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ABSTRACT: Despite the significance of singlet oxygen ('O,) in several biological, chemical, and energy storage systems, its
voltammetric reduction at an electrode remains unreported. We address this issue using nanogap scanning electrochemical
microscopy (SECM) in substrate-generation/tip-collection mode. Our investigation reveals a reductive process on the SECM tip at
—1.0 V (vs Fc*/Fc) during the breakdown of the Li,COj; substrate in deuterated acetonitrile. Notably, this value is approximately 0.9
V more positive than the reduction potential of triplet oxygen (*0,), consistent with thermodynamic estimates for the energy of the
formation of 'O,. This finding holds significant implications for understanding the reaction mechanisms involving 'O, in

nonaqueous media.

he excited states of molecular dioxygen, known as singlet

oxygen, were first identified in 1924 and have since been
extensively studied in biological and chemical systems.'~* The
two excited singlet states differ from the triplet ground state
(*0,) in their electronic structure, particularly in the z-
antibonding orbitals causing differences in their multiplicity.”
The lowest energy singlet state, 'O, (or lAg) , has found several
applications, ranging from photodynamic therapy for cancer to
organic synthesis of molecules.”® More recently, there has
been an immense interest in the role of 'O, in the degradation
of advanced electrochemical energy storage systems, such as
Li-ion and metal—air batteries.””"

The formation energy of 'O, is 95 kJ/mol higher than the
30, state, attributed to the presence of antiparallel electron
spins in the z-antibonding orbital.” This imparts 'O, with
highly oxidizing properties, thereby classifying it as a reactive
oxygen species (ROS). Dissolved in liquid media, 'O, lasts
only a few microseconds before undergoing spontaneous
deactivation processes, converting to the more stable *O,
state.'®'” These deactivation pathways primarily include
energy transfer to solvent vibrational levels, phosphorescent
radiation emission at 1270 nm (which distinguishes it from
%0,), and reactions with other species.2 The lifetime of 'O, in
water is just 3.5 s,  thus presenting challenges to its
experimental investigation. Nonetheless, researchers have
made significant strides in characterizing its physical and
chemical properties over the past few decades.” Typical 'O,
detection methods involve monitoring these photon emissions
during its decay to ‘O, or using chemical spin traps that
undergo structural changes upon exposure to '0,."*"”

Given the widespread presence of 'O, in various chemical,
biological, and electrochemical systems, determining its
electrochemical properties simultaneously addresses a funda-
mental question while providing a deeper insight into its
reactivity. While the direct electrochemical detection of *O, is
commonplace,zo_22 to our knowledge, it has never been
reported for 'O,. The IUPAC technical report lists the
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standard reduction potential (E°) of '0,;*® however, it has
never been experimentally characterized at an electrode. The
E’ notably 0.99 V more positive than that of O, for a one-
electron-reduction process, underscores the urgent need for
experimental characterization of this species to better
characterize its reactivity and generation.

In this work, nanogap scanning electrochemical microscopy
(SECM) was employed for the experimental characterization
of the reduction potential of 'O, in nonaqueous media. The
electrochemical oxidation of Li,CO5, which has been reported
as a highly selective source for 'O,, served as an in situ source
of this elusive species.””*> SECM allowed us to position a Pt-
nanoelectrode close to Li,CO; substrate in a deuterated
acetonitrile (D-MeCN) solution, where a higher lifetime of the
species is reported.’” This proximity facilitated a very high
temporal resolution of the measurement (~80 us) and enabled
the electrochemical reduction of 'O,. Our findings revealed a
substantial 0.9 V difference between the reduction potential of
'0, and that of *0,, corroborating well with the TUPAC
report.23

Figure S1 shows the schematic of the SECM cell used in this
study. It features a four-electrode configuration, including a Pt/
polypyrrole reference electrode”® and a Pt counter electrode.
The working electrodes consist of a 300 nm radius Pt-
nanoelectrode and a Li,COj; substrate. In 2018, Freunberger
and colleagues reported that electrochemical oxidation of
Li,COj; produces '0,.”* They used 9,10-dimethylanthracene as
a selective chemical spin trap to confirm 'O, generation and
ensured stability against other reactive oxygen species.13
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Figure 1. a) Illustration of the processes occurring at the electrode—electrolyte interface during SECM measurement. D, represents the diffusion

coefficient of 'O, and 7 represents its diffusion time over distance (d). b) COMSOL simulations showing the mass transfer limited current for 'O,
reduction at 300 nm Pt-nanoelectrode in different solvents as a function of tip—substrate distance, assuming the flux of 'O, from the substrate as 5

x 107¢ mol/m?s (~0.5 A/m?). t,, refers to the halflife of 'O,.
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Figure 2. a) Cyclic voltammograms under an Ar atmosphere (red) and after bubbling the solution with *0, (black). b) SECM approach curve to
position the Pt-nanoelectrode approximately 400 nm away from the Li,COj; substrate. Ferrocene served as the redox mediator during the approach

curves.

