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Mg0 is commonly used as a sacrificial anode in ,/""\\\
reductive electrosynthesis. While numerous methodologies using a I_ll /" Electrolyte \\\ I_ll
Mg sacrificial anode have been successfully developed, the i' anions: ]
optimization of the electrochemistry at the anode, ie., Mg ’ » ClOs, PRe™,
stripping, remains empirical. In practice, electrolytes and organic I, BF., stc. S @ .
substrates often passivate the Mg electrode surface, which leads to / ’ 1 / ‘ ‘
high overall cell potential causing poor energy efficiency and
limiting reaction scale-up. In this study, we seek to understand and Mg — Mg )
MgO, MgCl,, MgF.... MgBr,-enriched

manipulate the Mg metal interfaces for a more effective counter
electrode in tetrahydrofuran. Our results suggest that the ionic
interactions between the cation and the anion of a supporting Mg2+ Mg2*
electrolyte can influence the electrical double layer, which impacts

the Mg stripping efficiency. We find halide salt additives can

prevent passivation on the Mg electrode by influencing the composition of the solid electrolyte interphase. This study demonstrates
that, by tailoring the electrolyte composition, we can modify the Mg stripping process and enable a streamlined optimization process
for the development of new electrosynthetic methodologies.

sacrificial anode, Mg passivation, Mg stripping, tetrahydrofuran-based electrolyte, reductive electrosynthesis

(OTf"), and bis(trifluoromethanesulfonyl)imide (TFSI™) react
with Mg, %enerating high impedance, insoluble interphases
(Figure 1).">"* In addition to reacting with electrolyte anions,
Mg can also react with organic substrates, especially commonly
used organohalides."> While this reactivity has proven useful
for the formation of Grignard reagents, it also causes significant
changes to the morphology'®'” and composition of the Mg
electrode surface. Additionally, the Mg stripping process occurs
to such an extent that high concentrations of Mg®* salts are
formed in solution. If the solubility of the Mg** salts formed is
low in the organic solvent, the salts will precipitate onto the
electrode.'® Supporting electrolyte anions are necessary for
electrolyte conductivity, organohalides are often used as
synthetic building blocks,"” and the formation of Mg is
unavoidable; thus, it is challenging to maintain a stable Mg
electrode interface during electrolysis. All the aforementioned
reactions result in the formation of a high impedance
interphase at the CE. The high-impedance interphase increases

In recent years, electrochemistry has received renewed interest
in the synthetic community as a tool to prepare useful and
complex organic molecules.'™* Electrochemistry offers unique
advantages over traditional synthetic organic methods due to
its ability to achieve highly selective oxidative and reductive
transformations.’ Using electrons as the reactants, electro-
chemistry avoids the use of harsh and often toxic traditional
oxidants/reductants, giving rise to mild reaction conditions
along with high atomic efficiency.”® Optimizing an electro-
chemical reaction requires careful consideration of the
reactions that occur at both the working electrode (WE) and
the counter electrode (CE). The reaction occurring at the CE
is called the counter reaction. For organic electrosynthesis,
efficient oxidation/reduction of a sacrificial reagent is typically
employed as the counter reaction.”® The simplest counter
reaction is metal stripping, in which a sacrificial metal electrode
is simply oxidized to form soluble metal cations that dissolve
into the reaction mixture.”"’ Magnesium is commonly
employed as a sacrificial anode due to its low oxidation June 12, 2023
potential (—2.37 V vs SHE), high Earth abundance, low July 7, 2023
toxicity, and apparent ease of handling on the benchtop.'’~"* July 11, 2023
Although Mg CEs nominally involve metal stripping, side July 28, 2023
reactions can cause issues with electrochemistry. For example,
supporting electrolyte anions such as ClOj}, PFg, BF,, triflate
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Figure 1. Mg sacrificial anodes are common CEs used in reductive
organic electrosynthesis. (a) Ideally, Mg CEs undergo extensive Mg
oxidation to Mg** (Mg stripping) without impediment. (b) In reality,
Mg reacts with the electrolyte, generating high impedance surface
films that inhibit Mg stripping.

Metal stripping

Mgz+ 92+

the cell voltage and lowers the efficiency of the reaction. In
extreme cases, the cell voltage increases beyond the
compliance limits of the potentiostat, and the reaction at the
WE can no longer proceed.

To achieve effective Mg oxidation at the CE, it is therefore
important to control the Mg metal interface to avoid the
formation of passivating interphases. To date, there has been
limited effort to address the nature of passivation or
modification of reaction conditions to control the Mg interface
during organic electrosynthesis. The electron transfer events at
the sacrificial anode occur in a heterogeneous environment,
and thus their study requires the use of research techniques not
traditionally used by the organic synthetic community."’
Traditional optimization of electrochemical reactions involves
screening solvents, supporting electrolytes, and sacrificial
anodes to achieve high yields of the desired product.”
However, this approach lacks any understanding of the
individual processes occurring at the electrode interfaces and
thus is often met with issues of high cell voltage, which may or
may not be due to the CE.

Mg sacrificial anode passivation can not only hamper the
optimization of a new organic electrochemical reaction but also
make reaction scale-up challenging due to the resulting high
cell voltage. 1821=28 Bor instance, Lin, See, and co-workers
developed an electrochemically driven cross-electrophile
coupling of alkyl halides.'® Attempts to perform the electro-
chemical reaction on gram scale were thwarted by high anodic
potential at the Mg CE due to a high impedance interphase.
The interphase was composed of MgBr, and Mg(ClO,), as
determined by various surface characterization techniques. The
addition of dimethoxyethane (DME), thought to facilitate
Mg** salt solvation, resulted in a decrease of Mg electrode
passivation, leading to a successful scale-up of the reaction.
This study demonstrates the practicality of tailoring the
electrolyte by intentionally leveraging an understanding of the
side reactions at the Mg CE. However, changing the solvent
composition can dramatically affect the efficiency and
selectivity of an organic reaction. While DME addition
effectively limits the Mg anode passivation in the electro-
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chemically driven cross-electrophile coupling reaction, it may
not be a suitable solution to all reactions that require a Mg
sacrificial anode. Therefore, we would like to study the Mg
electrode interfaces under common organic electrosynthesis
conditions to gain more insight into sacrificial anode behavior
and provide promising alternative solutions to resolve the
issues caused by passivation.

