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Abstract: The fundamental complexity of the divalent chemistry of
Mg?* necessitates in-situ isolation of the intertwined electron transfer
and chemical steps during reversible electrochemical deposition of
Mg. To clarify the impact of the solution environment of Mg?* on the
electron transfer mechanism an All Phenyl Complex (APC) and a
Mg(TFSI), electrolyte were examined electrochemically in-situ and
supported with simulation. Key mechanistic steps were found to take
place in both the APC and Mg(TFSI), electrolyte including a rate-
limiting Mg?* desolvation/adsorption step and the subsequent
occurrence of two independent electron transfers. The first electron
transfer forms a newly electrochemically captured transient Mg™-
relevant radical intermediate and the second electron transfer reaction
forms plated Mg® metal. During dissolution, an adsorbed Mg™*-relevant
radical intermediate is proposed to exist at the disk electrode in
contrast to the mobile Mg™*-relevant intermediate observed during
Mg?* reduction. APC demonstrated a more facile redox mechanism,
but it is clear that the Mg? species, both chloride and TFSI
coordinated magnesium electrolytes, undergo the same electron
transfer mechanism of a two-step one electron process with preceding
chemical steps despite radically different solvation environments,
giving broad insight into the underlying working mechanism of
magnesium electrolytes for rechargeable battery applications.

Introduction

Magnesium ion battery (MIB) chemistries have emerged as
interesting alternatives to address the inherent limitations of
Lithium-ion battery chemistry. If high reversibility can be achieved,
MIBs introduce the possibility of enabling the magnesium metal
anodes for high energy density batteries with better safety and
lower material cost, among other advantages.!'® Despite
promise, glaring knowledge gaps remain about charge transfer
processes, hindering progress towards electrochemically stable
and reversible electrolytes.® Even the fundamental question of
whether magnesium undergoes two separate electron transfers,
or a single two-electron transfer during plating and stripping
processes has remained largely unresolved.®7-"2 Uncertainties
in solution structure and its role in electrochemistry have persisted
despite that cation coordination environment can significantly
impact electrochemical properties such as redox potentials,
energies of solvation/desolvation, as well as possible
intermediate formation. This fundamental relationship between
the coordination structure and electrochemical activity is critical to

build a clear picture of the process of charge transfer during redox
events.

All-phenyl complex (APC) electrolytes offer noteworthy
advantages including exceptional reversibility and good
compatibility with Mg metal anodes.*'-'°1 Non-halogenated
electrolytes on the other hand are touted as an essential step
forward in MIB development to push the limits of electrochemical
stability windows, enhance compatibility of cell components and
cathode materials, and reduce sensitivity to water and
oxygen.['48171  Magnesium  bis(trifluoromethylsulfonyl)imide
(Mg(TFSI),) electrolytes have been of particular interest due to
TFSI”’s electron delocalization, weak coordination with Mg?*, good
anodic stability, increased compatibility with cathode materials,
and simplicity of electrolyte formulation.[617:'® Sa’s group reported
on a new Mg electrolyte (subsequently referred to as nhMg-DMA
where nh refers to “non-halogen” in reference to its lack of
corrosive chloride) with a neutrally charged TFSI-coordinated
electrochemically active Mg?* in tetrahydrofuran utilizing
dimethylamine (DMA) as a critical cosolvent to enhance
solubilization and coulombic efficiency due to its participation in
an outer solvation shell.l'”:1920 Solution structure has proven to
play a significant role in desolvation, ion transport, and
electrochemical  stability in  rechargeable  systems.[®2"
Intermediate formation certainly is impacted as, for example, ion
pairing, common in multivalent electrolytes, can considerably
change the stability of chemical species in solution.!??2% Grignard-
type electrolytes give rise to a wide variety of Mg species in
solution to form a complex solution structure whereas Mg(TFSI),
electrolytes form a simple solution structure with one dominant
Mg species.B424291 |t is not clear, however, whether solvation
structure determines the electron transfer mechanism of the Mg
cation itself, or perhaps solvent and anion stability bear the brunt
of mechanistic changes. It is therefore worth directly asking
whether electron transfer mechanisms of Mg?* reduction and Mg°
oxidation significantly differ between electrolyte compositions.
Complex electrochemical responses often arise from
mechanisms with coupled electron transfer and chemical steps.
Previous studies have postulated that chemical steps may
accompany electron transfer steps in Mg electrolyte
systems.['1226-28] Benmayza et al. suggested a mechanism for
APC in which a disproportionation of the well-known [Mga(u-
Cl)3:6THF]* results in MgCl,4THF and the electrochemically
active (MgCl-5THF)* species.?®l Ta et al. built upon these findings
and concluded that Mg plating proceeds with a chemical-
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electrochemical (CE) mechanism in which the disproportionation
step to create (MgCI-5THF)* accounted for their observation of a
scan rate-dependent chemical step prior to electron transfer.!'"]
Ha et al. also proposed possibility of the adsorbed Mg?*
complexes due to pre-deposition compressive stress in three
organohaloaluminate electrolytes as well as a mixed cation Mg
borohydride  electrolyte.'?  However, a comprehensive
understanding of the working mechanism and kinetics of
magnesium plating and stripping processes is imperative to
realize Mg metal anodes and is crucial to build a foundation for
novel electrolyte innovation. As such, further progress in
magnesium electrolyte development is functionally reduced to a
guess and check strategy if the mechanisms of electron transfer,
kinetics, and intermediate formation of existing systems are not
well understood. In this work, the hydrodynamic effect and
kinetics of electron transfer of nhMg-DMA and APC were explored
in-situ and findings suggest a multi-step electron transfer
mechanism where Mg?* first undergoes a kinetically sluggish
adsorption and desolvation step before a stepwise reduction to
Mg™ and then to Mg® confirming a CE mechanism where a
chemical step takes place before the electron transfer reaction.
Upon dissolution, a CE mechanism is also proposed with the
formation of an adsorbed Mg™*-relevant radical that is rapidly
oxidized further to Mg?*. Despite significant differences in
solvation and speciation, APC and nhMg-DMA demonstrate
striking similarities in their stepwise electron transfer mechanisms
bearing differences in kinetics of the Mg™*-relevant radical.