Online electrochemical mass spectrometry further validated
the absence of any >0, during the process.”* Furthermore,
researchers have since employed DFT calculations to elucidate
on the kinetic driving force for the selective formation of 'O,
during this Li,CO; oxidation,”” thereby making it an ideal
choice as the substrate in this work. Further details about the
SECM substrate preparation can be found in the Supporting
Information along with the SEM micrographs (Figure S2).

Figure la illustrates the SECM measurement. An oxidizing
potential applied to the Li,COj; facilitates its breakdown and
consequent release of '0,.”*** 10, is intercepted by the SECM
tip, which is biased at a potential to enable its reduction before
it decays. Figure 1b shows the simulated response for our setup
and experimental parameters, showcasing its dependence on
the tip—substrate distance and the reported lifetime in different
solvents.'” Increasing the tip—substrate distance extends the
diffusional time (7) and thus intercepts a lower concentration
of '0,, resulting in lower currents. Consequently, our process
requires two key elements: 1) the precise positioning of the Pt-
nanoelectrode near the Li,COj, substrate to detect 'O,, and 2)
biasing of the nanoelectrode to a potential that selectively
reduces 'O, while avoiding the other species released during
Li,CO; breakdown, such as CO,, 0,, and Li*.***°

SECM was uniquely positioned to tackle the first challenge.
The use of a robust 300 nm radius Pt-nanoelectrode™® allowed
us to position it in a straightforward manner ~400 nm from
the substrate, resulting in an approximately 80 s temporal
resolution for the measurement. Nanoelectrodes possess a
significantly higher mass transfer coefficient compared to
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larger-sized electrodes.”” This is particularly advantageous for
capturing transient species with short lifetimes.”””" Further-
more, D-MeCN was used as the solvent in the SECM
measurements. Differences in 'O, lifetime among solvents
result from varying energy transfer efficiencies from the
electronic states of 'O, to vibrational states of solvent.'®'” In
solvents such as water, not only is the lifetime of 'O, too short
(3.5 us),'"” but the electrochemical detection would be
hampered by the electrochemical oxidation of water and of
the electrode surface if the reduction of 'O, occurred ~0.99 V
more positive than that of 0,.”* In D-MeCN, the lifetime of
10, is 890 us,'” thereby increasing the chances of detecting it
before it decays. Furthermore, SECM ofters the advantage of
using a Li,CO, substrate, which generates 'O, without
requiring the presence of >0, in the solution as it is typically
done in photosensitizer-mediated approaches.””*” This facil-
itates the unambiguous electrochemical characterization of the
'0, reduction potential.

To identify the potential window to be applied at the Pt-
nanoelectrode during SECM measurements, we first charac-
terized the reduction potential of *0, in D-MeCN. All
potentials in this communication are referenced versus the
ferrocene redox couple. Cyclic voltammograms in Figure 2a
were obtained at a 12.5 pm radius Pt working electrode in 0.1
M TBAPFs; D-MeCN under two conditions. The red
voltammogram, recorded in an Ar-filled glovebox (with O,
and H,O less than 0.1 ppm), showed no discernible Faradaic
process. However, when 2O, was bubbled into the solution, a
clear peak corresponding to its reduction emerged beyond
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Figure 3. a) Current—time response at the Pt-nanoelectrode at different potentials. Average current as a function of potential at b) 400 nm and c)
10 pm tip—substrate distance, respectively; d) 400 nm tip—substrate distance, substrate biased at 0.6 V. The error bars correspond to the standard
deviation of the 15 s current response at the SECM tip for each specific potential. e) Electrochemical reduction response of 'O, and *0, in D-

MeCN.

—1.5V, as seen in the black curve. Theoretically, the standard
reduction potential of 'O, should be more positive than that of
30, This information guided us to limit the potential
window for SECM experiments to values more positive than
—1.5 V for avoiding interference from O, reduction

The SECM measurement began by precisely positioning the
Pt nanoelectrode ~400 nm from the Li,COj; substrate. This
was done via approach curves usin§ ferrocene as a redox
mediator, as illustrated in Figure 2b.3* The ferrocene solution
was then carefully rinsed and replaced with 0.1 M TBAPF4 D-
MeCN. Additional details on approach curves and the cell
rinsing procedure are available in the Supporting Information,
Figure S3. The nanoelectrode was then biased with a staircase
waveform from 0.5 to —1.5 V in 0.1 V decrements, each held
for 15 s (Figure S4). The substrate was maintained at 1.2 V
throughout the 315 s experiment, which facilitated electro-
chemical oxidation of Li,COj, releasing 'O, in the process,
which then diffuses to the nanoelectrode.”**> The nano-
electrode potential ranged from 0.5 to —1.5 V, with the
anticipation that a higher current would be recorded at the
potentials associated with reduction of 'O,.