Here, we investigate the effect of supporting electrolytes on
Mg stripping with the aim of improving Mg sacrificial anode
performance in tetrahydrofuran (THF)-based electrolyte.
Currently, the most commonly employed solvent for systems
using Mg sacrificial anodes is dimethylformamide (DMF).”
However, the evident solvent limitation could pose challenges
when attempting to broaden the application of reductive
electrosynthesis to different types of organic transformations.
Additionally, due to the toxicity of DMF and the restrictions
imposed by the European Commission on its use,”’ finding
alternative solvents is of great interest. Recently, researchers
have attempted to use THF as the optimal solvent in
combination with Mg sacrlﬁc1al anodes but have encountered
anode passivation issues.'”® By studying the effects of the
supporting electrolyte on Mg stripping in THF, we hope to
provide insights into the fundamental factors affecting the Mg
sacrificial anode performance and pave the way for the
discovery of more cathodic reduction transformations that are
achievable only in ethereal electrolytes. Linear sweep
voltammetry (LSV) demonstrates that the supporting electro-
lyte choice has a significant impact on the stripping
overpotential and current density. Molecular dynamics (MD)
simulations reveal the influence of the ionic interaction
between the cation and anion of the supporting electrolyte
on the composition of the electrical double layer (EDL), which
we correlate to the Mg stripping current density. X-ray
photoelectron spectroscopy (XPS) of the Mg anode surface
after anodic polarization reveals the formation of insulating
interphases upon contact with ClOZ, PFy, BF;, and tosylate
(OTs™) anions. Inspired by Mg battery research, we use halide
salts as co-supporting electrolytes to inhibit the formation of
insulating interphases on the Mg electrode. XPS reveals that
bromide salt addition results in a thinner interphase that is
MgBr,-enriched. The addition of Br~ salts improves the
efficiency of Mg stripping in various electrolytes and effectively
prevents organohalides from corroding the Mg electrode under
electrolysis conditions.

To understand the effects of electrolyte composition on Mg
sacrificial anode performance, we probe the Mg stripping
behavior in THF with supporting electrolytes commonly
employed for organic electrosynthesis using LSV. The LSV
experiments are conducted in three-electrode cells with a Mg
plate WE, graphite CE, and PtlFc/Fc’ reference electrode
(RE) (Figure 2a). All potentials referenced hereafter are vs the
PtlFc/Fc” RE unless otherwise noted. First, we sweep the
voltage positive from the open-circuit voltage (OCV) to 0.3 V
at 5 mV s™'. At this point, the electrode has been anodically
polished to expose fresh Mg metal. Following the oxidation,
the cell rests at OCV for 10 min, allowing the freshly exposed
Mg metal to chemically react with the electrolyte. The LSV—
OCYV protocol is repeated S times and the resulting Sth LSV is
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Figure 2. (a) Schematic of the three-electrode cell with a Mg WE,
graphite CE, PtlFc/Fc* RE, and 0.1 M supporting electrolyte in 7 mL
of THEF. Linear sweep voltammograms of Mg stripping in Li*/TBA*
electrolytes with (b) TFSI", (c) OTf, and (d) ClO; anions. All
voltammograms are collected at a scan rate of 5 mV s™'. Generally,
the TBA" electrolytes yield higher anodic current densities.

shown in Figure 2. The prior LSVs are shown in the
Supporting Information. All onset potentials and current
densities at 0.2 V of the LSV experiments are tabulated in
Table 1.

To understand how the cations of the supporting electrolyte
affect Mg stripping, we compare the LSVs obtained in
electrolytes with tetrabutylammonium (TBA*) and Li* cations.
TBA" and Li" salts with weakly coordinating anions are
popular supporting electrolytes for organic electrosynthesis
due to their high solubility in polar aprotic solvents and
minimal interference with organic reactions." Figure 2 shows
the LSVs of Mg stripping in TBA'/Li" electrolytes with TFSI™,

OTf", and ClO; anions. Interestingly, the Li" electrolytes
consistently yield lower current densities for Mg stripping
compared to the TBA* electrolytes with the same anions. The
current density additionally depends on the anion. While the
current densities for Mg stripping are comparable in LiTFSI
and TBATEFSI electrolytes, TBA" electrolytes support much
higher current densities with OTf™ and ClOj anions compared
to their Li* counterparts. The low conductivities of LIOTf and
LiClO, electrolytes (16.5 and 62.6 uS/cm, respectively) could
be responsible for the poor Mg stripping behavior. However,
LSVs with iR compensation show that the Li* electrolytes
afford much lower current densities for Mg stripping (see
Supporting Information), indicating that low electrolyte
conductivity does not explain the observed cation effect. We
next hypothesize that the observed Mg stripping behavior
stems from the ionic interaction between TBA'/Li* and the
anions in the electrolytes. Compared to TBA', Li* presumably
forms stronger ionic bonds with the anions in the electrolyte
due to its greater charge density.”' The strength of the ionic
interactions can change the composition of the EDL at the Mg
electrode surface, which may affect the Mg stripping process.