Results and Discussion

Electrochemical Reactions in nhMg-DMA

Following proposed electrochemical reactions are identified
according to two standards: (1) chemical species in the electrolyte
systems, and (2) redox reactions identified by their
electrochemical response from both disk and ring current
responses. The latter is identified by an asterisk (*) in the reaction
list.

Reduction reactions at the disk electrode:

TFSI~ + e™—> TFSI**~ (1dreq)*
Mg?** + e~— Mgt (2dreq)*
Mgt + e"—> Mg° (3dred)*
Mgt + 2e"—> Mg° (4dreq)
Oxidation reactions at the disk electrode:

Mgt — e”—> Mg?* (2dox)
Mg® — e~ Mg** (3dox)
Mg® — 2e~— Mg** (4dox)*
DMA — e~— decomposed DMA (5dox)
Oxidation reactions at the ring:

TFSI**™ —e™—> TFSI™ (Trox)*
Mgt — e”—> Mg?* (2rox)*
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Experimentally Probed Electron Transfer During Mg
Plating in nhMg-DMA

To characterize the stepwise electron transfer mechanisms
of Mg plating and stripping, RRDE studies were conducted to
allow separation between simultaneous chemical and redox
events. Figure 1a shows the collection of the disk (lower panel)
and ring currents (upper panel) from a 0.4 M Mg(TFSI), electrolyte
with 2.0 M dimethylamine as a cosolvent in THF (subsequently
referred to as nhMg-DMA ). Voltage is shown on the lower panel
x axis, corresponding to time on the upper panel x axis. Either d
or ris used to designate reactions occurring at the ring or the disk
and subscripts g and o« are used to specify a reduction or an
oxidation reaction. A diffusion-limited current plateau emerged
(200 s to 230 s) attributed to TFSI- reduction (reaction 1drq), as
the disk electrode voltage was scanned from 1.0 V to -0.5 V,
resulting in -18 pA at 0 RPM and almost -200 pA at 1000 RPM in
Figure 1a.?%l A corresponding oxidative limiting current plateau
(1rox) of 2.5 uA at 0 RPM and 14.7 pA at 1000 RPM was observed
at the ring electrode, biased at 2.0 V (area enlarged in Figure 1b).
Simultaneous limiting currents at the ring and disk electrodes
indicate that the TFSI- reduction process at the disk either is at
least partially reversible as a meta-stable dianion,B% or it
produces an oxidizable degradation product.®2°-32 Most reported
research largely supports the splitting of the C-S bond, releasing
CF?%, or splitting the S-N bonds of the TFSI- to produce reduction
products.®®31 ATR-FTIR shows no significant changes in the
electrolyte composition over 50 cycles (Figure S3). Calculations
of the isolated TFSI- anion reduction potential predict that
reduction occurs lower than 0.25 V vs Mg.?®3% The formation of
ionic aggregates (AGGs) in the presence of cationic species,
however, significantly compromises the anion stability and
increases the reduction potential of TFSI, according to DFT
calculations.®3% nhMg-DMA is known to form AGGs in solution!®!
that here consequently drive the reduction of TFSI-up to 1.0 V vs
Mg.

