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AL° is widely used as a sacrificial anode in organic electrosynthesis. However, there remains a notable
knowledge gap in the understanding of Al anode interface chemistry under electrolysis conditions. We
hypothesize that Al interfacial chemistry plays a pivotal role in the discernible bias observed in solvent
selections for reductive electrosynthesis. The majority of existing methodologies that employ an Al
sacrificial anode use N,N-dimethylformamide (DMF) as the preferred solvent, with only isolated examples
of ethereal solvents such as tetrahydrofuran (THF). Given the crucial role of the solvent in determining
the efficiency and selectivity of an organic reaction, limitations on solvent choice could significantly
hinder substrate reactivity and impede the desired transformations. In this study, we aim to understand
the Al metal interfaces and manipulate them to improve the performance of an Al sacrificial anode in
I7) in the
electrolyte is crucial for efficient Al stripping. By incorporating halide additive, we achieve bulk Al

THF-based electrolytes. We have discovered that the presence of halide ions (Cl7, Br,
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stripping in THF-based electrolytes and successfully improve the cell potentials of electrochemically

driven reductive methodologies. This study will encourage the use of ethereal solvents in systems using
Al sacrificial anodes and guide future endeavors in optimizing electrolytes for reductive electrosynthesis.

DOI: 10.1039/d3sc04725¢c

rsc.li/chemical-science

Introduction

o«
Electrosynthesis has emerged as a green and efficient approach S 8 . BQ (b) I_"
for the preparation of valuable organic molecules. In recent Z g electrolyte
years, a wide array of cathodic reduction methodologies has =6 16c
been developed.' The setup of these reductive electrosyntheses '§ % /
often involves a metal sacrificial anode in an undivided cell. = 4 i 48' ALO
During electrolysis, metal stripping takes place at the sacrificial G ] a A 2
anode, forming metal cations that dissolve into the reaction % > 0.007. 2%
mixture.*® Al is commonly employed as a sacrificial anode g fﬂo A3
material for reductive electrosynthesis. It is naturally abundant E / S5

o
o

and is relatively easy to oxidize from a thermodynamic

perspective (standard reduction potential, E° = —1.67 V vs.

SHE)." The crustal abundance of Al compared with other DMF

commonly used sacrificial anodes is shown in Fig. 1a. Upon

oxidation, Al releases three electrons per atom (Al — AI** +3e 7). THF halide salt
As aresult, Al has a high theoretical volumetric capacity of 8050 MeCN s = others
mA h cm ™2 compared to other commonly used sacrificial anode — L :

0 2 4 6 8 10 12 14 16

materials (Fig. 1a).'**?* The significantly higher volumetric
(Fig. 1a) & y g v Number of examples

capacity of Al theoretically allows for a larger scale reductive
Fig. 1 Al metal is commonly used as sacrificial anode in reductive
organic electrosynthesis. (a) Compare to Mg and Zn, Al has a higher
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Earth's crust. (b) However, a layer of Al,Oz may form on the surface,
inhibiting electrochemical Al stripping in organic electrolytes. (c)
Among the reductive electrosynthesis methodologies reported since
2000, halide salt/DMF solution is the most popular choice of
electrolyte.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc04725c&domain=pdf&date_stamp=2023-11-17
http://orcid.org/0000-0002-6895-9598
http://orcid.org/0000-0002-3590-921X
http://orcid.org/0000-0001-5762-5958
http://orcid.org/0000-0002-8880-6476
http://orcid.org/0000-0002-0133-9693
https://doi.org/10.1039/d3sc04725c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04725c
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014045

Open Access Article. Published on 02 November 2023. Downloaded on 6/28/2026 12:16:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

reaction to be sustained while consuming the same volume of
sacrificial anode, making Al an appealing option for reductive
electrosynthesis.

Despite its desirable properties, Al presents a challenge as
a sacrificial anode material due to its high affinity to oxygen.
The standard Gibbs free energy of formation (A;G°) of Al,O5 at
standard conditions is —378.2 kcal mol '.** Consequently,
a layer of Al,O; will spontaneously form on a nascent Al surface
when the electrode is prepared in air or exposed to an oxidizing
media." The layer formation is found to be essentially instan-
taneous.' While the oxide layer maintains electronic conduc-
tivity, the high bond dissociation energy of Al-O (D° = 120 +
2.5 kecal mol ™) creates a substantial barrier for Al stripping
from the oxide (Fig. 1b)."* Further, we suspect that AI>* cannot
conduct through the Al,O; surface layer, thereby shutting down
any oxidative electrochemistry.

To achieve effective Al stripping counter electrode reactions
in reductive electrosynthesis, it is therefore crucial to control
the interface to prevent the complete passivation of Al by Al,O;
during electrolysis. High interfacial resistances can cause high
cell voltages that eventually lead to premature termination of
the electrolysis simply due to compliance limits on the poten-
tiostat." The premature termination results in low yields, which
causes the reaction conditions to be thrown out even though the
organic reaction could have proceeded had the counter elec-
trode worked.