To experimentally probe the effects of cation identity on
ionic interactions in the bulk electrolyte, we measure the
Raman spectra of the solutions. Figure 3a,b shows the Raman
spectra of TBATFSI and LiTFSI in THF. We measure the
electrolytes at the concentration that is used for the
electrochemistry, 0.1, and 0.5 M to observe greater signal to
noise. In all cases, the speciation does not shift significantly
between the 0.1 and the 0.5 M solutions. The TBATESI
solution has only one mode at 742 cm™ (mode a). Mode a can
be assigned to the symmetric bending mode, §,, of the CF; in
free (i.e., uncoordinated) TFSI~ with minimal interactions
with the cation.”’ However, the LiTESI solution has two
modes, including mode a and a new mode at 747 cm™' (mode
b). Mode b is the same §,CF; mode in the TESI, but it is
shifted due to coordination with the Li*.*’ The TBATESI

Table 1. Conductivity (), Onset Potential (E,,), and Current Density (j) of Mg Stripping in THF with Various Supporting

Electrolytes
supporting electrolyte” o (uS/cm)® E,, (V vs Fc/Fc")* j (mA/cm?)? Figure refs.
LiTFSI 869.0 —0.65 1.69 Figure 2b
TBATESI 846.6 —0.65 1.90 Figure 2b
LiOTf 16.5 Figure 2¢
TBAOT( 327.0 —-1.70 1.19 Figure 2¢
LiClO, 62.6 —0.90 0.13 Figure 2d
TBACIO, 289.6 —0.69 0.30 Figure Sa
TBACIO, + LiBr 157.8 -2.37 121 Figure Sa
TBACIO, + TBABr 212.7 —2.45 1.60 Figure Sa
TBAOTSs 109.0 Figure Sb
TBAOTS + LiBr 52.6 —1.46 0.26 Figure Sb
TBAOTSs + TBABr 110.5 —1.42 0.60 Figure Sb
TBAPF¢ 506.3 Figure Sc
TBAPF¢ + LiBr 308.4 —2.36 1.72 Figure Sc
TBAPF + TBABr 346.3 —2.47 1.57 Figure Sc
TBAPF, + LiCl 254.2 -091 0.92 Figure S3
TBAPF, + Lil 272.4 —-2.25 0.64 Figure S3
TBABF, 288.5 Figure 5d
TBABF, + LiBr 118.0 —1.41 0.23 Figure 5d
TBABF, + TBABr 219.2 —-1.57 1.08 Figure 5d

“The electrolyte is THF with 0.1 M supporting electrolyte of interest or 0.05 M supporting electrolyte + 0.05 M halide salt additive. bConductivity
is measured at 22.0 + 1.0 °C. “E,, is defined as the potential at which dj/dE exceeds 0.3. dj at 0.2 V is reported.
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Figure 3. Raman spectra of (a) TBATES], (b) LiTFSI, (c) TBAOT,
(d) LiOTf, (e) TBACIO,, and (f) LiClO, electrolytes at 0.1 and 0.5
M in THF. Dashed lines indicate positions of the free TFSI™ and
ClO; anion modes and are guides for the eye.

electrolyte exhibits only the free TFSI™ mode, indicating weak
ionic interactions between TBA* and TFSI™. Deconvolution of
the 5,CF; band of the LiTFSI electrolyte (0.5 M) shows the
presence of both free TFSI™ (80%) and Li* coordinated TFSI~
(20%). The high concentration of free TFSI” in LiTFSI
electrolyte indicates the ionic interaction between Li* and
TESI™ is relatively weak. Figure 3c,d shows the Raman spectra
of TBAOTf and LiOTf in THF. The TBAOTT electrolyte has
one mode at 755 cm™ (mode c), ascribed to the 5,CF,; in free
OTf>> The LiOTf electrolyte exhibits two modes, both
shifted from the frequency associated with free OTf . The
modes are at 759 cm™ (mode d) and 764 cm™' (mode e),
which are assigned to Li* coordinated OTf (58%) and
multiple ion pair aggregates (42%), respectively.”” The
complete disappearance of free OTf  in the LiOTf Raman
spectrum (Figure 3d) suggests strong ionic bonding
interactions between Li" and OTf . Figure 3ef shows the
Raman spectra of TBACIO, and LiClO, in THF. The strong
mode at 916 cm™' is the ring breathing mode of the THF
solvent.**** Another mode is observed at 933 cm™ (mode f)
that partially overlaps with the solvent mode. Mode f is
assigned to the symmetric stretching mode, v,, of the CIO;.35
The LiClO, electrolyte shows the mode associated with free
ClO; (57%) and a new mode at 938 cm™' (mode g). Mode g
is assigned to solvent-separated ion pairs (43%), indicating
moderate ionic interaction between Li* and ClO;.*® There-
fore, we observe that Li* generally has greater interactions with
the anions in the bulk electrolyte than TBA*. All assignments
of Raman shifts for the TBA"/Li" electrolytes are tabulated in
Table 2.

To understand how the ionic interactions in the bulk
electrolyte affect the EDL at the anode, slab-geometry MD
simulations are performed. The composition of each MD
simulation box corresponds to a 0.5 M THF solution of each
ionic species. The anode and cathode are modeled by inert
graphene slabs. The realistic Mg surface is not Mgo; instead, it
is heterogeneous and usually covered by a complex SEIL
Additionally, the impact of van der Waals forces between the
SEI and electrolyte is relatively minor compared to the effect of
the applied electric field. Therefore, we use graphene as a
surrogate for the Mg electrode surface to focus on the
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Table 2. Assignments of Raman Shifts for TBA*/Li*
Electrolytes with TESI", OTf", and ClO; Anions

peak Raman shift

1D (ecm-") mode assignment refs
a 742 6,CF; free TFSI™ 31
b 747 6,CF, Li* coordinated TFSI™ 31
c 755 6,CF; free OTE™ 32
d 759 o,CF; Li* coordinated OTf~ 32
e 764 6,CF; Li*OTf™ ion pair aggregates 32
f 933 v,ClO,~ free ClO,~ 35
g 938 v,ClO,”  solvent separated Li*ClO,~ 35

ion pair

influence of the electric field on the EDL structure. Prior works
have used similar approaches to represent Li and Zn electrodes
with graphene in MD simulations.”* > As the graphene slabs
are polarized, we observe changes in the electrolyte. Figure 4