A second set of reduction processes at the disk electrode
were initiated at -0.4 V, corresponding to Mg?* reduction
(reactions 2dreq, 3dred, and 4dreq) With @ maximum current of about
-700 uA at -1.0 V (240 s), slightly decreasing with increased
rotation speed, expanded in Figure 1c. The oxidation current at
the ring (biased at 2.0 V) clearly indicates that one of the
dominating Mg reduction reactions at the disk involves a
sequential two-step, one-electron reaction (reactions 2d.q and
3deq) instead of a simple one-step, two electron reduction
(reaction 4drq). Formation of the Mg*-relevant radical at the disk
is clearly indicated by the observation of a simultaneous ring
current (8.44 pA at 0 RPM, 20.2 A at 1000 RPM, reaction 2r.y).
Therefore, during Mg?* reduction, a partially solvated Mg™-
relevant radical intermediate is firstly formed (reaction 2deq),
followed by oxidation to a Mg?* species at the ring electrode
(reaction 2r.). To the best of our knowledge this is the first
instance of an electrochemically captured Mg™*-relevant radical in
solution. Ring current would be absent if Mg?* underwent only a
one-step, two-electron reduction from Mg?* to Mg® (4dreq) that
plates on the disk, as illustrated in Figure 1d. Additionally,
literature reports that charge transfer may feasibly occur before
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Figure 1. (a) RRDE of a CV cycle 0.4 M Mg(TFSI), in 2.0 M DMA in THF at a disk electrode scan rate of 0.05 V/s between 2.2
V and -1.0 V with the ring electrode potential held at 2.0 V versus Mg. Dotted curves in the upper panel represent the ring current
and solid curves in the lower panel represent disk current at rotation speeds of 0, 50, 100, 500, and 1000 RPM. Light blue shaded
color blocks represent positive disk potential domains and unshaded blocks represent negative disk potential domains, dashed
gray vertical reference lines indicate 0 V and the switching potential, -1.0 V for clarity. (b) Enlarged TFSI- redox region and (c)
enlarged Mg redox region. RRDE schematics of possible reactions occurring (d) during reduction at the disk electrode (180 to

260 s) and (e) during oxidation at the disk electrode (>260 s).

complete desolvation of the Mg cation, supporting the
appearance of the Mg™*-relevant radical species at the ring.[6:343
To further rule out possible contribution to the ring current from
anions or solvents, control experiments of RRDE of a 0.4 M
LiTFSI in THF and linear scan voltammetry of the solvent system
(THF/DMA) (Figure S4, S5) were conducted where no obvious
ring current is observed at oxidation bias. It is worth noting that
the Coulombic efficiency (CE%) in the RRDE experiments for both
Mg electrolytes is overall lower than what has been previously
reported in part because high rotation speed may remove loosely
attached Mg deposits, but CE% is restored back once rotation is
halted (Figure S6).

Experimentally Probed Electron Transfer
Dissolution in nhMg-DMA

As the disk potential was scanned back up into positive
potentials (from 0 V to 2.2 V), two oxidation peaks were observed
at about 0.5 V (270 s) and a very small one at 2.0 V (300 s) that
correspond to Mg® oxidation, and possibly DMA degradation
shown in Figure 1a. The disk current peak due to Mg?* dissolution
decreased with increasing rotation speed due to diminished
formation of Mg® during plating at higher rotation speeds. The lack
of corresponding current at the ring electrode indicated no
obvious formation of Mg™-relevant radicals. Therefore, the

During Mg

apparent dominating reaction at the disk is implied to effectively
be a one-step, two-electron transfer reaction of Mg® to Mg?* (4dqx).
A small perturbation of the ring current is visible (enlarged in
Figure S7) that we hypothesize may be due to capacitive current
changes due to anion migration near the ring, which is examined
in greater depth in the APC electrolyte. The 2.0 M DMA in THF
decomposition (5dox may contribute to the elevated ring
background) presented in Figure S5, showed an oxidative
stability limit of ~2.25 V vs Mg. RRDE control experiments with
the DMA-THF solvent (Figure S8) and the THF solvent (Figure
S9) confirmed no solvent decomposition.