As a result, we suggest that the effects of solvent, supporting
electrolyte, and substrates on the metal sacrificial anode inter-
faces are critical for reaction development.>*® Although there
isn't a thorough comprehension of the chemical processes
occurring at the metal interfaces, the empirical optimization
approach has some success identifying conditions compatible
with an Al sacrificial anode.*® Interestingly, there is a discern-
ible bias observed in the solvent selection among the reported
methodologies that utilize Al sacrificial anodes. As shown in
Fig. 1c, most of the reactions adopt halide salt/DMF solution as
the optimal electrolyte'’ with isolated examples of TBABF,/
DMEF electrolyte.?®*° On the contrary, many fewer reactions were
successfully optimized in THF and MeCN-based
electrolytes.*~** Since solvent can dramatically impact the effi-
ciency and selectivity of an organic reaction, the potential
limitation on solvent selection when using an Al sacrificial
anode makes it challenging to expand the application of
reductive electrosynthesis types of organic
transformations.

Here, we investigate the Al interface with the aim to improve
the efficacy of Al sacrificial anodes in THF-based electrolytes.
THF, in comparison to DMF and MeCN, exhibits weaker coor-
dination ability and possesses a significantly lower dielectric
constant of 7.5 (vs. 38.3 for DMF and 36.6 for MeCN)."* These
differences in solvent properties allow THF to stabilize distinct
reaction intermediates, which may result in significant alter-
ations in reaction rates, yields, and selectivities.** Additionally,
in organic synthesis, THF is considered as a more user-friendly
solvent in comparison to DMF due to its reduced toxicity, lower
environmental impact, and ease of removal from product
mixtures.*>*" Therefore, it would be of great interest to enable

to various
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efficient Al stripping in THF-based electrolytes for its applica-
tion in reductive electrosynthesis.

Currently, the use of an Al sacrificial anode in THF-based
electrolytes is commonly accompanied with extremely high
overall cell potentials (>30 V) that inhibit electrolysis of the
organic substrates.'>*>"** The escalation in voltage is frequently
attributed to the formation of an oxide layer on the Al surface.
Thus, to realize a wide application of Al sacrificial anodes in
THF-based electrolytes, the ability to control the Al interface is
essential. Previously, we have demonstrated that simple elec-
trolyte tailoring strategies can change the composition of solid
surface layers, often called solid electrolyte interphases (SEI),
that form on Mg and improve the performance of a Mg sacri-
ficial anode in THF-based electrolyte.’ In this work, we explore
the influence of electrolyte composition on Al SEIs and strip-
ping behavior. Linear sweep voltammetry (LSV) demonstrates
that supporting electrolytes such as TBABF,, TBACIO,, and TBA
bis(trifluoromethanesulfonyl)imide (TFSI) do not support effi-
cient Al stripping in THF. X-ray photoelectron spectroscopy
(XPS) reveals the formation of Al,O; layer on the Al surface,
which can inhibit Al dissolution. Inspired by Al corrosion
chemistry, we use halide salts as co-supporting electrolytes to
induce local disintegration of the oxide layer. With halide salts,
Al stripping becomes feasible in THF, which enables bulk Al
stripping under electrolysis conditions that are applicable to
organic electrosynthesis. We demonstrate that addition of
halides to a deoxygenative borylation reaction and a silyl cross-
electrophile coupling greatly reduces the cell voltage and
improves yields.

Results and discussion
Effect of the supporting electrolyte on Al stripping

To understand the Al stripping behavior in THF, we perform
LSV experiments with 0.1 M TBABF,, TBACIO,, and TBATFSI
supporting electrolytes. The three supporting electrolytes are
chemically representative and are routinely screened for as
electrolytes in reductive electrosynthesis. The LSV experiments
are conducted in three-electrode cells with an Al plate working
electrode (WE), graphite counter electrode (CE), and Pt|Fc/Fc"
reference electrode (RE) (Fig. 2a). We choose the Al plates from
IKA, which are constructed from aluminum 5052. These
particular electrodes are widely employed in electrosynthetic
organic labs due to their direct compatibility with an ElectraSyn,
a commonly used setup among the synthetic organic chemists.
All potentials referenced in THF electrolytes are vs. the Pt|Fc/Fc'
RE unless otherwise noted. The LSV experiment starts with
anodic polarization of the Al electrode from open-circuit voltage
(OCV) to 0.3 V at 5 mV s~ * with 85% iR compensation. After the
first LSV scan, the Al electrode has been electropolished to
expose fresh Al metal. The cell is then rested at OCV for 10 min,
allowing the freshly exposed Al metal to chemically react with
the electrolyte. Following the rest, we repeat the LSV-OCV
protocol 4 times to observe how Al stripping behavior evolves
with each consecutive scan. The cell configuration and LSV
protocol are adapted from our work on Mg.® The 2nd-5th LSV
scans are shown in Fig. 2b-d. The 1st LSVs of Al
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Fig. 2 (a) A schematic of the three-electrode cell with an Al WE,
graphite CE, Pt|Fc/Fc* RE, and 0.1 M supporting electrolyte in 7 mL of
THEF. Linear sweep voltammograms of Al in THF with 0.1 M supporting
electrolyte (SE) of interest, or 0.05 M SE + 0.05 M TBABr. The SEs are (b)
TBABF4, (c) TBACIO,4 and (d) TBATFSI. All voltammograms are
collected at a scan rate of 5 mV s~ with 85% iR compensation. The
direction of the arrows indicates the trend of changes in current
densities as the number of scans increases.

electropolishing are shown in the ESI.{ All onset potentials and
current densities of the 5th LSV scans are tabulated in Table 1.