(a) TBATFSI | | (b) TBAOT! | [(c) TBACIO,
10 s L
5 - - -
e
[
‘\@ 0 1 a2t
c . T ' T T T
2 H@LTFs] (e) LIOTf ‘ }(f) LiClo,
= 10F L == "free” anions
"associated" anions
5 - -
0 1 A’\ /\J L
0 10 0 10 0 10
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Figure 4. Number density of anions near the positively charged anode
surface as calculated by MD for (a) TBATFESI, (b) TBAOTY, (c)
TBACIO,, (d) LiTFSI, (e) LiOTf, and (f) LiClO, supporting
electrolytes in THF. An anion is defined as “free” if its distance to any
cation is higher than a defined cutoff value, otherwise it is considered
“associated.” The cutoffs are obtained from the radial distribution
functions (RDFs) in bulk simulations. Generally, TBA" electrolytes
have a higher density of free anions at the anode compared to Li"
electrolytes.

shows the number density distributions of anions, categorized
by their association with the cations (“associated”) or lack
thereof (“free”), as a function of the distance to the anode
surface after polarization. The identity of the cation species
dictates the concentration and the solvation state of anions
near the charged anode. With the applied electric field, the
positively charged electrode surface repels the TBA" cations,
leading to free anions dominating the composition of the
anode EDL (Figure 4a—c). By contrast, there are fewer free
anions in the Li" electrolytes. The majority of the ion pairs and
aggregates remain intact with the applied electric field due to
their strong bonding energies. As a result, significantly fewer
free anions are observed at the anode EDL in the Li'
electrolyte (Figure 4d—f).

Comparing the LSVs to the MD simulations reveals a strong
correlation between effective Mg stripping and the concen-
tration of free anions in the anode EDL. The EDLs of
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TBATEFSI and LiTESI electrolytes both contain a significant
concentration of free anions due to the weak ionic interactions
between TBA'/Li* and TFSI". Correspondingly, the measured
current densities for Mg stripping in TBATFSI and LiTFSI
electrolytes are comparable (Figure 2b). The distinction in the
anode EDL composition is most significant between LiOTf
and TBAOT electrolytes. While free OTf™ anions account for
>90% of the ionic species in the TBAOTI electrolyte anode
EDL, Li* and OTf remain as ion pairs in the LiOTf
electrolyte. The predicted EDLs correspond well to the LSV
data in which TBAOTI electrolyte supports effective Mg
stripping while LiOTf electrolyte only gives minimal stripping
current density (Figure 2c). The moderate ionic interaction
between Li* and ClO; significantly lowers the free ClO;
concentration in the EDL at the anode, leading to decreased
Mg stripping efficiency in LiClO, electrolyte compared to in
TBACIO, electrolyte (Figure 2d). Based on these observations,
we hypothesize that a high concentration of free anions at the
anode surface is crucial to effective Mg stripping. The free
anions likely play a role in facilitating the Mg** transfer into the
electrolyte by attracting and solvating the charge dense Mg>".
Efforts are ongoing to further investigate the effect of free
anions on Mg”" via computational methods. In the broader
context of organic electrosynthesis, selecting a supporting
electrolyte that has weak ionic interactions between the cations
and the anions is crucial for an effective Mg sacrificial anode.

In addition to the cation identity, the anion identity in the
supporting electrolyte strongly influences the Mg stripping in
THEF as well. This effect is observed in Figure 2, where both
the onset potentials and current densities are drastically
different in TBA" electrolytes with TFSI", OTf", or ClO;
anions. Compared to TBATFSI and TBAOT{, TBACIO,
affords the lowest current density for Mg stripping despite
the predicted high anion concentration in the EDL. We
hypothesize that this effect is due to the anion and its
interaction with the Mg surface. To probe the effect of anion,
we expand our study to other anion choices, including OTs",
PFg, and BF; anions. The LSVs for Mg stripping in these three
electrolytes are shown in Figure 5. While all three electrolytes
employ the TBA" cation, the anodic current density is very
low, suggesting that they do not support Mg stripping in THF
(Figure S). All onset potentials and current densities at 0.2 V
of the LSV experiments are tabulated in Table 1.

We suspect that the Mg SEI composition can influence the
Mg stripping behavior in THF. The Mg SEI composition is
closely related to the reactivity of the Mg anode surface with
the supporting electrolyte anions. Early studies of Mg batteries
suggest that supporting electrolytes based on ClOj, PFg, or
BF, are not compatible with Mg electrodes.'* Upon anodic
polarization, these anions can form insulating SEIs (presum-
ably MgO, MgCl,, or MgF,) on the Mg anode surface,
inhibiting Mg ion conduction.'”*” To investigate the effects of
anions on SEI composition, we examine the Mg anodes after
anodic polarization in TBACIO,, TBAOTs, and TBAPF,
electrolytes via XPS.

Figure 6a—c shows the Mg 2p region of the XPS spectra
measured on the Mg anode surface after anodic polarization in
THF with TBACIO,, TBAOTs, and TBAPF, supporting
electrolytes, respectively. All peak binding energies (BEs) and
assignments of the Mg 2p and other related regions are
tabulated in the Supporting Information. Figure 6a reveals two
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Figure 5. Linear sweep voltammograms of Mg stripping in THF with
0.1 M supporting electrolyte (SE) of interest, 0.05 M SE + 0.05 M
LiBr, and 0.05 M SE + 0.05 M TBABr. The SEs are (a) TBACIO,, (b)
TBAOTsS, (c) TBAPF,, and (d) TBABF,. All voltammograms are
collected at a scan rate of 5 mV s~
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Figure 6. Mg 2p regions of the XPS spectra of Mg electrodes after the
LSV experiments in THF with 0.1 M (a) TBACIO,, (b) TBAOTs,
and (c) TBAPF, supporting electrolytes. Mg 2p regions of the XPS
spectra of Mg electrodes after the LSV experiments in THF with 0.05
M LiBr + 0.05 M (d) TBACIO,, (¢) TBAOTSs, and (f) TBAPF,
supporting electrolytes. The peak at 48.3 eV in (f) is assigned to
manganese impurities in the overlapping Mn 3p region. The Mn
impurity is observed due to extensive Mg stripping in TBAPF/LiBr
electrolyte. @ is the ratio of the area of the Mg” signal and the total
area of Mg**-containing species signals. a provides a qualitative
assessment of the thickness of the SEI, with lower « indicating thicker
SEL The dashed line indicates the position of MgBr, and is a guide for
the eye.