To briefly summarize the electron transfer mechanisms
illustrated in Figures 1d and 1e, four reduction reactions are
proposed to possibly exist for nhMg-DMA at the disk (200 — 260
s) including a reduction of the TFSI- anion (1dq), @ one-electron
reduction of Mg?* to Mg™ (2dreq), a one-electron reduction of Mg™*
to Mg®, (3dreq) and a two-electron reduction of Mg?* to Mg® (4dreq).
Two oxidation reactions are proposed at the disk electrode (260
— 300 s): oxidation of Mg® to Mg?* (4dox) (or a facile two-step one-
electron oxidation: 2dox and 3dox) and the degrative oxidation of
dimethylamine (5d.x). At the ring electrode there are two oxidation
reactions proposed that include oxidation of the TFSI- anion or its
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reduction products (1rox), and the one-electron oxidation of Mg™
to '\/'g2+ (2rox).

Mechanistic Steps and Qualitative Kinetics in nhMg-DMA

Rotation speeds of 0, 50, 100, 500, and 1000 RPM were
applied to probe the reaction kinetics of the nhMg-DMA
electrolyte. The limiting currents from TFSI- reduction at the disk
(1dred), and oxidation at the ring electrode (1rox) in nAMg-DMA
roughly follow a linear Levich trend (equation 1, simulated in
Figure S10) as shown in Figure 2a.? The Levich plot shows that
the TFSI" redox reactions are influenced not only by the mass
transport and diffusion but also possibly by the thermodynamics
of desolvation, suggested by the non-zero intercept.3%%
Koutecky Levich analysis in (Figure 2c and 2d, dotted lines)
revealed that the slope for the TFSI? oxidation reaction at the ring
is not strongly potential dependent, suggesting the rate of electron
transfer remains relatively rapid and unchanged. It is worth noting
that at high rotation speed of >500 RPM a strong shift of the
overpotential for TFSI- reduction at the disk causes a strongly
non-linear segment in the Koutecky Levich data (Figure 2c).
Results suggest that in both cases, the electron transfer process
does not limit TFSI- redox reaction and that TFSI- reduction is
partially reversible.

On the other hand, the Mg?* reduction (reactions 2dred, 3dred,
and 4d..q) does not follow the expected Levich behavior for nhMg-
DMA in Figure 2b. Rather, an inverse Levich trend exists of
decreased current with increased RPM, suggesting the
occurrence of a twofold process. Reverse levich behavior has
been previously reported for the electro-oxidation of glycerol and
methanol systems where the premature removal of the reactants
or partially reacted products is responsible for inhibited current at
high rotation speeds.-*°1 Convection contributions at the disk
electrode could similarly cause premature transport of Mg?*
species away from the electrode. Accordingly, either a slow
adsorption step of Mg?* species or a slow desolvation step is
proposed to be a rate-limiting prerequisite before electron
transfer, in agreement with reported literature of nonaqueous Mg
electrolytes.[6:12:26.3540-421 The slow desolvation of Mg?* from an ion
cluster of the nhMg-DMA electrolyte slows the process of
adsorption and greatly limits the deposition rate.®® By contrast,
however, the ring electrode current for Mg™*-relevant radical
oxidation does follow the Levich relationship. Oxidation of Mg™
radical at the ring electrode is thus not likely preceded by a slow
chemical step. Neither reduction of Mg?* nor oxidation of Mg™*-
relevant radical reached diffusion limiting current plateaus, driven
by a kinetically slow reaction process. Koutecky Levich analysis
of Mg is shown as the solid curves in Figures 2c and 2d. The
Koutecky Levich equation assumes a reaction order of unity
across the measurement, which may be inaccurate for Mg redox
processes. The linear overpotential-dependent slope and y-
intercept are additional indications of the existence of a second
step attributed to adsorption and/or desolvation of Mg cations.
This is in line with Treimer et al.’s work proposing equation 8 as
a modified Koutecky Levich equation that accounts for the
existence of a reversible chemical step followed by a reversible
electron transfer step mechanism (CE mechanism):
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Figure 2. Levich plot of (a) the TFSI redox region at the disk
and ring and (b) the Mg redox region at the disk and ring
electrode and Koutecky-Levich plots of (c) disk current and (d)
ring currents where dashed lines indicate TFSI redox regions
and solid lines indicate Mg?* redox regions in 0.4 M Mg(TFSlI),
in 2.0 M DMA in THF.