As shown in Fig. 2b-d, the current densities for Al stripping
are extremely low on the 2nd LSV scan (<0.01 mA cm™ > at 0 V) in
all three electrolytes. The current densities decrease with
successive LSV scans. We suspect that the poor Al stripping
behavior is caused by the formation of a passivating SEI on the
Al electrode surface upon contact with the electrolytes. As the Al
electrode remains in the electrolyte longer, the surface layers
become more passivating, leading to a progressive decline of Al

Table 1 Onset potential (E,), and current density (j) of Al stripping in
THF and DMF electrolytes

Solvent  Supporting electrolyte  Eo,®  j” (mA cm™)  Figure ref.

THF TBABF, — <0.01 Fig. 2b
TBABF, + TBABr —-0.77 0.13 Fig. 2b
TBABF, + TBACI —-0.31 0.30 See ESI
TBABF, + Lil —-0.31 0.12 See ESI
TBACIO, — <0.01 Fig. 2¢
TBACIO, + TBABr —0.58 0.09 Fig. 2c
TBATFSI — <0.01 Fig. 2d
TBATFSI + TBABr —0.26 0.09 Fig. 2d

DMF TBABF, — <0.01 Fig. 4a
TBACI -1.73 3.23 Fig. 4c
TBABr —1.49 1.75 Fig. 4b
TBAI —0.96 0.48 Fig. 4d

@ Eon (Vvs. Fe/Fc') is defined as the potential at which dj/dE exceeds 0.1.
b jat +0.5 V vs. Eop.
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Fig. 3 Al2p and Br 3d regions of the XPS spectra of Al electrodes after
the LSV experiments in THF with 0.1 M (a) TBABF,, (b) TBACLO,, (c)
TBABF,4 + TBABr, and (d) TBACIO4 + TBABr supporting electrolytes.

stripping performance. To investigate the SEI composition, we
examine the Al anodes after anodic polarization in TBABF, and
TBACIO, electrolytes via XPS.

Fig. 3a and b shows the Al 2p region of the XPS spectra
measured on the Al anode surface after the LSV experiments in
THF with TBABF, and TBACIO, supporting electrolytes. All peak
binding energies (BEs) and assignments of the Al 2p and other
related regions are tabulated in the ESI.t Fig. 3a shows two AI**-
containing species after anodic polarization in the TBABF,
electrolyte. The lower BE peak at 75.1 eV is assigned to Al,03,*
which is the major component of the Al SEI. The weak signal at
76.7 eV is assigned to AlF;,* likely a decomposition product
derived from BF, . The sharp signal at 72.5 eV is ascribed to
Al°.*” The high signal intensity indicates a thin passivating layer
(<10 nm), which allows the X-ray to penetrate beneath the oxide
layer to Al°. Fig. 3b shows only Al,O; at 75.0 eV as the major
component of the Al SEI formed in the TBACIO, electrolyte. A
weak signal at 199.2 eV is observed in the Cl 2p region that likely
corresponds to AICL,* a possible decomposition product
derived from ClO,  (see ESIf). However, the peak in the Al 2p
region cannot be resolved from the Al,O; due to its low inten-
sity. A strong Al° signal is again observed at 72.5 eV, indicating
a thin SEI layer. A similar Al,03-based SEI is observed on the
surface of Al electrode polarized in TBATFSI electrolyte as well
(see ESIt). Despite the SEI's formed in the three electrolytes
being thin, both Al,O; and AlF; have been reported to inhibit Al
dissolution even when present in only a thin layer.’®** We also
observe that all three electrolytes do not support Al stripping at
any reasonable current density. The composition of the SEI
supports the hypothesis of a passivating Al SEI inhibiting
effective Al stripping in THF-based electrolytes.

To improve Al stripping in THF-based electrolyte, we seek to
tailor the electrolyte composition to reduce the Al passivation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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caused by Al,O;. Research on Al corrosion has demonstrated
the ability of F~, ClI, Br, and I" to destabilize an Al,O;
layer.>>>* Free Cl™ in a solution can adsorb on the oxide layer
and penetrate through the oxide film via oxygen vacancies.>*
This process leads to destabilization and local degradation of
the oxide layer.> The degradation of Al,O; by Cl™ is commonly
associated with Al pitting corrosion in aqueous environments.
Upon the localized degradation of the Al,O3, the underlying Al
becomes susceptible to dissolution in the presence of H,O,
leading to pitting corrosion.*® The halide-initiated Al pitting
corrosion finds utility in various applications. For instance, Al is
often employed as galvanic anodes to protect metal components
exposed to saltwater from corrosion.>® Additionally, researchers
have used halide salts to activate Al as an efficient reducing
agent for wet-chemical synthesis.”

Inspired by the Al corrosion chemistry, we attempt to
improve the Al stripping behavior in THF-based electrolytes
with halide additives. Previous research has also demonstrated
the mobility of halides within an Al oxide film in the presence of
an electric field. When subjected to an anodic potential, Cl-,
Br,and I' can migrate towards the Al,O3/Al interface, leading
to localized degradation of the oxide layer.”>***® We hypothesize
that with halide additives in the electrolyte, the halides can
permeate Al,O; upon anodic polarization, creating pathways for
Al dissolution and ultimately improving the Al stripping
behavior in THF-based electrolytes.

