resonance
frequency (Af, measured in the range of +£20 KHz) and the viscoelastic
impact was qualitatively monitored by the change in motional resistance
(AR, measured in the range of +2 KQ) of the QCM system.
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Raman Spectroscopies: Raman spectra were recorded using a LabRam
HR800 system in backscattering geometry with a spectral resolution of
2 cm™! using a 785 nm laser as the excitation source. Data were typically
averaged over ten scans of 30 s each and recorded at room temperature
for all the electrolytes. All bands in the resulting spectra were fitted as Voigt
functions, typically with a unity Gaussian by width, using Origin Software.

lonic Conductivity Measurements: lonic conductivity measurements
were performed using a FRA-based Multiplexed Conductivity Meter MCM
10 (BioLogic Science Instruments) from 10 to 60 °C (5 °C steps with 5 min
equilibration time).

Density Functional Theory Calculations: Geometries of the TFSI™ anion
and the MgTFSI* contact ion pair were optimized in gas phase at M06-
2X/aug-cc-pVDZ level of theory with Grimme’s D3 empirical dispersion
correction using ORCA 5.0.3 package.[%] Final structures were verified as
being energy minima, and further used as inputs for calculation of the
Raman frequencies at the same level of theory.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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