1 [K+(+K)eFn/RT] ~1/2

(0.201nFAD2/3v’1/6CI() w

i nFADCK

(eq. 8)

where p is the reaction layer thickness; K = kf/kb , is the ratio of

the forward and backward rate constants and n is the
overpotential.*¥ In equation 8, both the y-intercepts and slopes
are found to be a function of applied potential which better agrees
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Figure 3. RRDE simulation of disk (lower panel, solid) and ring (upper panel, dotted) of (a) two independent reactions (blue) vs one reaction
(red) representing coupled TFSI- and Mg?* reductions and (b) the current response of a systems with exchange current densities of 0.001,
0.1, and 10 A/m2. 2D simulation of Mg?* concentration as (c) electrodeposition is initiated, corresponding to the black time point and reference
line on the inset panel and (d) as reduction at the disk ceases at the black time point and reference line indicated on the inset panel.

with Koutecky Levich behavior of both oxidation and reduction of
Mg species. The decreasing Koutecky Levich slope implies that
the rate of the forward reaction increases at each potential step
resulting in the growth of the K term in equation 8 due to the
increased driving force. The apparent rate constants (equivalent
to the sum of the forward and backward rates) were calculated
from the kinetic current derived from the Koutecky Levich
intercepts, and was found to be more than three times higher:
2.1x 1077 m/s at -1V versus 6.6 x 10~% m/s at -0.5 V, consistent
with a significant increase in kr compared to ky, which lead to an
increase in K. The Koutecky Levich slope for the oxidation of Mg**-
relevant radical at the ring is evidently influenced by the electrode
potential and consequently a CE mechanism is also proposed.

Chloride-based Mg Grignard electrolyte and Mg corrosion
studies report the probable formation of intermediates that remain
adsorbed at the electrode surface during Mg dissolution!'24144-46]
which may provide an explanation as to why Mg™*-relevant radical
was not observed at the ring during dissolution. We postulate that
the newly formed Mg™-relevant radical may not yet be solvated,
remaining close to the disk electrode, and rendering a second
electron transfer more facile. Thus, a two-step, one-electron
transfer reaction is still likely despite its absence in the disk and
ring signals. The increase in Mg collection efficiency, N, (Table
S1) with rotation speed is consistent with an unstable intermediate
as the Mg™ intermediate is expected to be a reactive species.[*4]
At higher rotation speeds, the travel time from disk to ring
electrode decreases, resulting in the collection of a greater
number of intermediate species at the ring.l*?

5

Coupled Butler-Volmer Kinetics and Nernst-Planck
Simulation of Faradic Current

Butler-Volmer kinetics and Nernst-Planck were coupled with
a mathematically defined solution flow pattern (equations 4-7) in
COMSOL 6.1 to approximate a 2-D model of hydrodynamics in
combination with electrochemistry at two independent electrodes
(a ring and disk electrode) to further understand the current
distribution contributed from one versus two redox reactions, and
to investigate the influence of the hydrodynamic effect and the
kinetics of the reaction rate on the current profile. The Nernst-
Planck equation describes the three driving forces of ion flux
including potential gradient, concentration gradient, and
convection, all of which control the position and time- dependent
concentration distribution, expressed and solved as partial
differential equations. Concentration distribution from Nernst-
Planck as the result of diffusion and convection was fed into
Butler-Volmer kinetics. Currents calculated as an integration of
flux at the disk electrode are shown in the lower panels with solid
curves, and for the ring electrode shown in the upper panels with
dotted curves. Two scenarios were simulated in Figure 3a. (1)
One reversible reduction reaction exists at the disk corresponding
to Mg?* to Mg™* represented by the red curve (2dreq, 2rox) and (2)
two reversible reduction reactions corresponding to TFSI- to
TFSI? (1dred, 1rox) and Mg?* to Mg *-relevant radical (2dred, 2rox)
represented by the blue curve where the equilibrium redox
potential of TFSI- is set to a voltage adequately higher than the
Mg?* equilibrium potential. Figure 3a shows that when only Mg2*
reduction is present, one limiting disk current plateau and one
corresponding limiting ring current are visible. Upon the
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introduction of the TFSI- reaction at a higher potential, the
reduction of TFSI- creates a shoulder on the original Mg?*
reduction current peak, and the two reactions occurring
simultaneously both contribute to the overall current. The
experimental data in Figure 1a clearly mirrors the two-reaction
model supporting two simultaneous and independent reduction
reactions at the disk and oxidation reactions at the ring where
TFSI- reduction occurs at a higher potential (1.0 V vs Mg) than
Mg?* (< 0V vs Mg).