To probe the effects of halide, we add TBABr as the co-
supporting electrolyte and measure the changes in Al strip-
ping efficiency. Fig. 2b-d shows the LSVs of Al stripping in
0.05 M TBABF,, TBACIO,, and TBATFSI electrolytes with 0.05 M
TBABr co-supporting electrolyte. In all cases, Al stripping
improves significantly in the presence of TBABr. Additionally,
the current densities increase with each successive LSV scan,
indicating that the Al SEI becomes less passivating as its dura-
tion in contact with the Br~ containing electrolyte is extended.
TBACI as a co-supporting electrolyte improves Al stripping in
THF, as well (see ESI{). It is worth noting that TBA halide salts
have poor solubility in THF. TBABr and TBACI can only reach
a high concentration in THF in the presence of another sup-
porting electrolyte that is highly soluble in THF, like TBABF,
and TBACIO,. TBAI, however, is not soluble in THF even in the
presence of a co-supporting electrolyte. Using Lil, we are able to
demonstrate that I" can also improve Al stripping in THF-based
electrolyte (see ESIT).

The improved Al stripping behavior could arise due to an
impact of the halide on the composition of the Al SEI or simply
due to an increase in AI** solubility due to the formation of Al-
halide complexes. To determine the effect of the halide on the
SEI, we examine the Al electrode surface after anodic polariza-
tion in TBA" electrolytes with TBABr additive via XPS. Fig. 3c
and d shows the Al 2p and Br 3d regions of the XPS spectra. Two
AI*" species are observed in the SEI after anodic polarization in
TBABF,/TBABr electrolyte (Fig. 3c). In addition to the Al,O;
signal at 75.0 eV, a small amount of AlBr; is also observed at
73.9 eV.” The assignment is supported by the signal at 68.4 eV
in the Br 3d region, which is also consistent with reported AlBr;
signal.®® The SEI still contains AlF,, as indicated by the F 1s

© 2023 The Author(s). Published by the Royal Society of Chemistry
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signals (see ESIf). However, compared to the SEI formed in
TBABF, electrolyte, the SEI formed in the presence of TBABr
contains comparatively less AlF,. As a result, the AlF, signal
cannot be resolved from the Al,O; signal in the Al 2p region. A
similar change in the Al SEI is observed in TBACIO, electrolyte
in the presence of TBABr additive (Fig. 3d). In addition to Al,O3
(75.1 eV) being the dominant species in the SEI, the presence of
AlBr; is confirmed by the Al 2p signal at 73.8 eV and the Br 3d
signal at 68.8 eV. All peak BEs and assignments of the related
regions are tabulated in the ESL{ The XPS spectra reveal that
addition of halide to the electrolyte can modify the composition
of Al SEI. In the presence of TBABr co-supporting electrolyte, the
SEIs contain Br—, which likely destabilizes the oxide layer and
provides pathways for Al dissolution upon anodic polarization.
Though halides are certainly changing the SEI composition,
they could also play a role in solvating the Al** since Al halides
are very soluble in THF.*

Earlier, we discussed the fact that halide salt/DMF solution
stands out as the prevailing choice of electrolyte when using an
Al sacrificial anode (Fig. 1c). We hypothesize that the presence
of halides is crucial for Al stripping in DMF, as well. To test the
effect of halide on Al stripping in DMF, we perform similar LSV
of Al stripping in DMF with 0.1 M of supporting electrolyte of
interest (Fig. 4). All potentials in DMF electrolytes are reported
vs. Fc/Fe¢' unless noted otherwise. All onset potentials and
current densities of the 5th LSV scans are tabulated in Table 1.

First, we test Al stripping in TBABr/DMF, the most commonly
employed electrolyte for systems using an Al sacrificial anode.?
In TBABIr/DMF, the current density reaches 1.75 mA cm 2 at
0.5 V vs. the Al stripping onset potential, E,,, indicating

15 |.(@) TBABY 11 |

10

S
o
E T T T
= -(d) TBABF, 40.008
: 10.006
10} .
. 10.004
S Vo ‘ 10.002
0 . L = L ] 0
95 1 05 145 1 05

E (V vs Fe/Feh)

Fig. 4 Linear sweep voltammograms of Al in 7 mL DMF with 0.1 M (a)
TBABr, (b) TBACL (c) TBAI, and (d) TBABF,4. All voltammograms are
collected at a scan rate of 5 mV s™*. The LSVs are measured in three-
electrode cells with a Al WE, graphite CE, and Ag/Agl(cryptand)™ RE

. _ N ) f
(EAg/Ag(cryptand)+ = —0.523 V vs. Fc/Fc*). The direction of the arrows

indicates the trend of changes in current densities as the number of
scans increases.
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Fig. 5 Voltage profiles of the Al WE and graphite CE during galvano-
static Al stripping (j = 1 mA cm™) experiments in THF. The experi-
ments are performed in (@) 0.5 M TBABF4 and (b) 0.25 M TBABF, +
0.25 M TBABr respectively in the presence of ‘BuBr. (c) EIS is performed
every 2 hours for the galvanostatic Al stripping in 0.25 M TBABF, +
0.25 M TBABr electrolyte. As more Al is electrochemically stripped, the
series resistance increases.

exceptional Al stripping (Fig. 4a). Fig. 4b shows that TBACI/DMF
is able to support high current densities for Al stripping, as well.
High current density for Al stripping can initially be achieved in
TBAI/DMF. However, the current density decreases significantly
with successive scans, which is likely caused by changes at the
Al interface after prolonged exposure to the iodide-containing
electrolyte (Fig. 4c). In the absence of halides, however, the Al
stripping efficiency is extremely poor in DMF. Fig. 4d shows the
Al stripping in TBABF,/DMF electrolyte. The current densities
for Al stripping are extremely low within the electrolyte stability
window. The LSV results in Fig. 4 demonstrate the importance
of halide on Al stripping in DMF-based electrolyte as well.