major Mg®" species in the SEI after anodic polarization in the
TBACIO, electrolyte. The lower BE peak at 50.5 eV is assigned
to MgO." The higher BE peak at 51.4 eV is assigned to
MgCl,, which is likely a decomposition product derived from
ClO;. A trace amount of Mg(ClO,), is observed in the O 1s
and Cl 2p regions, however, and the peak in the Mg 2p cannot
be resolved from the MgCl, peak.”' The very low-intensity
peak at 49.4 eV is ascribed to Mg, which is difficult to see in
Figure 6a. The assignment is supported by the Mg KLL Auger
spectrum, where the KL,L;('D,) transition of Mg’ is observed
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at 1185.9 eV kinetic energy (KE) (see Supporting
Information).””** The weak Mg’ signal indicates a compara-
tively thick SEI layer, which prevents deep X-ray penetration.
Figure 6b also shows two major Mg species in the SEI after
anodic polarization in the TBAOTS electrolyte. Other than
MgO (50.9 eV), a higher BE peak at 51.7 eV is assigned to
Mg(OTs),. A small amount of reduced OTs~, in the form of 4-
methyl-sulfinate, is observed in the S 2p and O 1s spectra, but
the peak cannot be resolved from Mg(OTs), in the Mg 2p
region. A relatively strong Mg0 signal at 49.4 eV is observed,
indicating a comparatively thin SEI. Figure 6¢ shows the
presence of two Mg species in the SEI after anodic polarization
in the TBAPF electrolyte. In addition to MgO (50.9 eV),
MgF, is observed at 52.5 eV due to the decomposition of
PF;."* The assignment is also supported by a signal at 1176.9
eV in the Mg KLL Auger spectrum (see Supporting
Information), which is ascribed to MgF,.> A strong Mg’
signal (49.4 eV) is also observed, again indicating a
comparatively thin SEI. MgF, is also the major Mg>* SEI
component formed in the TBABF, electrolyte (see Supporting
Information). Because the SEI is similar for the TBABF,
electrolyte and the TBAPF; electrolyte, we will focus only on
characterizing the SEI formed in the TBAPF electrolyte.

The species we identify in the Mg SEIs after anodic
polarization are largely electronic insulators. More importantly,
most of these phases are binary compounds with very low
Mg** conductivity like MgO, MgCl,, and MgF, that may
prevent Mg stripping.**™*" Interestingly, although the SEIs
formed in TBAOTs and TBAPF are thinner than that formed
in TBACIO,, a higher anodic current is observed when using a
TBACIO, electrolyte (Figure S). This observation highlights
the importance of the composition of the SEI in affecting Mg
stripping. For instance, previous studies have found that even
an ultra-thin layer of MgF, is enough to fully passivate the Mg
surface.”’

The LSVs and XPS spectra reveal that the SEI of the Mg
anode can greatly impact the anodic stripping behavior in
THEF. To encourage effective Mg stripping, we seek to tailor
the electrolyte in hopes of manipulating the SEI composition.
Mg battery research has demonstrated the beneficial effects of
CI%, Br, and I" on Mg stripping.39 Free CI7, either generated
through electrolyte conditioning or added in the form of metal
chloride salts, can enable reversible Mg plating/stripping with
low overpotential and high current density in MgCl,—
AICL,>' ™ TESI,>** and PF;”° based electrolytes. Br~
additives also improve the Mg plating/strippipég behavior in
Mg bis(hexamethyldisilazide) based electrolyte.” Additionally,
both Br™ and I" additives are able to improve voltage hysteresis
in Mg—S batteries by decreasing the passivation layer on the
Mg anode.””*” We hypothesize that the halides are readily
adsorbed on Mg surfaces, as this process is predicted to be
exothermic.”® Therefore, the reactive anions in the electrolyte
have less access to the halide-decorated Mg surfaces, inhibiting
Mg electrode passivation.” With this halide effect in mind, we
hypothesize that the addition of halide salts as co-supporting
electrolytes would affect the SEI composition of the Mg anode.

To probe the effect of halide addition, we focus on adding
Br™ to the electrolyte solutions. Figure 5 shows the LSVs of the
electrolytes after Br™ addition from either LiBr or TBABr. In
all cases, the addition of TBABr or LiBr increases the anodic
current density, suggesting that Br™ has a beneficial effect on
the Mg SEI. Compared to TBABr, LiBr as the co-supporting
electrolyte affords lower current densities for Mg stripping in
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most cases. The comparatively low current densities are likely
due to Li" coordinating with the anions in the electrolyte,
lowering the free anion concentration in the anode EDL, as
discussed earlier. CI™ and I" additives improve Mg stripping as
well (see Supporting Information). All onset potentials and
current densities at 0.2 V of the LSV experiments are tabulated
in Table 1.