The impact of reaction rate on the current profile was
evaluated in Figure 3b by varying exchange current density (io).
At the highest exchange current density, corresponding to a
higher reaction rate, limiting current plateaus dominate the shape
of the ring and disk curves. With decreasing exchange current
density, the current plateau begins to diminish into a peak shape
profile, implying that the slower reaction kinetics are responsible
for creating a peak-shaped current signal instead of a typical
limiting current sigmoid. In Figure 1a, the experimentally
measured the TFSI- reduction / TFSI'* oxidation shoulders
achieved limiting current, but the Mg?* reduction / Mg™* oxidation
does not, confirming our earlier conclusion of kinetically slow Mg
redox reactions. Figure 3c shows the simulated concentration
distribution of Mg?* at the start of Mg?* reduction at the disk (time
indicated in inset panel). As reduction begins, the concentration
of Mg?* at the disk electrode surface (area highlighted with stripes)
rapidly depletes resulting in regions of low Mg?* concentration,
indicated by blue regions, also corresponding to regions of high
Mg concentration. Hydrodynamic forces drive the reduced Mg™*
species out radially towards the ring electrode (highlighted with
dots). In Figure 3d (at the time indicated in inset) continuous
reduction of Mg?* at the disk electrode generated low
concentrations of Mg?* in the region between the ring and disk
electrodes (i.e., high concentration of Mg™), while the Mg*
concentration at the ring electrode is initially equivalent to the bulk
concentration. As the Mg*-relevant radical species reaches the
ring electrode, Mg™ is converted back to Mg?* as demonstrated
by the sustained high Mg?* concentration at the very surface of
the ring electrode. As in reality, the majority of the intermediate
species is swept far enough away from the ring where it does not
have an opportunity to react, determining the maximum collection
efficiency.

Electrochemical Reactions in APC

Reduction reactions at the disk electrode:

Mg*t + em— Mg** (1drea)*
Mgt + e~ —>Mg° (2dreq)*
Mg?*t + 2e”—> Mg° (3dreq)

Oxidation reactions at the disk electrode:

Mgt — e — Mg** (1dox)
Mg® — e~—> Mg** (2dox)
Mg® — 2e~— Mg?* (3dox)*
Oxidation reactions at the ring:

Mgt — e~— Mg?* (Trox)*
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Experimentally Probed Electron Transfer Process of Mg
Deposition for APC Electrolyte.

Figure 4a shows the experimentally collected ring and disk
currents of a 0.3 M APC electrolyte. APC is a well-studied
electrolyte system with a variety of Mg species in solution
including MgCl*, MgCl,, and [Mgz( u -Cl)3-6THF]*, the
characteristic two octahedrally-coordinated Mg centers bridged
with three Cl atoms and supported by six THF solvent molecules,
commonly seen in most Grignard-derived Mg
electrolytes.['15:1821:48-511 Because of APC’s contrasting solution
structure compared to the TFSI-coordinated Mg in the nhMg-
DMA electrolyte, it is a good model system coupling to reveal the
influence of the solution structure on the electron transfer
mechanism.

In contrast to nhMg-DMA, where an evident electrolyte
reduction process occurs at 1.0 V before electrochemical
deposition of Mg at -0.5 V, the APC system did not exhibit solvent
or electrolyte reduction before Mg deposition. At -0.25 V, (235 s)
the reduction current at the disk due to Mg reduction (possible
reactions 1dreq-3dreq) reached a maximum current of -1.1 mA,
slightly decreasing in magnitude with rotation speed, expanded in
Figure 4b. A Levich limiting ring current emerged concurrently
with electrochemical deposition of Mg at the disk electrode during
the cathodic scan, revealing the formation of the Mg™*-relevant
radical at the disk and subsequent oxidation at the ring (reaction
1rox). The limiting ring current magnitude increases with rotation
speed-controlled mass transport, implying that the Mg™*-relevant
radical has sufficiently fast electron transfer kinetics and obeys
the Levich correlation. This finding is in complete contrast to the
nhMg-DMA system where slow kinetics inhibit the ring current
from reaching a steady-state response, possibly as a side effect
of the TFSI- evolved solvation structure. Another important finding
is the product of the shorter transient time of the limiting current
plateau due to rotation speed and its effect on the Mg™*-relevant
radical. The decreased current ratio of iing/isisk alludes to the
stability of the intermediates. In addition, the ratios of iing/igisk are
three orders of magnitude smaller in APC than nhMg-DMA
suggesting the intermediate stability in APC is significantly lower
than in nhMg-DMA, demonstrated in Table S1. When the sweep
direction was changed at -0.5 V (240 s) so the voltage of the disk
electrode was scanned towards positive potentials, the Mg™-
relevant radical formation abruptly tapered off. The decreasing
driving force evidently limits the formation of the Mg*-relevant
radical and the dominating reaction is an apparent one-step, two-
electron process (reaction 3dweq). It is unclear why this
phenomenon is present in APC and absent in nhMg-DMA.