Unlike THF, DMF can easily dissolve a high concentration of
TBA halide salt without the aid of a co-supporting electrolyte.
We believe the high solubility of TBA halide salts in DMF
contributes to the observed bias in solvent selections for
reductive electrosynthesis employing an Al sacrificial anode
(Fig. 1c). The limited solubility of TBA halide salts in THF is
likely the reason why they are not regularly considered for the
optimization of reductive electrosynthesis reactions. We envi-
sion that the use of halide co-supporting electrolytes can be
a simple electrolyte tailoring strategy to enable the performance
of Al sacrificial anode in THF for reductive electrosynthesis.

Bulk Al stripping in halide containing THF-based electrolyte

We next probe the effect of Br~ co-supporting electrolyte on
bulk Al stripping in THF, a condition more relevant to reductive
electrosynthesis conditions. We perform galvanostatic oxida-
tion of Al and measure the voltage profile and impedance

1312 | Chem. Sci, 2023, 14, 13108-13118
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change at the Al electrode during electrolysis. The experiments
are conducted in three-electrode cells with an Al plate WE,
graphite CE, and Ag wire pseudo-RE. The electrolyte consists of
0.5 M supporting electrolyte of interest and 0.5 M tert-butyl
bromide (‘BuBr). ‘BuBr serves as the sacrificial oxidant of the
galvanostatic oxidation experiment.” The experiment begins
with galvanostatic stripping of Al at j =~ 1 mA cm ™2 while the
voltage profiles at the Al WE and graphite CE are recorded. After
every 2 hours of galvanostatic oxidation, we rest the cell at OCV
and measure the series resistance at the Al WE using electro-
chemical impedance spectroscopy (EIS). The galvanostatic
oxidation/EIS protocol is repeated 8 times over a duration of 16
hours to observe any changes in the performance of the Al
electrode during a typical time frame of reductive electrosyn-
thesis. The cell configuration and galvanostatic oxidation/EIS
protocol are adapted from our work on Mg.®

Fig. 5a shows the voltage profiles at the Al WE and graphite
CE in 0.5 M TBABF,/THF electrolyte. The potential at the Al
electrode increases immediately after the galvanostatic oxida-
tion starts. The cell voltage reaches the compliance limit of the
potentiostat within 1 min and the experiment can no longer
proceed. EIS is measured before and after, and the Nyquist plot
shows no changes, likely due to the minimal charge passed
during the oxidation. The series resistance, which is taken as
the intercept with Z/, remains low around 74 ©, at the end of the
experiment (see ESIt). The low resistance coupled with the high
cell voltage suggests that the SEI layer likely conducts electrons
but not AI**, leading to difficulties in Al stripping. The obser-
vation is consistent with our hypothesis that an Al,O;-dominant
SEI is prohibiting the effective Al stripping.

Earlier, we have demonstrated that Br~ is beneficial for Al
stripping in THF-based electrolytes (Fig. 2). To enable bulk Al
stripping in THF, we perform the galvanostatic oxidation
experiment in electrolyte containing 0.25 M TBABF, and 0.25 M
TBABr. With TBABr, we achieve bulk Al stripping in THF-based
electrolyte. The voltage profile at the Al electrode remains stable
during the 16 hours of galvanostatic Al stripping (Fig. 5b).
Throughout the course of the experiment, the voltage at the Al
electrode increases slightly from 0.25 V to 0.88 V vs. Ag wire. The
series resistance also increases over time, which can be
observed in the Nyquist plots shown in Fig. 5c. The series
resistance is dominated by the electrolyte resistance, however,
a change in series resistance is likely due to the introduction of
another resistive element in the circuit, i.e. an SEI on the Al.

To understand the reason behind the increase in the series
resistance during the galvanostatic oxidation experiment, we
examine the Al electrode post electrolysis. Visually, we observe
a thin layer of salt build-up on the Al electrode at the end of the
experiment (Fig. 6a). The composition of the salt is investigated
by energy-dispersive X-ray spectroscopy (EDS). The EDS spec-
trum (Fig. 6b) reveals the presence of Al, F, O, and C, indicating
the formation of Al salt as the product of Al stripping. The trace
amount of Mg is a result of Mg impurity present in the Al
electrode. We hypothesize that during the galvanostatic Al
stripping experiment, Al salt precipitates onto the surface of Al,
consequently contributing to the observed increase in resis-
tance which causes the voltage to increase at the Al electrode.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(d) SEM

EDS (Al)

0 1 2
Energy (keV)

Fig. 6 (a) Photographs of the Al electrode (front and side view) after
the galvanostatic stripping experiment in the 0.25 M TBABF, + 0.25 M
TBABr electrolyte. Visually, a salt crust is formed on top of the Al
surface. (b) The EDS spectrum of the salt crust. (c) The SEM image of
the Al electrode upon removal of the salt crust reveals an uneven
surface morphology. (d) An enlarged SEM image coupled with EDS
mapping of the Al electrode. The EDS map shows the surface distri-
bution of Al on the Al electrode after the galvanostatic Al stripping
experiment.

Our previous study on a system using a Mg electrode has
demonstrated a similar phenomenon where the accumulation
of Mg salts on the surface on the Mg electrode leads to increased
cell voltage.”'® Indeed, when the electrode is removed from
solution following a stripping reaction, salt is observed on the
surface as shown in the photograph in Fig. 6a.