Figure 3a displays the current—time response overlay for
various potentials applied to the nanoelectrode during the
SECM experiment. Qualitatively, higher currents were
observed around —1 V as shown in Figure 3a. For a more
comprehensive analysis, we calculated the average current over
the 15 s duration at each potential and plotted it as a function
of nanoelectrode potential in Figure 3b. At —1 V, a prominent
peak emerged (peak-1), while at —0.5 V, a smaller yet
discernible peak was evident (peak-2). Peak-1 is approximately
0.9 V more positive than the potential of *O, reduction (Figure
2a), strongly suggesting that it corresponds to the reduction of
the 'O, species. Possible reasons for the peak-shaped response
are explained in Figure S5, but one key possibility is a
decreasing substrate current. Furthermore, the substrate
current (~2 A/m? at the peak) should translate to a tip
response of ~3 pA (Figure S5f); however, we observed ~1 pA.
We posit that such a decrease is explained by a following
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chemical step where the tip-generated superoxide radical anion
(0,°7) may exchange with 'O, in the diffusion layer, reforming
0,"” but producing *0,. 0, is not reducible at the tip
potential, and thus inactive, causing a decrease in the measured
current, Figure SSg. It is worth noting that peak-1 is
reproducible and remains consistent across different SECM
measurements on fresh Li,COj substrates, as shown in Figure
S6. Minor variations in the peak current in these trials can be
attributed to the heterogeneity of the Li,CO; substrate.
Detailed COMSOL simulations illustrating this point are
available in Figure S7. On the other hand, peak-2 lacked
reproducibility in different SECM measurements. It was
observed in only 2 of 10 independent control experiments
(Figure S8) in a Li* electrolyte with *0,, suggesting it as a
process unrelated to 'O,.

To validate our association of peak-1 with 'O, reduction, we
performed additional control experiments. First, given the
transient nature of 'O,, we demonstrated that a sufficiently
large tip—substrate distance results in the loss of the cathodic
feature at the nanoelectrode, as evident in Figure 3¢, where the
Pt-nanoelectrode was 10 ym away from the substrate. Second,
we conducted a measurement with a 400 nm tip—substrate
distance, where the substrate was biased at a potential
insufficient to trigger Li,CO; breakdown and subsequent 'O,
release. The absence of peak-1 in this case, as shown in Figure
3d, reinforces our assertion regarding its correlation with 'O,
reduction.

We next validated the selectivity of our SECM method
toward 'O, and eliminated the possibility of peak-1 being
attributed to D-MeCN breakdown. This was accomplished by
utilizing a glassy carbon electrode as the substrate during
SECM measurement, i.e., in the absence of Li,COj, using the
same parameters as in Figure 3a. Once again, no peak was
observed (Figure S9). Finally, we studied the effect of CO, and
Li*, released in addition to 'O, during electrochemical
oxidation of Li,CO;.”*** Control experiments, as depicted in
Figure S10, confirmed the electrochemical inactivity of CO,
and Li" within the potential window of interest. This eliminates
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the possibility of their affecting the nanoelectrode response. It
is important to note that peak-1 was seen exclusively in D-
MeCN solvent and was not present in MeCN (Figure S11),
where the 'O, lifetime is approximately 60 us.'” Simulations
(Figure 1b) indicate the nanoelectrode must be positioned less
than 100 nm from the substrate to record appreciable current,
a challenging task for nonatomically flat substrate.

It should be noted that the O, reduction potential is
influenced by the nature of the cations in solution. However,
pioneering work by K. M. Abraham and colleagues suggests
that, depending upon the cation identity, the difference is
limited to ~0.2 V.**** Therefore, despite the additional
presence of Li* in the nanoelectrode’s vicinity due to the
breakdown of Li,CO;, we dismiss the possibility that peak-1
corresponds to the shifted reduction response of 20,.
Therefore, through the set of above-mentioned control
experiments, we rule out additional possibilities and con-
fidently assign peak-1 to the reduction of 'O,. In Figure 3e, the
electrochemical reduction responses of 'O, and *0, are
compared, experimentally highlighting their significant differ-
ence—a fact previously known only theoretically.”®

In conclusion, this study was designed to address a
fundamental gap in our knowledge of 'O, species by
experimentally characterizing its electrochemical reduction
potential, which we set at —1 V in D-MeCN. This work
holds substantial implications for the comprehension of
reaction mechanisms involving 'O,, including metal—air- and
transition-metal-oxide-based alkali ion batteries in nonaqueous
media.
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