Experimentally Probed Electron Transfer Process of Mg
Dissolution for APC Electrolyte

A typical APC stripping curve of Mg® from the disk electrode
was initiated at approximately 0 V (250 s) inducing a maximum
oxidizing current of 1 mA at about 0.4 V at the disk (268 s, 0 RPM).
Instead of a corresponding positive ring current indicating Mg**-
relevant radical, a negative current was observed. We
hypothesize the negative current stems from changes in
capacitive current due to the migration of anionic species from the
ring to compensate for the positive charge density near the disk
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Figure 4. (a) RRDE CV cycle of 0.3 M APC between 0.75 V and -0.5 V at the disk electrode at a scan rate of 0.05 V/s and ring electrode biased
at 0.75 V versus Mg. Upper panel with dotted curves represent the ring current and lower panel with solid curves represent disk current at
rotation speeds of 0, 100, 500, and 1000 RPM. Light blue shaded color blocks represent positive disk potential domains and unshaded blocks
represent negative disk potential domains, dashed gray vertical reference lines indicate 0 V and the switching potential, -0.5 V, for clarity. (b)
Enlarged Mg redox region. RRDE schematics of reactions occurring (c) during reduction at the disk electrode (230 to 250 s) and (d) during

oxidation at the disk electrode (>250 s).

as MgP is oxidized. A narrower stagnant layer migration corridor
forms at higher RPM, explaining why high RPM experiences less
negative current than low RPM. A ring current spike with
subsequent stabilization of baseline current could either indicate
the brief appearance of a Mg™ intermediate, or more likely the
sudden replenishment of anions and restoration of steady state
capacitive current after plated Mg was depleted from the disk. A
hint of this phenomena is also seen in nhMg-DMA (Figure S7).

The processes of solvation and desolvation take a clear
central role and lead to different steps preceding deposition and
dissolution of Mg. During deposition where a desolvation process
occurs, the first electron transfer likely takes place prior to full
desolvation of the Mg?* cation. With its remaining solvation shell,
the Mg™ can be transported to the ring for oxidation. During
dissolution however, following the first electron transfer, the Mg™-
relevant radical is not immediately solvated. This creates the
opportunity for a facile second electron transfer of the Mg radical
to form Mg?* before solvation takes place, explaining the distinct
absence of the Mg™*-relevant radical ring current in both nhMg-
DMA and APC during dissolution. Figure 4c shows the proposed

reaction schematic during reduction reactions at the disk while
Figure 4d shows a proposed reaction schematic during oxidation
reactions at the disk. To conclude for APC, three primary
reduction reactions are proposed to occur at the disk including
reduction of Mg®* to Mg™ in a one-electron reaction (1dred),
reduction of Mg™* to Mg in another one-electron transfer reaction
(2dreq), and possibly reduction of Mg?* to Mg® in a two-electron
transfer (3drq). Three oxidation reactions are proposed at the disk
after 250 s including oxidation of Mg™* to Mg?* in a one-electron
reaction (1doyx), oxidation of Mg® to Mg™* in a one-electron reaction
(2dox), and a possible oxidation of Mg® to Mg?* in a two-electron
reaction (3dox). The only major redox reaction proposed at the ring
is a single electron oxidation of Mg™ to Mg?*(1rox).

Mechanistic Steps and Qualitative Kinetics in APC

Levich plots of disk and ring shown in Figure 5a of 0.3M
APC at 100, 500, and 1000 RPM show contrasting disk and ring
behavior where the reduction of Mg?* at the disk shows reversed
Levich trend and oxidation of Mg™ at the ring follows the Levich
equation correlation, akin to nhMg-DMA. The reverse Levich
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Figure 5. (a) Levich plot of the disk and ring electrode and Koutecky-
Levich plots of (b) disk current and (c) ring current for 0.3 M APC
electrolyte. A higher rotation speed of 2000 RPM is included in panel
(a) for trend corroboration as a hollow data point, but it was not used
in calculations due to uncertainty from turbulence.