We then examine the morphology of the Al electrode surface
with scanning electron microscopy (SEM) and EDS mapping.
The salts are first removed with an acetone rinse to reveal the
electrode surface. The SEM image in Fig. 6¢ reveals a pitted Al
surface after the galvanostatic stripping experiment. The pitted
morphology resembles the morphology that results from
corrosion of Al in aqueous halide solutions.** We hypothesize
that the Br~ in the electrolyte first attacks the Al SEI and
incorporates itself into the Al,O; surface layer as indicated by
the XPS result in Fig. 3. The process can make the oxide layer
unstable and degrade locally. As the oxide layer is not evenly
degraded, Al stripping will take place at locations where the
oxide layer is most fragile during electrolysis, resulting in the
observed pitted morphology. The enlarged SEM image with the
corresponding EDS map shows non-uniform Al distribution
(Fig. 6d), which further supports an uneven Al stripping
process. The pitted surface likely serve as nucleation sites for Al
salts generated during electrolysis, leading to the salt build-up
on the electrode surface.®® The salt build-up is responsible for
the observed increase in both resistance and voltage at the Al
anode.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Despite the increase in resistance caused by salt accumula-
tion on the Al anode, the voltage profile remains low and stable
during the 16 hours galvanostatic oxidation experiment
(Fig. 5b). A stable voltage is crucial for reductive electrosyn-
thesis, as it prevents the occurrence of high cell-voltage result-
ing from metal sacrificial anode passivation.

It is also worth noting that the Al electrode material used in
this study, aluminum 5052, has a high resistance towards
chloride-induced corrosion and is widely used in marine envi-
ronments.*”® The fact that halide co-supporting electrolyte can
successfully destabilize Al,0; formed on aluminum 5052
underscores its suitability as a robust solution for enhancing Al
sacrificial anode performance. We note that several other
aluminum alloys exist, most of which are more susceptible to
halide-induced corrosion, and thus may show a different
response to halide additives.

Using halide additive to improve the cell potentials of
reductive electrosynthesis reactions employing an Al
sacrificial anode

To demonstrate the efficacy of halide additive in alleviating the
passivation of an Al sacrificial anode, we employ the electrolyte
tailoring strategy in reported cathodic reduction methodolo-
gies. The reductive electrosynthesis are carried out in an Elec-
traSyn, a widely adopted setup among synthetic organic
chemists. We first focus on an electrochemically driven deoxy-
genative borylation reaction in THF (Scheme 1), where Al was
tested in a previous effort of reaction optimization but gave 0%
yield of the desired product.*® As shown in entry 1, in TBABF,/
THF electrolyte, the overall cell potential rapidly reaches 30 V,
the upper limit of the ElectraSyn capability, and merely 0.03 F
mol " of the charges was passed even after prolonged reaction
time. The observation aligns with the high potential at the Al
anode shown in Fig. 5a, where the elevated cell potential is
observed at the beginning of electrolysis is likely a result of Al
anode passivation. By partially substituting the supporting
electrolyte with TBABr, the electrolysis progresses smoothly,
maintaining a voltage range of 7-12 V throughout the reaction

WE: graphite, CE: Al

; supporting electrolytes
Ph"NOH  H-Bpin =22 TH'Fg( T P e P Bpin
0.5mmol  (3equiv) .10 ma, 2.5 Fimol
Entry Supporting electrolytes Yield (%)? Voltage range

1 TBABF, (2 equiv) 0 30 Vb

2 TBABF4 (1 equiv) + TBABr (1 equiv) 38 7-12V

3 TBACIOq4 (2 equiv) 30 28-30 V°©

4 TBACIOq4 (1 equiv) + TBABr (1 equiv) 36 12-14V

2NMR yield was determined with dibromomethane as the internal standard.
bThe reaction starts at very high voltage and only 0.03 F/mol of charge was
passed after overnight electrolysis. © The reaction ran as constant voltage when
the voltage hits 30 V.

Scheme 1 Deoxygenative borylation of benzylic alcohols.
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I\I/Ie I\I/Ie WE: graphite, CE: Al r\I/Ie hllle
Ph-Si-Cl  Cl—Si-H .Supporting électrolytes __  pp-gi—Si-H
1 1 1 1
Me Me

Me Me THF (4 mL)
1 mmol (1.5 equiv) -10 mA, 2.5 F/mol
Entry Supporting electrolytes Yield (%)? Voltage range
5 TBACIO4 (2 equiv) 22 28-30 V°©
6 TBACIO4 (1 equiv) + TBACI (1 equiv) 31 10-14 V
7¢ TBACIO4 (1 equiv) + TBACI (1 equiv) 41 6-8V

aNMR yield was determined with dibromomethane as the internal standard.
b The reaction ran as constant voltage when the voltage hits 30 V. ¢ The reaction
was electrolyzed at -5 mA instead.

Scheme 2 Silyl cross-electrophile coupling.

(entry 2). The simple electrolyte modification affords 38% yield
of the desired product. When the same reaction is carried out in
TBACIO,/THF electrolyte, the overall cell potential remains
persistently high at 28-30 V (entry 3). Using TBABr as the co-
supporting electrolyte again effectively reduces the cell poten-
tial to 10-14 V, and affords a slight improvement of yield of 36%
(entry 4).

The halide additive strategy is effective at reducing the
overall cell potential in other types of organic transformation, as
well. Scheme 2 illustrates an electrochemically driven silyl
cross-electrophile coupling reaction.** The reaction has
a notable high cell potential of 28-30 V during electrolysis when
an Al sacrificial anode is used in combination with TBACIO,/
THF electrolyte (entry 5). Using TBACI as a co-supporting elec-
trolyte results in a reduction in cell potential to the range of 10—
14 V with improved yield of the disilane product (entry 6). By
reducing the current to —5 mA, we can further reduce the
voltage range to 6-8 V and improve the yield to 41% (entry 7).