To understand how Br™ salts affect the SEI composition, we
examine the Mg anode surface after anodic polarization in
TBA" electrolytes with LiBr additive via XPS. Figure 6d—f
shows the Mg 2p regions of the XPS spectra. Three Mg species
are observed in the SEI after anodic polarization in TBACIO,/
LiBr electrolyte (Figure 6b). The peaks at S0.5 and 51.5 eV are
assigned to MgO and MgCl,, respectively.*”*' The new signal
at 51.0 €V is ascribed to MgBr,.'® Comparing Figure 6a and
Figure 6b, the addition of LiBr results in decreased MgCl,
formation as indicated by the decrease in the proportion of
MgCl, signal to the total signal from Mg** species. We also
approximate the relative thickness of the SEI layers by
comparing the area of Mg**-containing species to the area of
the Mg’ signal, which we give the symbol

a= AMgO/Z Apg+ (1)

Comparing Figure 6a and Figure 6b, the addition of LiBr
leads to increased a (<0.01 — 0.05), indicating a
comparatively thinner SEI. The addition of LiBr similarly
affects the SEI formed in TBAOTSs and TBAPF; electrolytes
(Figure 6ef). With LiBr, less Mg(OTs), and MgF, are
observed. MgBr, becomes the major Mg>" species in the SEL
The new SEI is again comparatively thinner, indicated by the
larger a values. The thin, MgBr,-enriched SEI formed in the
presence of Br™ additives likely increase the Mg”" conductivity
of the surface film, leading to improved Mg stripping behavior
observed in Figure 5.°” All peak BEs and assignments of the
Mg 2p and other related regions are tabulated in the
Supporting Information.

The results discussed above establish the correlation
between the SEI composition and Mg stripping efficiency in
THE. XPS spectra reveal the formation of passivating SEIs in
TBACIO,, TBAOTs, TBAPF¢, and TBABEF, electrolytes. With
a halide salt (CI~, Br~, and I7) co-supporting electrolyte, the
modified SEIs are thinner and less passivating which facilitates
effective Mg stripping. We envision that modifying the SEI
composition via halide addition will have important
applications in organic electrosynthesis. High cell voltage has
been reported in multiple reaction developments when using a
Mg sacrificial anode in TBACIO,, TBAPF, and TBABF,
electrolytes.'®**7° Our research suggests passivating SEI
formation as a possible explanation for the observed high cell
voltage. The use of halide co-supporting electrolytes can be a
simple electrolyte tailoring strategy to improve Mg anode
performance in THF in organic electrosynthesis.

We additionally probe the utility of Br~ electrolyte additives on
the performance of Mg sacrificial anodes in conditions relevant
to electrosynthetic reactions. So far, we have shown that Br~
additives yield a functioning SEI and limit reaction with other
components of the electrolyte, like ClO;. Therefore, in our
proof-of-concept experiment, we choose to evaluate conditions
that demand yet another reactive species: organohalides.
Among the substrates commonly used in organic electrosyn-
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thesis, organohalides are some of the most versatile yet
troublesome due to their high reactivity with Mg metal.” While
numerous electrosynthetic methodologies have been success-
fully developed, the high cell voltage is often observed when a
Mg sacrificial anode is used for electrochemical functionaliza-
tion of organohalides.'®*"***° We hypothesized that during
electrolysis, organohalide substrates can react directly with the
Mg anode,"” leading to the formation of a high impedance
interphase. Therefore, we propose to add Br™ to the electrolyte
in hopes of forming an interphase that may prevent the
reaction of Mg anode with organohalides.

To probe the ability of Br™ to modulate reactivity at the Mg
surface, we evaluate the effect of Br~ addition in the TBACIO,
electrolyte. The TBACIO, electrolyte is a good model
electrolyte because we had observed the formation of a thick
crust on the surface of Mg during electrochemically driven
cross-electrophile couplin% of organohalides using the
TBACIO,-THF electrolyte.'® The crust is absent when the
reaction is performed in a divided cell, which prevents contact
between the organohalide and the Mg electrode. Thus, the
crust is largely due to the reaction between Mg and the
organohalide. To simplify the conditions, we first probe the
behavior of the Mg sacrificial anode in the same electrolyte
with only the addition of a single organohalide: tert-butyl
bromide (‘BuBr). A three-electrode cell with a Mg WE,
graphite CE, and Ag wire pseudo-RE is used to study the
voltage and impedance at the Mg electrode. The electrolyte
consists of 0.5 M TBACIO,, and 0.5 M ‘BuBr in THF. ‘BuBr is
added as the organohalide, but also serves as a sacrificial
reductant. First, galvanostatic stripping of Mg is performed for
2h (j ~ 1 mA cm™2), while the voltage profile at the Mg WE is
recorded. Following the galvanostatic oxidation, we measure
the interfacial resistance at the Mg electrode using electro-
chemical impedance spectroscopy (EIS). The chronopotenti-
ometry/EIS protocol is repeated eight times to observe long-
term changes in the Mg electrode performance during a typical
organic electrosynthesis time frame.

Figure 7a shows the Mg stripping voltage profile in 0.5 M
TBACIO,/THF electrolyte in the presence of ‘BuBr. The
potential at the Mg electrode increases drastically after 6 h and
fluctuates between —1 and 4 V vs Ag wire thereafter. The
initial potential increase at the Mg anode is attributed to the
formation of a visibly thick passivation layer (Figure 7b),
presumably consisting of MgBr, and Mg(ClO,), salts.'® The
salt passivation layer is structurally fragile. When the
passivation layer grows to a certain limit, some of the salt
crust falls off the Mg electrode surface, leading to lower
interfacial resistance (see Supporting Information) and a sharp
decrease of the potential. The dynamic growth and
disintegration of the passivation layer are likely the cause of
voltage fluctuation during galvanostatic Mg stripping.