behavior at the disk is attributed to an adsorption or slow
desolvation step for Mg?* reduction, where increased convection
leads to premature transport of Mg?* species away from the disk.
An adsorption step agrees with Aurbach’s and others’ work
studying the APC electrolyte and electrodeposition of Mg.[341:5253]
A report from Viestfrid et al. specifically proposed that the
potential-dependent adsorption of MgCl* can become the rate
determining step at high overpotentials, and the reduction of Mg?*
to Mg*-relevant radical (a neutral MgCl® species) would be
kinetically slow, contributing to the overall sluggishness of the first
reduction step.?”! The Levich plots also demonstrate activation
energy-controlled thermodynamics of desolvation with non-zero
intercepts.[

Koutecky Levich studies of the disk electrode and ring
electrode during electrodeposition are presented in Figures 5b
and 5c. At both the disk and the ring electrode the change in
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Koutecky Levich slope further supports a chemical adsorption
step before electron transfer occurs described by a modified
Koutecky Levich equation (equation 8). The CE mechanism at
the disk proceeds via a slow adsorption/desolvation of a Mg?*
species, such as MgCI*, to the disk electrode before a first
electron transfer reaction occurs leading to formation of a partially
solvated Mg *-relevant radical. If the Mg™*-relevant radical further
desolvates, and remains close to the disk, a second electron
transfer results in plated Mg°® metal.

Electron Transfer Mechanisms in Different Solvation

Environments

Remarkably, two key mechanistic steps of electron transfer
of Mg in APC and nhMg-DMA electrolyte appear to be very
similar, despite the drastic differences in solution structure: (1)
both exhibited the formation of a Mg™ intermediate during the
reduction of Mg?*, directly experimentally verifying that the Mg?*
reduction pathway involves two discrete electron transfer steps;
(2) both were victim to sluggish preceding adsorption or
dissolution steps of Mg?* on the disk electrode before electron
transfer, evidenced by the reverse Levich behavior and Koutecky
Levich potential-dependent slopes of Mg?* reduction. In both
electrolytes, initial desolvation or adsorption of Mg?* at the disk
during deposition is clearly a critical rate-limiting step before
electron transfer and is noticeably impeded by enhanced mass
transport.

A major difference between the two electrolyte systems is
the achievement of a limiting current for the oxidation of Mg™-
relevant radical in APC, clearly the most facile reaction proposed
here. In further support of that, the nhMg-DMA ring vs disk current
ratio was three orders of magnitude larger than APC, due either
to the faster Mg™*-relevant radical kinetics of APC that lead to a
second electron transfer at the disk or reduced intermediate
stability compared to nhMg-DMA. Another important difference
supporting faster APC kinetics is that nhMg-DMA reactions are
more heavily impacted by the rotation speed due to a kinetically
slower Mg®* reduction process. Minor differences stem from
degree of cation solvation. In nhMg-DMA, the absence of the
Mg™*-relevant radical at the ring during Mg° dissolution at the disk
is likely due to not-yet-solvated Mg™*-relevant species, allowing a
facile second electron transfer step to occur before solvation. In
APC, dissolution of Mg at the disk results in a negative ring current
followed by a quick positive current spike. Such unusual negative
current may be attributed to the migration of anions at the ring
electrode surface towards the newly formed Mg cations at the disk
and the current spike attributed to capacitive current due to anion
replenishment at the ring electrode instead of Mg™-relevant
radical formation. While at first seemingly different between
nhMg-DMA and APC, the main implication is the same: there is
no detected Mg at the ring during electrochemical dissolution at
the disk. Reduction of TFSI- contributes a noticeable limiting
current shoulder before Mg?* reduction resulting from significant
jon pairing of TFSI- and Mg?* in solution.

Conclusion

Work here has clarified aspects of the electron transfer and
mass transport mechanisms of reversible Mg deposition in both a
Mg(TFSI), in THF/DMA electrolyte and a traditional APC
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electrolyte. It was discovered that the two systems exhibit
strikingly similar CE mechanisms for the Mg cation in which a
chemical step, characterized as an adsorption or
dissolution/solvation step, precedes two discrete electron
transfers despite large discrepancies in the Mg?* cation’s
coordination environment. These results suggest that (1) the
mechanism of electrochemical deposition and dissolution of the
Mg cation in non-aqueous electrolytes appear to be common
across chloride and TFSI- solvation environments, and (2)
differences in electrochemistry and kinetics seem dependent
predominantly on solvent and anion electrochemistry. Having a
deeper understanding of the fundamental mechanism of Mg
redox chemistry will enable intentional and informed design of the
next generation of nonaqueous Mg electrolyte candidates for
rechargeable battery chemistries.
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