It is worth noting that both the borylation and silylation
reactions have not undergone exhaustive optimizations. To
further improve the yield of these two reactions, or any organic
transformation of interest, various parameters (e.g. the selec-
tion of primary supporting electrolyte, the co-supporting elec-
trolyte loading, current density, substrate concentration, etc.)
must be screened thoroughly to strike a balance between good
Al sacrificial anode performance and high yield of the desired
product. Nevertheless, the results shown here undeniably
highlight the effectiveness of halide additives in reducing the
overall cell potential caused by Al sacrificial anode passivation.
We hope the simple electrolyte tailoring strategy can encourage
the use of Al sacrificial anodes in THF-based electrolytes in
future reductive electrosynthesis endeavors.

Conclusions

The work described here provides insights into the influence of
supporting electrolytes on Al stripping in THF. Supporting
electrolytes that are commonly employed in organic electro-
synthesis, such as TBABF,, TBFClO,, or TBATFSI, do not
support Al stripping in THF. XPS indicates the presence of Al,0;
on the Al electrode surface after anodic polarization, which is
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passivating the Al surface. Inspired by Al corrosion chemistry,
we use halide (Cl, Br~, I") salts to enable Al stripping. The new
SEIs formed in the presence of TBABr co-supporting electrolyte
contain AlBr;, which likely leads to destabilization of the Al
oxide layer and allows Al stripping. Further, addition of halides
will increase the solubility of AI** salts formed as a result of
oxidation.

In the presence of TBABr co-supporting electrolyte, we have
successfully demonstrated the feasibility of bulk Al stripping in
THF. The Al,O; passivating layer inhibits Al stripping in
TBABF,/THF electrolyte. With the introduction of Br—, Al
stripping can take place at locations where the Al,O; has been
destabilized by AlBr;, resulting in a pitted morphology after
prolonged metal stripping. The voltage profile at the Al anode
remains stable throughout a 16 hours electrolysis, which is
promising for its application in reductive electrosynthesis
without causing elevated cell voltage. Using halide additives,
the high overall cell potentials caused by Al anode passivation
are reduced significantly in a deoxygenative borylation reaction
and a silyl cross-electrophile coupling reaction. Our study
demonstrates the significance of understanding the interface
chemistry to enhance the performance of Al sacrificial anodes.
The utilization of halide co-supporting electrolytes presents an
effective electrolyte tailoring strategy and potentially opens
avenues for the development of more reductive electrosynthesis
reactions in THF with an Al sacrificial anode.

Methods

Materials preparation

All electrolytes for LSV and galvanostatic oxidation experiments
were prepared in a N,-filled glovebox. TBATFSI (=99.0%),
TBACIO, (=99.0%), TBAPF; (=99.0%), TBABF, (99%), TBABr
(=98.0%), TBACI (=95.0%), and TBAI (98%) 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), trans-
ferred to the glovebox without exposure to air, and stored over
dried 4 A molecular sieves prior to use. Anhydrous DMF (99.8%,
Sure/Seal™, Sigma-Aldrich) was stored in the glovebox prior to
use. All electrolytes were prepared by stirring the supporting
electrolyte of interest in THF or DMF until the solution turned
homogeneous.

Benzyl alcohol (Sigma-Aldrich, >99%), H-Bpin (Sigma-
Aldrich, 97%), Ph(Me),SiCl (TCI, >96%), H(Me),SiCl (Sigma-
Aldrich, 98%), TBABF, (TCI, >98%), TBACIO, (TCI, >98%),
TBABr (TCI, >98%), and TBACI (TCI, >98%) were used as
received for reductive electrosynthesis.

Pt|Fc/Fc' reference electrode preparation

The Pt|Fc/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), TBAPFs, and THF.>*** Fc and TBAPF,
were recrystallized prior to use. The Pt wire was first cleaned in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentrated HNO; and heated in a H, flame before 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 FcPFg, and 0.1 M TBAPF, in THF.
The RE was assembled fresh prior to each experiment.

Ag/Ag(cryptand)” reference electrode preparation

The Ag/Ag(cryptand)” RE was prepared following literature
procedure®”®® with a nonaqueous reference electrode kit
purchased from BASi. The RE was filled with an electrolyte of
10 mM AgNO; (=99.0%, Sigma-Aldrich), 41.2 mM Cryptand 222
(Kryptofix®, 98%, Sigma-Aldrich), and 0.1 M TBAPF, in DMF.
The standard potential of the RE was determined to be
E;g agleryptana)t = —0-523 V Vs, Fc/Fc', which is consistent with
the reported value (see ESIT). The LSVs for Al stripping in DMF
were initially measured using the Ag/Ag(cryptand)’ RE, and
subgequently, the potentials were converted to be referenced
against Fc/Fc¢'. The RE was assembled fresh prior to each
experiment.