The morphology and the surface Mg distribution of the Mg
electrode surface are examined using scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) mapping. To reveal the surface, the MgBr, and
Mg(ClO,), salts are first removed with acetone rinse. The
SEM image and corresponding EDS map in Figure 7c show
fracture formation on the Mg surface after galvanostatic Mg
stripping in the presence of ‘BuBr. EDS mapping reveals non-
uniform Mg distribution on the fractured surface, indicating
uneven Mg stripping. We hypothesize that the Mg electrode is
corroded upon contact with ‘BuBr, resulting in a rough
electrode surface that has an uneven electric field distribu-
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Figure 7. (a) Voltage profiles of the Mg WE during galvanostatic Mg
stripping (j ~ 1 mA cm™2) experiments in THF. The experiment is
done in two electrolytes: 0.5 M TBACIO, and 0.25 M TBACIO, +
0.25 M TBABr. The electrolyte contains 0.5 M ‘BuBr in both cases.
EIS is performed every 2 h (see Supporting Information). (b) A
photograph and (c) SEM image coupled with EDS of the Mg
electrode after Mg stripping in 0.5 M TBACIO, with ‘BuBr show a
macroscopic crust and microscopic cracking. (d) A photograph and
(e) SEM image coupled with EDS of the Mg electrode after Mg
stripping in 0.25 M TBACIO, + 0.25 M TBABr with ‘BuBr show no
crust and minimal cracking. The EDS maps show the surface
distribution of Mg on the Mg electrodes after the galvanostatic Mg
stripping experiments.

tion.>” ™! The uneven electric field distribution leads to non-

uniform Mg strip inzg, which enhances the roughness of the
electrode surface.””®” The fractured surface provides sites for
the nucleation of Mg2+ salts,® resulting in an increase in
impedance and the observed potential increase at the Mg
electrode.

To improve the Mg stripping efficiency in the TBACIO,
electrolyte and modify the SEI, TBABr is added as a co-
supporting electrolyte. With TBABr, the voltage profile during
galvanostatic Mg stripping remains stable between —1 and
—0.5 V vs Ag wire throughout the 16 h experiment (Figure
7a). Visually, we observe minimal salt build-up on the Mg
electrode at the end of the experiment (Figure 7d). The SEM
image and corresponding EDS show a relatively smooth
electrode surface with fractures that are much thinner. The
EDS mapping reveals a more uniform Mg distribution,
indicating even Mg stripping. We suggest that the Br-rich
SEI on the Mg surface functions as a protecting layer, which
limits direct contact of the organohalide with the Mg anode.
The success of Br~ additives shines a light on its potential
application in more complex organic electrosynthesis systems
that suffer from passivation build-up on the Mg sacrificial
anode.

We note that other electrolyte compositions similarly
prevent Mg passivation. The voltage profile of galvanostatic
Mg stripping remains stable in TBATESI and TBAOTf
electrolytes (see Supporting Information), for example. The
Mg anode surface maintains a smooth morphology, giving rise
to minimum salt build-up on the electrode. Interestingly, these
electrolytes also show large anodic current densities in the LSV
experiments described above. Thus, the SEI in these
electrolytes allows for efficient Mg stripping and may also
prevent reactivity with organohalides.
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The work described here provides insights into the effect of
supporting electrolytes commonly employed in organic
electrosynthesis on Mg stripping in THF. The ionic interaction
between the cation and the anion of the supporting electrolyte
has a significant impact on the Mg stripping efficiency. When
the cation is weakly coordinating (e.g., TBA*), free anions are
widely available in the electrolyte. Upon anodic polarization,
the free anions migrate to the positively charged Mg anode
surface, forming an EDL that has a high concentration of free
anions. The free anions likely facilitate Mg*" transport through
the EDL, leading to higher current densities for Mg stripping.
When the cation is coordinating (e.g., Li*), the concentration
of free anions is low, resulting in low Mg stripping efficiency.

However, not all TBA" salts result in beneficial Mg stripping.
The anion of the supporting electrolyte must be considered, as
well. Anions, such as ClO;, OTs™, PFg, and BF,, can react
with the Mg surface, forming passivating SEIs that prevent
effective Mg stripping. We demonstrate an effective strategy to
overcome the passivating SEL. The addition of a halide (CI,
Br~, and I7) salt improves the Mg stripping significantly due to
changes in the SEIs composition. For instance, the addition of
Br™ yields a thinner SEI that is enriched with MgBr,, both of
which facilitate the Mg stripping process.

The utility of Br™ addition is extended to preventing the
reaction of Mg with organohalides, a common building block
in organic electrosynthesis. The extensive reaction of Mg metal
with ‘BuBr manifests as a high impedance crust on the Mg
electrode that drives up the cell voltage. The addition of Br~
prevents the formation of the crust and yields stable voltage
profiles during Mg-oxidation, likely due to the SEI preventing
the reaction of Mg with the organohalide. Our work
demonstrates that understanding the Mg electrode interfaces
is crucial to achieving good Mg sacrificial anode performance.
The electrolyte tailoring strategies shown here could be used as
electrolyte design principles for the optimization of new
organic electrosynthetic reactions utilizing a Mg sacrificial
anode.

All electrolytes were prepared in an Ar-filled glovebox. TBATFSI
(299.0%), TBAOTf (>99.0%), TBACIO, (>99.0%), TBAOTSs
(99%), TBAPF, (>99.0%), TBABF, (99%), TBABr (>98.0%),
LiTFSI (99.95%), LiOTf (99.995%), LiClO, (99.99%), LiBr
(>99%), Lil (99.9%), and LiCl (99%) were purchased from Sigma-
Aldrich. All salts were dried under vacuum at 100 °C overnight prior
to use and transferred to the glovebox without exposure to air. THF
(99.9%, Fischer Scientific) was dried on a solvent purification system
(Pure Process Technology), transferred to the glovebox without
exposure to air, and stored over dried 4 A molecular sieves prior to
use. All electrolytes were prepared by stirring the supporting
electrolyte of interest in THF until the solution turned homogeneous.
Electrolyte conductivity was measured in 5 mL of electrolyte in a 20
mL scintillation vial using a Metrohm 912 conductometer.

The PtlFc/Fc* RE was prepared following literature procedure with a
0.5 mm diameter Pt wire (Sigma-Aldrich), ferrocene (Fc, 98%, Sigma-
Aldrich), ferrocenium hexafluorophosphate (FcPF, 95%, Combi-
Blocks), TBAPF, and THE.**~% Fc and TBAPF were recrystallized
prior to use. The Pt wire, cleaned in concentrated HNO; and heated
in a H, flame prior to use, was sealed within a ceramic-fritted glass
tube (inner diameter 3.5 mm, Pine Research Instrumentation). The
glass tube was filled with an electrolyte of 4 mM Fc, 4 mM FcPFy, and
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0.1 M TBAPF, in THF. The RE was assembled fresh prior to each
experiment.