Electrochemical testing

All electrochemical experiments were performed in a N,-filled
glovebox in a low volume, three-electrode cell (Pine Research
Instrumentation). The Al plate electrodes (2 mm x 8 mm X 30
mm, IKA, aluminum 5052) were mechanically ablated within
the glovebox prior to use. LSV experiments were performed with
an Al plate as the WE, a graphite CE (Pine Research Instru-
mentation), the Pt|Fe/Fc” or Ag/Ag(cryptand)’ RE, and approxi-
mately 7 mL of electrolyte. The electrolyte was prepared with
0.1 M supporting electrolyte or with 0.05 M + 0.05 M of two
supporting electrolytes. The LSVs of Al stripping in THF were
collected with 85% iR compensation. Galvanostatic oxidation
experiments were performed with an Al 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 per-
formed with +10 mV sinus amplitude from 10°-1 Hz at 10
points per decade. All electrochemical experiments were con-
ducted on a VMP3 potentiostat (Bio-Logic). The cell configura-
tion and the electrochemical testing protocols are adapted from
our work on Mg.’

Sample characterization

XPS measurements were performed on Al anode surfaces after
LSV experiments. After the LSV scans, the cells were dis-
assembled inside a N,-filled glovebox and the Al electrode was
removed. Each Al electrode was rinsed with 10 mL of THF and
dried in ambient glovebox conditions for at least 48 h before
analysis. XPS data were collected using a Kratos Axis Ultra
system at a pressure <3 x 10 ° Torr. Samples were irradiated
with a monochromatic Al Ko source (1486.7 e€V) at 150 W. A
charge neutralizer was used with a filament current of 2 A,
filament bias of 1.3 V and charge balance of 3.5 V. Low-
resolution survey spectra were acquired between BEs of 1-
1200 eV. Higher-resolution detailed scans, with a resolution of

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

0.05 eV and a pass energy of 10 eV, were collected on individual
XPS lines of interest. The XPS data were analyzed using CasaXPS
analysis software. A Shirley background was used for all spectra.
All peaks were fit using a Voigt GL(30) function with 70%
Gaussian and 30% Lorentzian character. Spectra were refer-
enced to AI° at 72.5 eV. Al° signal was chosen as the reference
due to the complicated C 1s and O 1s signals resulting from the
electrolytes.

All proton nuclear magnetic resonance (NMR) spectra were
recorded on VarianMercury (400 MHz) at 20 °C. Chemical shifts
for proton are reported in parts per million downfield from
tetramethylsilane and are reference to residual protium in the
NMR solvent according to values reported in literature:
0(CDCl;) = 7.26 ppm.

Deoxygenative borylation of benzylic alcohols

Al and graphite electrodes (2 mm x 8 mm X 52.5 mm, IKA)
were prepared in air by polishing with 500 grit silicon carbide
sandpaper until a shiny finish was obtained. Both electrodes
were rinsed with acetone and the graphite electrode was dried
in oven (130 °C) for >10 min prior to use and transferred to the
N,-filled glovebox. In the glovebox, the corresponding electro-
Iytes (1 mmol, 2 equiv.) and benzyl alcohol (0.5 mmol, 1 equiv.)
were added into an oven dried ElectraSyn vial (5 mL) equipped
with a magnetic stir bar. Dried THF (1 mL) was then added to
the mixture. H-Bpin (1.5 mmol, 3 equiv.) was slowly added to
the solution. The reaction usually starts bubbling at this stage
and the bubbling becomes more vigorous when stirring. The
whole mixture was slowly stirred until the bubbling becomes
less vigorous. Then, 3 mL dried THF was added to the mixture.
The vial was sealed with the ElectraSyn vial cap equipped with
anode (Al) and cathode (graphite), and then the assembly was
brought out of the glovebox. A nitrogen balloon was attached to
the cap, and the reaction mixture was electrolyzed at a constant
current of —10 mA (j = —2.38 mA cm?) until passing 2.5 F
mol ™" of charge at room temperature. After electrolysis, the
reaction mixture was added to diethyl ether (10 mL) to precip-
itate electrolytes. The resultant mixture was then filtered
through a short silica plug (8 cm thick, ca. 10 g) and flushed
with diethyl ether (100 mL). The crude mixture was concen-
trated under vacuum and the yield was analyzed by 'H NMR
using dibromoethane (0.4 equiv. added) as internal standard.
The reaction procedure is adapted from ref. 43.

Disilane synthesis via silyl cross-electrophile coupling

Al and graphite electrodes (2 mm x 8 mm x 52.5 mm, IKA)
were prepared in air by polishing with 500 grit silicon carbide
sandpaper until a shiny finish was obtained. Both electrodes
were rinsed with acetone and the graphite electrode was dried
in oven (130 °C) for >10 min prior to use and transferred to the
N,-filled glovebox. The corresponding electrolytes (1 mmol, 2
equiv.), chlorodimethylphenyl silane (1 mmol, 1 equiv.) and
chlorodimethyl silane (1.5 mmol, 1.5 equiv.) was added into an
oven dried ElectraSyn vial (5 mL) equipped with a magnetic stir
bar. Dried THF (4 mL) was then added to the mixture. The vial
was sealed with the ElectraSyn vial cap equipped with anode (Al)
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and cathode (graphite), and then bring it out of the glovebox.
The reaction mixture was electrolyzed at a constant current of
—10 mA (j = —2.38 mA cm ?) until passing 2.5 F mol " of
charge at room temperature. After electrolysis, the reaction
mixture was added to hexanes (10 mL) to precipitate electro-
lytes. The resultant mixture was then filtrated through a short
silica plug (8 cm thick, ca. 10 g) and flushed with 5% diethyl
ether/hexanes (100 mL). The crude was concentrated in vacuum
and the yield was analyzed by "H NMR using dibromoethane
(0.4 equiv. added) as internal standard. The reaction procedure
is adapted from ref. 44.
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