All electrochemical experiments were performed in an Ar-filled
glovebox in a low volume, three-electrode cell (Pine Research
Instrumentation). The Mg plate electrodes (2 mm X 8 mm X 30 mm,
99.95%, IKA) were mechanically ablated within the glovebox prior to
use. LSV experiments to probe Mg stripping were performed with a
Mg plate as the WE, a graphite CE (Pine Research Instrumentation),
the PtlFc/Fc* RE, and approximately 7 mL of electrolyte. Each
electrolyte was prepared with 0.1 M supporting electrolyte.
Chronopotentiometry experiments were performed with a Mg WE,
graphite CE, Ag wire (Pine Research Instrumentation) as a pseudo-
RE, and approximately 7 mL of electrolyte. The electrolyte was
prepared with 0.5 M supporting electrolyte and 0.5 M ‘BuBr (98%,
Sigma-Aldrich) as the sacrificial oxidant. EIS experiments were
performed with +10 mV sinus amplitude from 10° to 1 Hz at 10
points per decade. All electrochemical experiments were conducted
on a VMP3 potentiostat (Bio-Logic).

Raman spectra were collected using a HORIBA Instruments XploRA
PLUS Raman spectrometer. Spectra were collected in a screw-cap
cuvette to prevent exposure to air. All spectra were collected by
averaging 40 acquisitions lasting S s each with an 1800 gr/mm grating,
50 um slit, and S00 um hole. The excitation wavelength was 785 nm.
Peaks were fit with Voigt line shapes.®”

SEM and EDS samples were prepared following chronopotenti-
ometry experiments by rinsing the electrode thrice with acetone in the
glovebox to dissolve adsorbed species. The electrodes were then dried
in ambient glovebox conditions for 1 h. The samples were briefly
exposed to air (<5 min) when loaded into the instrument. SEM data
were collected on a ZEISS 1550VP field emission SEM using a 10 kV
acceleration voltage and an in-lens secondary electron detector. EDS
data were collected using a silicon drift EDS detector (Oxford X-MAX
80 mm?) with a 30 kV acceleration voltage.

XPS measurements were performed on Mg anode surfaces after
LSV experiments. After the LSV scans, the cells were disassembled
inside an Ar-filled glovebox, and the Mg electrode was removed. Each
Mg electrode was rinsed with 10 mL of THF and dried in ambient
glovebox conditions for at least 48 h before analysis. The samples
were briefly exposed to air (<10 s) during transfer to the XPS. XPS
data were collected using a Kratos Axis Ultra system at a pressure <3
X 107° Torr. Samples were irradiated with a monochromatic Al Ko
source (1486.7 eV) at 150 W. Low-resolution survey spectra were
acquired between BEs of 1 and 1200 eV. Higher-resolution detailed
scans, with a resolution of 0.05 eV (or 0.1 eV for Mg KLL) and a pass
energy of 10 eV, were collected on individual XPS lines of interest.
The XPS data were analyzed using CasaXPS analysis software, and
individual peaks of interest were fit with Shirley backgrounds. Peaks
were fit using mixed Gaussian—Lorentzian line shapes. Spectra were
referenced to Mg° at 49.4 eV. The Mg’ signal was chosen as the
reference due to the complicated C 1s and O 1s signals resulting from
the electrolytes.

Classic MD simulations were performed by using the Forcite module
in Materials Studio 2020 with COMPASS III force field (see
Supporting Information for details of forcefield types).® The
electrostatic interactions were computed using the three-dimensional
Ewald summation,®””® and van der Waals interactions were computed
using the atom-based summation with a 12.5 A cutoff distance.
Temperature control was achieved using the Nose—Hoover
method,”"”> while pressure control was achieved using the Berendsen
method.”

To capture the electrode—electrolyte interfacial properties, slab-
geometry simulation boxes were employed, where two graphene slabs
served as the electrode surfaces, and the liquid electrolyte was
confined between the slabs. The dimensions of the simulation box
were 34.03 A X 3448 A X 450.00 A. The schematic view of the
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geometry of MD boxes is provided in Supporting Information. The
distance between the slabs was adjusted to reproduce the simulated
densities of bulk liquids, which are listed in Supporting Information.
Periodic boundary conditions were applied in all three directions. An
extra vacuum space around three times of the electrolyte length was
introduced along the z direction (perpendicular to the slabs) in order
to eliminate the interactions between the original box and their z-
direction mirror images.”” The constant surface charge densities of
the two graphene slabs were set as +0.7 e/nm? respectively. An
amorphous cell module in Materials Studio was used to build all the
initial structures. We simulated six different salt species: LiTFSI,
TBATEFS]I, LiOTf, TBAOTI, LiClO,, and TBACIO,. The composition
of each system was 30 salt species and 800 THF molecules,
corresponding to a 0.5 M THF solution.

To ensure accurate density calculations, the bulk phases in cubic
boxes were relaxed using the NPT ensemble at 298 K and 1 bar for
1000 ps. The last 600 ps of each NPT trajectory was used for density
calculation. Then, bulk phase systems with the calculated density were
simulated under the NVT ensemble at 298 K for 1000 ps as the
equilibrium run. Then, production runs were conducted for 3000 ps.
The calculation of the cation—anion RDFs is provided in Supporting
Information. The slab-geometry systems were simulated with NVT
ensemble at 298 K for 4000 ps, with the last 3000 ps as the
production run for structure analysis. The number density
distributions were calculated with 0.5 A bin size.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00305.

The complete LSV scans of Mg stripping, Nyquist plots
during galvanostatic Mg stripping, additional XPS data,
and computational results are given in the Supporting
Information (PDF). The data that support the findings
of this study are openly available in CaltechDATA at
https://doi.org/10.22002/256s2-gde40.”*
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